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Abstract «-Amylase from Bacillus licheniformis ATCC
9945a (BliAmy) was proven to be very efficient in hy-
drolysis of granular starch below the temperature of
gelatinization. By applying two-stage feeding strategy
to achieve high-cell-density cultivation of Escherichia
coli and extracellular production of Bl/iAmy, total of
250.5 U/mL (i.e. 0.7 g/L) of enzyme was obtained.
Thermostability of amylase was exploited to simplify
purification. The hydrolysis of concentrated raw starch
was optimized using response surface methodology.
Regardless of raw starch concentration tested (20, 25,
30 %), BliAmy was very effective, achieving the final
hydrolysis degree of 91 % for the hydrolysis of 30 %
starch suspension after 24 h. The major A-type crystal-
line structure and amorphous domains of the starch
granule were degraded at the same rates, while
amylose-lipid complexes were not degraded. BliAmy
presents interesting performances on highly concentrated
solid starch and could be of value for starch-consuming
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industries while response surface methodology (RSM)
could be efficiently applied for the optimization of the
hydrolysis.
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Introduction

«x-Amylases (EC 3.2.1.1: 1,4-x-D-glucan-
glucanohydrolase) are the most widely used thermosta-
ble enzymes in the starch industry (Leveque et al.
2000). Due to their enhanced stability, they are amongst
the most important industrial enzymes with potential
application in starch saccharification, food, paper, phar-
maceuticals, detergent and textile industries (Gupta et al.
2003; van der Maarel et al. 2002). Their main substrate,
starch, represents an inexpensive source for the produc-
tion of glucose, fructose and maltose syrups (Roy and
Gupta 2004) and for obtaining the products of their
fermentation, including biofuels. The importance of the
enzymatic liquefaction of granular starch below the tem-
perature of gelatinization has been well recognized,
mainly due to the energy savings and the effective uti-
lization of biomass, which reduces the overall cost of
starch processing (Robertson et al. 2006; Uthumporn
et al. 2010).

The hydrolysis of granular starch strongly depends on
the starch structure and the amylase source (Oates 1997;
Tawil et al. 2011). Several raw starch-degrading amylo-
lytic enzymes have been described (Robertson et al.
2006; Vikso-Nielsen et al. 2006). Amongst these en-
zymes, «-amylases (E.C.3.2.1.1) are the main enzymes
involved in the hydrolysis of «(1,4) bonds (Oates
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1997). They are amongst the most important raw starch-
degrading enzymes, although only a limited number of
x-amylases seem to be able to degrade raw starch
(Robertson et al. 2006; Sun. et al. 2010).

The application of raw starch-degrading «-amylases
(RSDA) has been hampered by poor temperature stabil-
ity (Vikso-Nielsen et al. 2006). Although thermostable
enzymes have found a number of commercial applica-
tions due to their overall inherent stability (Haki and
Rakshit 2003), screening strains capable of producing
commercially acceptable yields of amylases remains a
challenging task (Pandey et al. 2000). Characterization
of amylases from new strains therefore continues to be
of importance. Consequently, several novel thermostable
bacterial oc-amylases able to bind and degrade raw
starch have been sequenced and biochemically charac-
terized recently (Mok et al. 2013; Puspasari et al. 2013;
Sharma and Satyanarayana 2012; Sun et al. 2010).

RSDA from Bacillus sp. usually need prolonged time
of incubation for efficient raw starch hydrolysis, and
often, better results were obtained at temperatures be-
tween 60 and 70 °C (Goyal et al. 2005). Furthermore,
the starch-processing industry usually employs the
mashes containing around 25-33 % starch. There is,
thus, an urgent need to explore the amylases for effi-
cient hydrolysis of raw starches under high concentra-
tion. To date, however, there were few amylases report-
ed to have the ability to hydrolyse high-concentration
raw starch suspensions effectively because of the inhib-
itory effect of the substrates or products on the enzyme
activity (Liu and Xu 2008).

Escherichia coli expression system for extracellular
production of thermostable, highly efficient RSDA from
Bacillus licheniformis ATCC 9945a was developed pre-
viously (Bozi¢ et al. 2013). In this work, a two-stage
feeding strategy was developed to reach the overproduc-
tion of x-amylase in a 2-L fermenter, resulting in a
significant enhancement of the total o«-amylase yield.
Furthermore, response surface methodology (RSM) was
used to optimize Bl/iAmy doses, starch concentration
and incubation times. The goal was to achieve the max-
imal efficiency of the process by reaching a high hy-
drolysis yield at sub-gelatinization temperature and op-
timum pH value, in the shortest possible time and to
use the minimum amount of the enzyme. This method-
ology has the advantage of being less expensive and
time-consuming than the classical methods, and it has
already been successfully applied in optimization of en-
zymatic hydrolysis of several substrates including
gelatinized starch (Kunamneni and Singh 2005).
However, this is the first study in which optimizations
were made for hydrolysis of highly concentrated raw
corn starch with o«-amylase. Results obtained suggest
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that BliAmy present interesting performances on solid
starch and could be of value for starch-consuming
industries.

Materials and methods
Bacterial strains, plasmids and media

The E. coli BL21 (DE3) strain harbouring pDA-amy
plasmid (Bozi¢ et al. 2013) was used in this work.
The gene encoding BliAmy (GenBank accession number
JN042159.1.) was amplified by polymerase chain reac-
tion from genomic DNA of B. licheniformis (ATCC®
9945a™). LB medium (10 g/L tryptone, 5 g/L yeast
extract and 10 g/l NaCl) containing 100 pg/mL ampi-
cillin was used for the preinoculum preparation. A com-
position of defined mineral medium utilizing glucose as
the sole carbon source, which was used for inocula, and
for bioreactor experiments and the composition of feed
medium for high-cell-density fermentations and trace el-
ements solution can be found elsewhere (Ruiz et al.
2009).

Cultivation conditions and analytical procedures

Preinoculum cultures were grown from glycerol stocks
in a 100-mL shake flask containing 15 mL LB media
and incubated overnight at 37 °C in a rotary shaker at
250 rpm. For inoculum, 5 mL of preinoculum cultures
was transferred to a 0.5-L shake flask containing
100 mL of defined medium which was incubated at
37 °C for 5 h at 250 rpm. Inoculum (100 mL) was
transferred to the bioreactor containing 900 mL of de-
fined medium. All growths were carried out using a
BIOSTAT B bioreactor (Sartorius) equipped with a 2-L
fermentation vessel. The end of the batch phase was
identified by a reduction in the oxygen consumption
rate and an increase in pH.

The specific growth rate was kept at a constant value
by an exponential feed medium addition which was cal-
culated based on mass balances and substrate consump-
tion kinetics (Pinsach et al. 2006). When the dry cell
weight (DCW) reached a certain value (15 g/L),
0.2 mM IPTG was added as pulse, followed with con-
stant glucose feeding rate of 15 mL/h. The pH was
maintained at 7.00 £ 0.05 by adding 15 % NH; solution
to the reactor. The temperature was kept at 37 °C and
lowered to 25 °C after the induction. The pO, value
was maintained at 50 % of air saturation by adapting
the stirrer speed between 450 and 900 rpm and supply-
ing air (enriched with pure oxygen when necessary) at a
space velocity of 2 vvm. The fermentation broth was
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centrifuged at 10,000 rpm for 20 min at 4 °C using a
SL 40R centrifuge (Thermo Scientific), and the cell-free
supernatants were used as a crude enzyme preparation.

For the measurement of DCW, aliquots of the broth
were withdrawn and centrifuged. The resulting pellets
were washed twice with deionized water and dried at
110 °C until constant weight.

To quantify glucose and the recombinant amylase ac-
tivity during cultures, broth samples were withdrawn
and centrifuged and the supernatant was used. Glucose
was analysed by dinitrosalicylic (DNS) acid method
(Bernfeld 1955).

a-Amylase activity assay and determination of protein
concentration

«-Amylase activity was determined as previously reported
(Bozic et al. 2011) in 50 mM phosphate buffer pH 6.5 and
37 °C. The amount of liberated reducing sugar was deter-
mined by the DNS acid method (Bernfeld 1955). One unit
of amylase activity was defined as the amount of enzyme that
released 1 umol of reducing end groups per minute at 37 °C.
Maltose was used to construct a standard curve.

Protein concentration was determined by the Bradford
method by using bovine serum albumin as the protein stan-
dard (Bradford 1976).

Enzyme purification

For partial purification of B/iAmy, a total amount of 1600 mL
fermentation broth (4.5 mg protein/mL, 250.5 U/mL) was
concentrated 10 times by ultrafiltration using membrane with
MWCO 10 kDa followed by heat treatment for 1 h at 60 °C
and pH 9.0. Samples were centrifuged for 20 min at 10,
000 rpm, 4 °C. For obtaining pure enzyme, 20 mL of partially
purified concentrated fermentation broth (2000 U/mL, 1.2 mg/
mL), adjusted to pH 7.5, was subjected to ion-exchange chro-
matography on Q Sepharose column on a fast protein liquid
chromatography (FPLC) system (Pharmacia, Uppsala). The
column was equilibrated in 10 mM Tris-HCI buffer pH 7.5.
After applying the sample, the column was washed with
starting buffer. Elution was performed using a gradient from
0 to 0.5 M NaCl, pH 7.5 in 10-column volumes. Fractions
were assayed for purity by reducing SDS-PAGE (10 % gels).
Percentage of BliAmy amongst the rest of extracellular pro-
teins was estimated by ImagelJ software (www.rsbweb.nih.
gov/ij) (Bozic and Vujcic 2005).

Statistical optimization of hydrolysis process variables
A three-step design consisted of full factorial design

(FFD), steepest ascent design (SAD) and central com-
posite design (CCD).

For FFD, three independent variables, enzyme load-
ing (X)), solid starch content (X,) and incubation time
(X3), were included in a two-level full factorial design.
A total of 14 experiments were run where each variable
was examined in two levels: —1 and +1 (Table 1). The
corresponding first-order model equation for the full
factorial experiment has the form:

3
Y =0+ BrXi (1)
i=1

where Y'is the predicted response, (3, is a constant coefficient,
0; is the linear coefficient and JX; is level of independent
variables.

For SAD, the center point of the factorial design has been
considered as the origin of the path. The steps along the path
were proportional to the regression coefficients from the linear
model given by Eq. (1), Table 2.

For CCD, the three independent variables were studied at
five different levels (—«, —1, 0, 1, &) (Table 3). The factorial
points were used to fit all linear and interaction terms. The
axial points provided additional levels of the factor for pur-
poses of estimation of the quadratic terms. Replicates of the
test at the centre point were very important as they provided an
independent estimate of the experimental error. A set of 19
experiments was performed. All variables were taken at a
central coded value considered as zero. The minimum and
maximum ranges of variables were used as explained in
Table 3. Average yield of the hydrolysis of concentrated raw
corn starch suspension was taken as a response (Y). The pre-
dicted optimum value was confirmed by the experiment using
the selected optimum values of the variables. The quadratic
model used for the analysis and for the predicting the optimum
point is expressed below:

2 2 2
Y=0+ Y BeXi+ D D BpXeX; 4+ BpXi (2)
pas

j=it1 i=1

where Yis the predicted response, (3 is a constant coefficient,
i is the linear coefficient, §;; is the interaction coefficient, 5;;
is the quadratic coefficient and X; is the level of independent
variables.

The fit of the models and their significance were evaluated
by variance analysis (ANOVA). Three-dimensional surface
plots were drawn to show the effects of the independent var-
iables on the hydrolysis, being described by a quadratic poly-
nomial equation, fitted to the experimental data. The experi-
mental results were analysed using Design-Expert® software
version 9 (Stat-Ease Inc., Minneapolis, USA).
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Table 1 ~ Matrix corresponding to FFD with process variables, their coded and natural levels, together with the observed and predicted experimental
data
Run order X X, X3 Y
Enzyme loading (IU/mg) Solid substrate (%) Incubation time (h) Hydrolysis (%)
Actual value Predicted value
1 —-1(0.18) -1 (18) -103) 20.0 20.0
2 1(3.78) -1 (18) -103) 42.7 42.5
3 —-1(0.18) 1(34) -103) 16.0 9.8
4 1(3.78) 1(34) -103) 30.0 322
5 —1(0.18) -1 (18) 1(23) 46.6 443
6 1(3.78) -1 (18) 1(23) 68.6 66.7
7 —1(0.18) 1 (34) 1(23) 29.8 34.1
8 1(3.78) 1(34) 1(23) 60.9 56.5
9 0 (1.98) 0(26) 0(13) 34.0 383
10 0(1.98) 0 (26) 0(13) 35.0 383
11 0(1.98) 0 (26) 0(13) 39.0 383
12 0(1.98) 0 (26) 0(13) 36.0 383
13 0(1.98) 0 (26) 0(13) 37.0 383
14 0(1.98) 0 (26) 0(13) 40.0 383

Hydrolysis of raw starch by BliAmy

Starch grains prepared as previously published (Bozic
et al. 2011) and the enzyme were incubated in 50 mM
phosphate buffer pH 6.5 at 60 °C for different incuba-
tion time. Temperature of 60 °C was chosen based on
the literature data where gelatinization temperatures for
corn starch range from 65.6-69 °C was reported
(Sandhu and Singh 2007). Several starch concentrations
(16.6-34 % dry basis) were used. The amount of
BliAmy was optimized using 0.2—14.2 TU per milligram
dry starch. Each reaction was centrifuged to separate
starch residues from soluble sugars. Supernatants with
soluble sugars were further treated with glucoamylase
(Dextrozyme ® GA, Novozyme) at pH 5.0 at 50 °C to
allow hydrolysis of all soluble sugars to glucose.
Glucose was measured by the DNS acid method, and
the extent of hydrolysis was expressed as the ratio of

glucose from starch hydrolysis to the initial mass of
starch (d.b.). All experiments were carried out in
triplicate.

Using 30 % raw corn starch in 50 mM phosphate buffer
pH 6.5 at 60 °C, the hydrolysis efficiency of BliAmy was
compared with the commercial x-amylase
Termamyl®120 L, Type L (Novozymes).

Analysis of the residual starch
X-ray diffraction analysis

X-ray powder diffraction (XRPD) was used for identifi-
cation of crystalline phases of raw starch and residual
starch withdrawn at different time intervals during hy-
drolysis. The samples (100 mg) were washed three
times in deionized water by centrifugation for 2 min
at 14,000 rpm to remove residual enzyme and dried at

Table 2 Steepest ascent method
with process variables, their
coded and natural levels, together
with the observed and predicted
experimental data obtained with
18 % starch

Steps X

Enzyme loading (IU/mg)

X Y

Incubation time (h) Hydrolysis (%)

Actual value Predicted value

Origin 0(1.98)
A 0.92 (1.66)
Origin + A 0.92 (3.64)
Origin +2A 1.84 (5.29)
Origin +3A 276 (6.95)

0 (13)
1(10)

1(23) 89.9 65.8
2(33) 92.4 88.4
3(43) 98.0 110.8
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Table 3  Matrix corresponding to CCD with process variables, their coded and natural levels and observed and predicted experimental data

Run order Xi X

Enzyme loading (IU/mg) Solid substrate (%)

X Y

Incubation time (h) Hydrolysis (%)

Actual value Predicted value
1 1(11.52) 1 (30) -1 (7.0) 61.9 61.7
2 0 (7.65) 0(25) 0(15.5) 76.4 76.1
3 —1(3.78) -1 (20) 1 (24.0) 92.7 90.5
4 -1 (3.78) 1 (30) 1 (24.0) 70.0 70.3
5 0 (7.65) 0 (25) 1.7 (29.8) 93.5 91.0
6 1.7 (14.15) 0 (25) 0 (15.5) 90.0 88.1
7 -1.7 (1.15) 0 (25) 0 (15.5) 57.2 62.5
8 0 (7.65) 0 (25) 0 (15.5) 78.0 76.1
9 0 (7.65) 1.7 (33.4) 0(15.5) 63.9 67.8
10 1(11.52) -1 (20) 1(24.0) 99.1 104.3
11 0 (7.65) 0 (25) 0 (15.5) 72.8 76.1
12 0 (7.65) 0 (25) 0 (15.5) 81.0 76.1
13 0 (7.65) —-1.7 (16.6) 0 (15.5) 99.0 98.6
14 -1 (3.78) 1(30) -1 (7.0) 52.7 452
15 -1 (3.78) -1 (20) -1 (7.0) 68.9 67.5
16 1(11.52) -1 (20) -1 (7.0) 80.9 78.2
17 0(7.65) 0(25) -1.7(1.2) 41.9 47.8
18 1(11.52) 1 (30) 1 (24.0) 91.0 90.0
19 0 (7.65) 0 (25) 0(15.5) 73.0 76.1

constant temperature (22 °C). The XRPD patterns were
collected with Philips PW-1710 automated diffractome-
ter (equipped with a diffracted beam curved graphite
monochromator and a Xe-filled proportional counter)
employing a Cu-tube (CuKw,;, radiation) operated at
40 kV and 30 mA. Step scanning was performed with
26 ranging from 3 to 30°, step size of 0.020° and the
fixed counting time of 4 s per step. A fixed 2° diver-
gence and 0.2 mm receiving slits and standard sample
holders for reflection mode diffraction were used.

SEM characterization of hydrolysed granules

After 22 h of hydrolysis, the residues were washed
three times in deionized water by centrifugation for
2 min at 14,000 rpm to remove residual enzyme and
two times with anhydrous ethanol to dehydrate the solid
residues then dried at room temperature for 2 days.
Dried samples of hydrolysed and untreated starch were
coated with gold using an ion sputtercoater and ob-
served by the use of a scanning electron microscope
JSM 6390LV with field emission gun operated at
3 kV. The granule size distribution as well as character-
ization of partially hydrolysed granules was determined

by use of SMile View software according to a length
scale provided by the user.

Results
Production of recombinant BliAmy in fed-batch cultures

Two-stage feeding strategy was applied to achieve high-
cell-density cultivation of E. coli and production of ex-
tracellular recombinant «-amylase. During the pre-
induction phase, the glucose feeding rate was increased
exponentially, according to the exponential feeding
method (Pinsach et al. 2006), and the cell growth was
controlled at a specific growth rate of 0.16 h™'. When
the DCW reached 15 g L' (intermediate cell density),
the post-induction phase began and the glucose feeding
rate was kept constant at 15 mL h™'. Cell growth con-
tinued after the IPTG was added and the DCW of
E. coli cells reached 58 g at the end of the process
(Fig. 1). Through this cultivation approach, the total
amylase activity reached 250.5 U mL™', which was 7-
fold higher than that in batch culture. The final content
of BliAmy was 0.7 g L™\,
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Fig. 1 Fed-batch culture course of E. coli BL21(DE3)/pDA-amy. The
circle indicates DCW, square as enzyme activity and triangle as glucose.
Each data point represents the mean of three independent assays (the
standard errors were less than 5 % of the means). Arrow indicated the
point of induction

Purification of recombinant BiAmy

To test whether there were differences in concentrated
raw starch hydrolysis efficiency and adsorption, pure
enzyme is needed. Due to the high thermal stability of
BliAmy (Bozi¢ et al. 2013; Bozic et al. 2011), a very
fast and simple purification was achieved by a heat
treatment of the fermentation broth at 60 °C for 1 h,
followed by centrifugation to remove precipitated host
proteins (Fig. 2). Different pH values were tested on
cell-free extracts, and results showed that a significant
purification is achieved only at pH 9.0 compared to

43.0

30.0

20.1
14.4

kba1 2 3 4

Fig. 2 Purification of BliAmy. kDa: Molecular masses of standard
proteins. Lane I: Positions of standard proteins molecular masses. Lane
2: Extracellular proteins of fermentation broth. Lane 3: Proteins after heat
treatment of the fermentation broth at 60 °C for 1 h. Lane 4: Purified
BliAmy after ion-exchange chromatography on Q Sepharose
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pH 5.0 and 7.0. Purity of enzyme preparation had no
effect on adsorption to raw starch granules or efficacy.
The hydrolysis yield of concentrated raw starch suspen-
sion between the pure and partially purified enzyme was
the same (results not shown).

Statistical optimization of hydrolysis process variables

The screening design was performed by using RSM in
order to determine the optimal values of process vari-
ables to reach the maximal yield and minimal costs. In
other words, the aim was to optimize the process to
obtain maximum efficiency of hydrolysis in the shortest
possible time and to use the minimum amount of the
enzyme.

In the first optimization step, FFD was used to ana-
lyse the effects of enzyme loading (X;), starch content
(X,) and incubation time (X3) on hydrolysis yield
(Table 1). The corresponding first-order model equation
fitted to the experimental data has the form:

Hydrolysis yield (Y) = 26.80 + 6.23X,-0.64.X,
+1.22X;5 (3)

Statistical testing of the model done by ANOVA showed
that enzyme loading and incubation time have very significant
effect (P < 0.001) on final hydrolysis yield, (Supplementary
Table S1).

From the first-order model Eq. (3), it was predicted
that increasing the enzyme loading and incubation time,
while decreasing starch content, should enhance the hy-
drolysis yield. However, it is evident that the maximum
of hydrolysis lies outside of the designed regions.
Because of that, the steepest ascent design was
employed to determine the direction of the experiment
(Eq. (3)). Direction of steepest ascent was (A,
Asz) = (0.92, 1). This experiment started at the center
point of the current design and stretches beyond of the
current design (Table 2). Regarding the results from the
path of the steepest ascent, it can be clearly seen that
the hydrolysis yield reaches maximum when using the
enzyme loading of 6.95 IU/mg of starch after 43 h of
incubation. Results obtained also implied that such long
incubation time could be reduced by choosing an in-
creased enzyme/substrate ratio. This approximation was
used to create experimental scheme for further optimi-
zation of the hydrolysis process by CCD.

In CCD, factors were set to five levels: £1 (factorial
points), =« (axial points) and the centre point (0). By
applying the multiple regression analysis on
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Fig. 3 Response surface curve for correlation between the optimized hydrolysis condition, enzyme loading (IU/mg) and incubation time (h) at solid
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experimental data, a second-order polynomial model
was obtained (Eq 4):

Hydrolysis yield (¥) = 159.13 + 0.02X,-7.61X,
+2.02X5 4+ 0.08X1.X,
+0.02X X3
+0.01X,X5-0.02X,?

+0.10X,°-0.03X5? (4)

The statistics evaluation of quadratic model by ANOVA
showed the accuracy and general applicability of the polyno-
mial model for description of the responses of the experiments
(Supplementary Table S2).

3D response surface plot (Fig. 3) shows the changes
of hydrolysis yield of 20, 25 and 30 % solid substrate
with the enzyme loading and incubation time varying
within the experimental ranges. The response surface
shows that hydrolysis increase with time and enzyme
loading and reaches a plateau surface (maximum), i.e.
100 % of hydrolysis. Figure 3 showed clearly that the
optimum may be obtained with different combinations
of enzyme loading and incubation time.

BliAmy is highly effective in the hydrolysis of highly con-
centrated raw corn starch suspension, being able to degrade

73, 63 and 56 % of a 20, 25 and 30 % starch suspension,
respectively, within only 5 h at 60 °C, by using enzyme load-
ing of 11.5 IU/mg. Moreover, the hydrolysis yield reached
99 % for 20, 95 % for 25 % and 91 % for 30 % solid substrate
after 24 h at 60 °C.

Model validation and applicability

The optimal conditions for high raw corn starch hydrolysis
were extracted by Design-Expert software through graphical
model optimization (Fig. 3). To confirm the applicability of
the model, confirmation runs under the optimal condition
were conducted. Five confirmation runs in three replicates
with different time incubation and with the same enzyme load-
ing (11.5 IU/mg) on 30 % starch were carried out. The actual
values obtained through experiments were compared with the
values predicted by the multi-optimization model. After only
5 h of incubation, BliAmy (11.5 IU/mg) hydrolysed 55.7 % of
a 30 % raw corn starch, while after 24 h of incubation, the
hydrolysis degree was 91 %, as shown in Fig. 4. The corre-
sponding predicted values were 57.1 and 90 % for period of 5
and 24 h, respectively (Fig. 4), which was comparable to the
actual values obtained in the experiments.

In addition, we compared BliAmy and commercial -
amylase from B. licheniformis (Termamyl® 120 L) under
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Fig. 4 Time course of the hydrolysis of raw corn starch catalysed by
BliAmy (red circley—actual value, BliAmy (black square)—predicted
value, Termamyl® 120 L (blue triangle)

optimal conditions determined by RSM for 30 % raw corn
starch hydrolysis by adding 11.5 IU/mg of both enzyme prep-
arations (Fig. 4). After 5 h of incubation, Termamyl® 120 L
hydrolysed 57.7 % of a 30 % raw corn starch, while hydrolysis
degree reached its maximal value of 76.9 % after 24 h hydro-
lysis. Minor further hydrolysis was observed after prolonged
incubation time (31 h). These results demonstrate that B/iAmy
hydrolysis rate was 13 % higher under the optimal conditions.

Analysis of residual starch

After 91 % of hydrolysis, 10 % of starch residues
remained calculated by weight of starch before and after
the hydrolysis. Cystalline structure of starch residues
was analysed by X-ray diffraction on the samples orig-
inating from 30 % starch suspensions after 5 and 24 h.
As shown in Fig. 5a, 30 % raw corn starch has A-type
crystallinity with characteristic peaks at Bragg angle
(260) = 15, 17, 18 and 23° and a Vh-type, from which
intensity of the peak is at 26 around 20° and corre-
sponds to amylose-lipid complexes formed between am-
ylose and endogeneous fatty acids present in corn
starch.

For both times tested, no significant increase in crys-
tallinity level was observed, as indicated by constant
diffracted intensities and scattering background
(Fig. 5a) which indicated that BliAmy most likely de-
graded both amorphous and crystalline areas at the same
rates. This is in agreement with a granule by granule
mode of attack and can be concluded from the SEM
micrographies (Fig. 5b). Vh-type structure is remarkably
stable and more visible in the 24 h Bl/iAmy residue
obtained from 30 % starch suspensions (Fig. 5a) which
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suggests that the Vh-type structure is much more resis-
tant to «-amylases than A-type.

Discussion

Fermentation controlled by constant supply of carbon source
at exponential stage of growth while providing enough oxy-
genation enables reaching high cell densities. This approach
offers a tool for increasing yield of recombinant enzyme pro-
duction. Two-stage feeding strategy was applied to achieve
high-cell-density cultivation of E. coli and production of ex-
tracellular recombinant oc-amylase. In the first phase (pre-in-
duction phase), the glucose feeding rate was increased expo-
nentially, according to the exponential feeding method
(Pinsach et al. 2006), keeping the constant specific cell growth
rate of 0.16 h™'. When the DCW reached intermediate cell
density, second stage of feeding (post-induction phase) began
and the glucose feeding rate was kept constant. Lower con-
stant feeding rate was applied during the post-induction phase
in order to prevent the accumulation of nutrients in the medi-
um as a consequence of changes in host cell physiology and
metabolism after induction. The final high yield of B/iAmy
(0.7 g L") enabled optimization of hydrolysis process by
RSM.

The application in the starch industry does not require high-
purity amylases and generally makes use of crude or partially
purified enzyme preparations. This was further confirmed to
be the case with B/iAmy where no differences in concentrated
raw starch hydrolysis efficiency and adsorption between pure
and partially purified enzyme was observed (data not shown).
Therefore, the finding that the amylase can be easily isolated
as enriched fraction by simply heating fermentation broth
could facilitate large-scale production of this biocatalyst and
consequently reduce the production costs to which chroma-
tography columns and resins contributes significantly (Loncar
and Fraaije 2014).

The optimal load of the enzyme (X}), the solid starch con-
tent (X>) and the incubation time (X3) of the hydrolysis was
optimized by RSM. FFD with two levels for all design vari-
ables are the most frequently used experimental design when
the number of variables is less than five (Trichon et al. 2007).
FFD method estimates the main effects of factors and their
interactions simultaneously (Montgomery 2009). In this work,
a FFD was used in the first phase to find the optimal region of
hydrolysis process. The values of factors were determined by
preliminary experiments (data not shown) from which it was
demonstrated that 100 % of hydrolysis was obtained by using
low concentration of starch (1 %). Recently, several novel
thermostable bacterial oc-amylases able to degrade raw starch
have been biochemically characterized. One of them, raw-
starch-digesting «-amylase from Geobacillus
thermoleovorans (strain Pizzo") was able to hydrolyse 99 %
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Fig.5 Residual starch analysis. a
Crystalline structure as a function
of time and hydrolysis degree (in
brackets) during hydrolysis of a
30 % starch suspension by
BliAmy. b Scanning electron -
micrographs of corn starch
granules degraded 24 h by
BliAmy
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of 1 % raw corn starch within 3 h (Finore et al. 2011), while
the others did not reach 100 % hydrolysis rates in the reaction
conditions tested (Liu and Xu 2008; Puspasari et al. 2013).

For higher concentration of starch (>20 %), it was uncertain
that complete hydrolysis was even possible. For that reason,
the value of enzyme doses and incubation times was assumed
based on the preliminary experiments with 1 % starch.
Statistical testing of the model (Eq. (3)) done by ANOVA
showed that substrate content have less significant effect on
hydrolysis yield in the ranges studied.

However, from the model (Eq. (3)), it was obvious that the
maximum of hydrolysis lies outside of the designed regions.
Instead of changing the values one by one in FFD to reach the
possible maximum of hydrolysis, a directional search method
was used in order to shorten the search for desired regions of
values. Regarding the results from the path of steepest ascent,
it can be clearly seen that the complete hydrolysis can be
reached and that long incubation time could be reduced by
choosing an increased enzyme/substrate ratio. Based on these
results, experimental scheme for CCD for further optimization
of the hydrolysis process was created.

A second-order response surface model should be reliable
to provide a good prediction throughout the region of interest.
A CCD is made rotatable by choice of a.. The value of «
depends on the number of experimental runs in the factorial
portion of CCD and can be determined as o = [251 . For
rotatable CCD with three factorial points, o« = 1.7
(Montgomery 2009). The main and interaction effects of these
factors were subsequently evaluated based on fitting a

T T T T 1 N !
15 20
Diffraction angle 26 (°)

“ 1
3.0kV  X8,000 2um

11 30 SEI

quadratic response model in this region. Statistical evaluation
by ANOVA indicated a high significance of the quadratic
model.

Regardless of the raw starch concentration tested (20, 25,
30 %), BliAmy was very effective in achieving the final hy-
drolysis degree of 91 % for the hydrolysis of 30 % starch
suspension after 24 h. This study has shown that the RSM
could efficiently be applied for optimization of the hydrolysis
of highly concentrated raw corn starch as an economical way
of obtaining the maximum amount of information in a short
period of time and with the fewest number of experiments.

BliAmy allows complete hydrolysis after prolonged incu-
bation, unlike some other highly efficient bacterial RSDA,
such as o-amylase from Anoxybacillus flavothermus (Tawil
etal. 2012). There are a few papers in the literature concerning
bacterial «-amylase capable for hydrolysis of raw starches
under high concentration (30 %) (Mehta and Satyanarayana
2014; Tawil et al. 2012; Vikso-Nielsen et al. 2006), and not
including B. licheniformis amylase to the best of our knowl-
edge. Possibly, it is due to its well-known uses at high tem-
peratures; however, its high stability is one of the major ben-
efits for its application at sub-gelatinization temperatures for
prolonged time. Quantitative comparison is sometimes diffi-
cult since enzyme activity units are determined differently
across the literature, and there is still a lack of information
about actual enzyme doses applied for the hydrolysis.
Nevertheless, B/iAmy is more efficient than «-amylase from
Anoxybacillus flavothermus which lead to 77 % hydrolysis of
a 31 % raw corn starch suspension after 96 h at 61 °C (Tawil
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et al. 2012) or a-amylase from Geobacillus thermoleovorans
that hydrolysed 40 % of raw corn starch (30 % slurry) at 60 °C
(Mehta and Satyanarayana 2014).

When compared with commercial x-amylase from
B. licheniformis (Termamyl® 120 L) under the same reaction
condition of 30 % raw corn starch hydrolysis, B/iAmy showed
significantly higher efficiency. Besides, BiAmy does not re-
quire Ca>" or any other metal ion for its activity and stability,
which represents another advantage for its application. The
primary structure of the BiAmy (Bozi¢ et al. 2013) shares
96 % identity with the commercially used B. lichenisformis
«-amylase (W0O/2001/096537). In the literature, two critical
positions for the thermostability of the highly thermostable oc-
amylase from B. licheniformis have been located at positions
His; 33 and Alayg (also present in Termamyl® 120 L) which
was subsequently confirmed by mutations (Declerck et al.
1995). However, Gln 53 and Thr,¢9 have been found in
BliAmy which might be an explanation of the basis of high
thermostability of this enzyme and consequently to a higher
efficiency for raw starch hydrolysis after prolonged time of
incubation at 60 °C.

Hydrolysis of raw starch is a heterogeneous reaction,
involving a reaction between an enzyme in solution and
a solid substrate. Complex semicrystalline and hierarchi-
cal starch structure limits the diffusion of enzyme and
restricts its accessibility to breakable linkages. The mor-
phology and the surface of the substrate, the amylose
content, the crystalline structure or the presence of the
amylose-lipid complexes were shown to be limiting fac-
tors for the hydrolysis of the starch granule (Lei et al.
2012; Tawil et al. 2012). BliAmy was shown to be very
efficient on concentrated raw starch suspensions by hy-
drolyzing amorphous and crystalline regions concomi-
tantly, while the Vh-type structure was much more re-
sistant to «-amylases than A-type, as already noticed
(Gernat et al. 1993).

Within a starch preparation, the granules are not equally
susceptible to enzymatic degradation, which is possibly a
function of the manner in which amylases adsorb to a granule.
Despite the specific mode of attack, starch hydrolysis occurs
granule by granule, with an attacked granule being completely
hydrolysed, as already observed for hydrolysis of wheat starch
and other starches in solid state (Colonna et al. 1988; Oates
1997). The visualization of the degraded corn starch granules
showed that the BliAmy molecules proceed from the surface
toward the centre (centripetal hydrolysis). Then, the core is
completely degraded from within by erosion of its periphery
(centrifugal hydrolysis) in a manner that was already noticed
for B. licheniformis x-amylase (Helbert et al. 1996).

The final degree of starch solubilization reached 91 % after
24 h in a 30 % starch suspension and can be modulated by
changing enzyme doses vs. incubation time upon need.
Although highly efficient B/iAmy can alone efficiently

@ Springer

hydrolyse almost completely 30 % raw corn starch, it may
also be tried in synergism with some glucoamylase to bring
a complete hydrolysis to glucose.

Strong correlation between the hydrolysis of raw starch and
the adsorption to raw starch is closely associated with the
presence of either a starch-binding domain (SBD) or
surface-binding sites (SBSs) (Janecek et al. 2014; Mitsuiki
et al. 2005). Since BliAmy lacks a separate SBD, whether
raw starch digestion depend on the existence of an enzyme
SBS(s) or is possible simply through the enzyme active site
and/or its neighbourhood is yet to be elucidated.
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