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Abstract: This study analyzed the thermostability and effect of calcium ions on the enzymatic activity
of a-Amylase produced by Bacillus licheniformis strain LB04 isolated from Espinazo Hot springs in
Nuevo Leon, Mexico. The enzyme was immobilized by entrapment on agar-agarose beads, with
an entrapment yield of 19.9%. The identification of the bacteria was carried out using 16s rDNA
sequencing. The enzyme was purified through ion exchange chromatography (IEX) in a DEAE-
Sephadex column, revealing a protein with a molecular weight of ~130 kDa. The enzyme was stable
at pH 3.0 and heat stable up to 80 °C. However, the optimum conditions were reached at 65 °C and
pH 3.0, with a specific activity of 1851.7 U mg_1 + 1.3. The agar-agarose immobilized a-Amylase
had a hydrolytic activity nearly 25% higher when compared to the free enzyme. This study provides
critical information for the understanding of the enzymatic profile of B. licheniformis strain LB04 and
the potential application of the microorganisms at an industrial level, specifically in the food industry.

Keywords: thermostability; x-Amylase; agar-agarose immobilization; Bacillus licheniformis; hot
springs; ion exchange chromatography; free enzyme; immobilized x-Amylase

1. Introduction

Starch is a polysaccharide composed of several glucose units bound together by o«-1,4-
glycosidic linkages and «-1,6-glycosidic bonds. Through the bond branching, starch occurs
as granules composed of two main polymers of glucose: amylose and amylopectin [1].
While amylose is a linear chain of «-D-glucose units joined together by «-1,4-glycosidic
linkages, amylopectin is a polysaccharide built by «-1,4 and «-1,6-glycosidic bonds, the
latter being responsible for the branching inside starch granules. The disruption of starch
granules to obtain glucose is known as starch hydrolysis, essential for a wide range of
industrial products [2].

Acidic hydrolysis of starch was widely replaced by enzymatic hydrolysis since it
performs under less demanding conditions, in addition to minimizing extreme parameters
reached during chemical and physical treatments, such as temperature, pressure, and
prolonged periods of time [3].

The x-Amylase is an extracellular enzyme produced by a diversity of organisms
that cleave into the «-1,4-glycosidic linkages inside the starch granules, releasing glu-
cose monomers and several oligosaccharides, such as maltose [4]. Due to its versatility,
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x-Amylase was used in a wide range of industrial sub-sectors, such as the textile, pharma-
ceutical, brewing, detergent, and baking industry. This enzyme alone represents more than
50% of the global demand in the enzyme market. For instance, the worldwide x-Amylase
market for the baking industry valued at USD 278.23 million in 2018, was estimated to
reach USD 352.78 million by 2026 [5,6]. The x-Amylase improves bread properties by atten-
uating its damaged starch content and increasing carbon dioxide production during dough
fermentation. By changing the mixture’s rheology, a higher level of elasticity is reached,
thus increasing bread volume and firmness and reducing the crumb ratio [7]. This enzyme
was proved to decrease starch retrogradation levels, improve crumb formation during
longer storage periods, and lower water-loss rates [8]. As enzymes help meet consumer
demands of better quality bakery products, the need for cost-effective, enhanced perfor-
mance, thermostable and versatile x-Amylase enzymes that adjust to specific processes
is essential.

Enzymes produced by thermophilic organisms are commonly identified as ther-
mostable due to their performance capacity under high temperatures without losing
catalytic efficiency through temperature shifting. Microorganisms able to endure and adapt
to unusual environments, for instance, where temperature repetitively drops and rises,
where pH values are irregular or there is continuous exposure to high levels of salts, miner-
als or even pollutants, become targets for research focused on the production of enzymes
better-suited for industrial applications [9-12]. Enzyme immobilization is a well-known
technique where the physicochemical properties of a compound acting as a support allow
interaction with the structure of an enzyme. This interaction culminates with the rear-
rangement of the enzyme’s original configuration, achieving better enzyme stability during
catalytic reactions, and simplifying its recovery for future reuse [13-15]. Agar-agarose,
an acid-resistant polymer with a prolific gelling ability, was promoted as a carrier agent
for different enzyme’s entrapment due its inert nature and low-cost production. These
were the main reasons for choosing it as the immobilization matrix for the current study.
The entrapment technique is easier to perform against covalent binding, since it allows
thermo- and acid-sensitive proteins to preserve or even improve their enzymatic activity
without interacting with the active site. The enzyme is captured within the polymeric
matrix which allows a controlled diffusion while reacting with the substrate. At the same
time, the enzyme suffers a reconfiguration in its structure, resulting in changes through its
activity performance under different conditions, such as temperature, pH and substrate
concentration [16].

The industrial need for better performing enzymes under harsh conditions and limited
timeframes encourages the development of more efficient microorganisms. However, such
microorganisms might already inhabit ecosystems that parallel said conditions. That is
why in the present study, Bacillus licheniformis strain LB04 was isolated from a hot spring
(average water temperature of 55 £ 1.0 °C), in Espinazo, Nuevo Leon State in Mexico, to
determine its capacity to produce a thermostable «-Amylase enzyme. Different experiments
were carried out to evaluate its ability to hydrolyze starch under high temperatures and
acidic conditions, while subtracting calcium ions from the reaction, due to their nature
as structure stabilizing agents. The enzyme immobilization by physical entrapment in
agar-agarose beads was employed as the main technique to study its performance in the
interest of improving the enzymatic activity for potential industrial applications, such as
starch degradation, in which reducing costs and performance improvement is imperative.

2. Materials and Methods
2.1. Chemicals

Difco Nutrient broth and Difco Starch agar BD Bioscience, JT Baker sodium chloride,
POM magnesium sulfate heptahydrate, sodium hydroxide, potassium sodium tartrate,
DEAE-Sepharose and JT Baker calcium chloride were purchased from CTR Scientific
(Nuevo Leon, Mexico). The JT Baker potassium iodate, JT Baker agar, and iodine solution
were bought from Productos Quimicos Monterrey, S.A. de C.V. FERMONT (Nuevo Leon,
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Mexico). JT Baker Soluble starch, Bacto yeast extract, casein peptone and BIO-RAD protein
assay dye reagent concentrate and bovine serum albumin standard were acquired from
Insumos Biomoleculares, S.A. de C.V. (CDMX, Mexico). The 3,5-dinitrosalicylic acid (DNS)
was purchased from Thermo Fisher Scientific Inc (CDMX, Mexico).

2.2. Sample Collection

Water and sediment samples were collected from a hot spring located in Espinazo,
Nuevo Leon, Mexico [17] using 50 mL sterilized falcon tubes and stored at —20 °C for
further use.

2.3. Microbial Strains and Medium Composition

Samples were grown in 250 mL of nutrient broth medium (beef extract 10.0 g, casein
peptone 10.0 g, NaCl 5.0 g dissolved in 1 L deionized water; pH 7.3) in Erlenmeyer flasks.
The flasks were incubated for 24 h at 45 °C under shaking conditions. A sample of 1.0 mL
of the grown culture was transferred to starch agar plates (soluble starch 10.0 g, casein
peptone 3.0 g, agar 12.0 g, pH 6.0; made with 1 L deionized water) for isolation and
identification of the microbial species.

2.4. Screening of Amylase Producing Bacteria and Growth Conditions

The colonies isolated from starch agar plates were tested to produce «-Amylase
enzymes using the Lugol staining assay [18]. Only the bacteria species showing the highest
a-Amylase production were identified and repeatedly grown on a starch culture medium
(soluble starch 10.0 g, yeast extract 3.0 g, casein peptone 5.0 g, NaCl 3.0 g, MgSO4 e 7H,O
0.5 g, CaCl, 3.0 g, pH 5.5, made with 1 L deionized water) at constant shaking at 150 rpm
and 45 °C [19]. The cell-free supernatant used as the «-Amylase enzyme source was
collected by centrifugation at 14,000 rpm for 40 min at 4 °C and tested for amylase activity
through the DNS method.

2.5. Morphological, Biochemical, and Physiological Characterization

Morphology of the isolated strain was determined using the Gram staining technique.
The endospore and capsule staining technique was also employed. Bacterial morphology
was observed with a binocular microscope CxL (LABOMED). The biochemical charac-
terization of the resulting enzyme activity was determined through different substrate
degradation and resulting bio-products.

2.6. Molecular Phylogenetic Analyses

The 16s rDNA sequence was analyzed through the BLASTN data to identify the iso-
lated «-Amylase-producing strain. A neighbor-joining phylogenetic tree was constructed
using MEGAG6 software.

2.7. Amylase Activity Assay

The starch hydrolytic activity of the isolated strain was estimated using the DNS
assay method [20] as follows: the enzymatic activity was measured using 50 pL of enzyme
solution with 50 pL of starch solution 1.0% and incubated for 60 min at 45 °C. A 50 uL.
sample of the reaction was mixed with 50 uL of DNS solution. The mixture was incubated in
a boiling water bath for 5 min and immediately cooled down for 10 min in an ice bath. The
absorbance of the cooled mixture was measured at 540 nm using UV-vis spectrophotometry,
where one unit of amylase activity was defined as the amount of enzyme that releases
1 ug/mL of maltose per minute under the assay conditions. Total protein concentration
was determined by Bradford protein assay [21].

2.8. Preparation of Crude Extract for Purification of a-Amylase

A fermented media (48 h, 150 rpm, 45 °C) was centrifuged for 40 min at 4 °C and
10,000 rpm. The supernatant phase was collected and filtrated through a membrane disc
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(47 mm diameter and 0.45 um pore size). The proteins present in the fraction were pre-
cipitated with an initial concentration of (NHy4)»,SOy at 65%. The remaining proteins in
the fraction were precipitated at a salt saturation of 85%. Ammonium was added under
constant agitation at 4 °C. Precipitated proteins were separated during the second period of
centrifugation (10,000 rpm, 4 °C, 40 min). The obtained pellet was dissolved in a minimum
volume of a sodium acetate buffer (10 mM, pH 5.0) and dialyzed overnight at 4 °C and
constant agitation [12].

2.9. Purification of a-Amylase LB04 by Ion Exchange Chromatography

The dialyzed solution from the previous step was transferred to a column (20 x 400 mm)
loaded with a DEAE-Sephadex matrix. The column was pre-equilibrated with a 20 mM
acetate buffer, pH 6.0. Fractions were collected at a flow rate of 0.5 mL per minute against a
gradient of NaCl from 0 to 500 mM. The obtained fractions were evaluated for protein content
and enzyme activity.

2.10. Electrophoretic Analysis of Purified Enzyme and Zymography

To determine the molecular weight of the a-Amylase produced by B. licheniformis
strain LB04, an SDS-PAGE was performed, employing a 12% running gel and a 5% stack-
ing gel [22]. Samples were mixed with 10 pL loading buffer and loaded onto the gel.
Electrophoresis was performed using a BIO-RAD Mini Protean-Tetra Cell with a voltage
of 20 mA during the run. The protein bands were detected by Coomassie Brilliant Blue
R250. Zymography for detection of x-Amylase activity was performed by following the
methodology proposed by Upadhyay [23].

2.11. Characterization of Enzymatic Properties of Purified a-Amylase LB04
2.11.1. Thermostability and Acidic Resistance on x-Amylase Activity

In order to determine the optimal pH for the obtained x-amylase, the enzyme-
containing fraction was tested in a pH range of 3.0-8.0, employing a 0.1 M glycine-HCl
buffer (pH 3.0), sodium acetate buffer 0.1 M (pH 4.0-6.0) and a Tris-HCI buffer (pH 8.0), in
a solution of 1.0% starch as substrate. The samples were incubated for 60 min at 40 °C. The
activity and optimal temperature of the purified enzyme was measured through the DNS
method by ranging temperatures from 20 to 90 °C during the incubation period employing
a sodium acetate buffer 0.1 M pH 4.0 and a starch 1.0% solution as substrate.

2.11.2. Effects of Calcium Ions on the Enzymatic Activity of a-Amylase

The calcium ion-dependency for hydrolytic activity of the x-Amylase was analyzed
employing a sodium acetate buffer 0.1 M, pH 4.0. The metallic ions present in the medium
were chelated adding EDTA until a final concentration of 1.0 mM. The reaction conditions
were the same as in the thermostability and acidic resistance activity test. The enzyme’s
total activity (100%) was determined by reducing sugar production using the DNS method.

2.12. Immobilization of a-Amylase LB04 on Agar-Agarose Beads

Agar-agarose beads were formed from a solution of 1.0% (w/v) agarose and 4.0%
(w/v) agar in a 25 mM sodium acetate buffer solution. The pH in solution was adjusted
to 5.5 and heated to 50 °C to solubilize the agar and the agarose. Once homogenized, a
volume of 9.0 mL was mixed with 1.0 mL of protein solution at a fixed concentration of
0.5 mg of protein per milliliter. The mixture was poured into a sterile glass plate until it
had completely solidified. Afterward, the gel was cut into beads of 5 x 5 mm and washed
with sodium acetate buffer 25 mM. The buffer was collected for protein quantification [16].

2.13. Immobilized Enzyme Assay

The binding of x-Amylase into the agar-agarose beads was analyzed through a DNS
assay. Beads were suspended in 0.5 mL of 10 mM sodium acetate buffer and 0.5 mL of a
1.0% soluble starch solution. This enzyme binding reaction was performed at pH 3.0, 4.0,
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5.0 and 6.0, for 30 min at 65 °C. These analytical parameters were designed to be within the
range that resulted in the optimal x-Amylase activity as shown in a previous test. Every
5 min, subsamples of 50 uL were collected, stopping the reaction by adding 50 pL of DNS
solution. The subsamples were boiled for 5 min and cooled down at 4 °C for 10 min,
then mixed with 500 pL of deionized water. Following the methodology established in
the DNS assay for amylase activity determination [20], the concentration of the reducing
sugars in the samples was analyzed through spectrophotometry at 540 nm, where 1 unit of
a-Amylase activity was defined as the amount of enzyme needed to produce 1 pmol of
maltose per min from soluble starch at 65 °C.

3. Results
3.1. Identification and Starch-Degrading Activity of the Strain LB04

Of the 14 samples collected, 10 isolates showed the ability to grow in starch agar after
24 h of incubation at 45 °C. However, only 4 strains produced halo zones in the agar plates
and were consequently selected to produce amylases to study their activity profile. A strain
labeled LB04 was identified as Gram-positive, rod-shaped bacteria and exhibited growth
and a production profile for an «x-Amylase that maintained amylolytic activity at low pH
ranges and high temperatures. A summary of the biochemical characteristics observed for
LB04 is shown in Table 1.

Table 1. Identification profile of Bacillus licheniformis strain LB04.

Characterization of the LB04 Strain

Test LB04
Colony character Color White
Colony Shape Irregular
Edge Undulate
Elevation Flat
Morphology Gram character +
Shape Rod
Arrangement Single
Motility -
Biochemical profile Amylase +
Protease +
Lipase +
Catalase +
Oxidase —
Indole -
Gas production —
SH, production —
Glucose +
Fructose —
Lactose -
Environmental tolerance Temp. tolerance range 20-90 °C
pH tolerance range 2.0-10.0

Positive test results, labeled with “+” sign, negative results labeles with “—*.

A further analysis of the 165 rDNA gene segment amplification and using the bioin-
formatics tool, BLAST, indicated the strain LB04 to be Bacillus licheniformis with a 99.8%
identity, as compared with the NCBI website database (Figure 1).

The B. licheniformis strain LB04 showed starch hydrolysis halos around the colonies
while incubated at 60 °C, indicating thermostability due to the production of x-Amylases,
commonly associated with thermotolerant performing enzymes [24].
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Bacillus haynesii strain EGI258

Bacillus sp. SR22

Bacillus subtilis strain BGSC 3A28

Bacillus piscis strain 16MFT21

Bacillus licheniformis LB04

Bacillus licheniformis strain KP074r

Bacillus licheniformis strain KPO30r

Bacillus paralicheniformis strain ZAP17

Bacillus sonorensis strain RCPS1

Bacillus licheniformis strain AP6

Bacillus sonorensis strain QT-10

Bacillus paralicheniformis strain S8-TSB-4

Bacillus tequilensis

Acetobacter pasteurianus NBRC 3282

Figure 1. Molecular identification based on 16S rDNA sequence. The phylogenetic tree was con-
structed by a neighbor-joining algorithm based on the 165 rDNA gene sequences of B. licheniformis
strain LB04 against related species of Bacillus.

3.2. Growth Rate of Bacillus licheniformis Strain LB04

The B. licheniformis strain LB04 growth was monitored for 90 h, taking samples for
analysis every 12 h. The stationary phase lasted from 48 to 72 h, followed by a rapid decline
in the growth rate. Similar time patterns were previously reported for different B. licheni-
formis strains [25]. As shown in Figure 2, the presence of reducing sugars was registered
since the first 12 h, reaching the maximum point at 60 h, with 0.28 mg mL~! & 0.02 of free
reducing sugars in the supernatant fraction.

1.000 0.330

Growth (OD)
Concentration (mg/mL)

Time (h)

4 - Growth - - Protein - Reducing sugars

Figure 2. Growth chart of the B. licheniformis strain LB04. Conditions of growth: 45 °C, 150 rpm, in
soluble starch medium.
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3.3. Production of a-Amylase by B. licheniformis Strain LB04

Reducing sugar production peaked at 48 h (2.35 mg mL~! =+ 0.15), equivalent to
134.8 U (Figure 3). Bacillus licheniformis, in accordance to similar species, was reported
to reach maximum production levels of ax-Amylase by 48 h; after that, the presence of
the reducing sugars in the medium declines due to accumulation of by-products and the
depletion of nutrients [26,27].

2,50
. 2.00
2
=
B
B
= 150
g
=11
3
2100
2
=
¥}
=4
0.50 I
0.00 I I il
0 24 48 72 96 120

Time (h)
Figure 3. Release of reducing sugars during the fermentation process by B. licheniformis strain LB04.
Maximum production levels of x-Amylase reached at 48 h (2.35 mg mL~! 4 0.15).
3.4. Purification of a-Amylase

A recovery of 0.8 mg of purified x-Amylase was obtained, as can be seen in the protein
purification chart in Table 2.

Table 2. Protein purification steps for c-amylase produced by B. licheniformis strain LB04. The experiments were performed
in triplicate.

Total Activity Total Proteins Specific Activity Purification

Step ) (mg) (Ulmg) (Fold) Yield (%)
Crude extract 14,450 + 142.7 44.0 3284 4 6.5 1.0 100
Ammonium sulfate 6647 + 98.2 10.0 664.7 + 10.6 2.0 46
precipitation (65%)
Ammonium sulfate 4018 + 34.9 2.8 1435 + 27.8 44 28
precipitation (85%)
DEAE-Sepharose 3092 4 12.1 0.8 3865 + 47.2 118 214

The eluted fractions at 250 mM NaCl showed amylase activity. Analysis by SDS-PAGE
and zymography confirmed the presence of a protein with a molecular weight of nearly
130 kDa and starch-degrading activity, as seen in Figure 4.

3.5. High Temperature and pH Ranges of Activity for the a-Amylase Produced by Strain LB04

The purified enzymatic fraction was tested under a range of temperatures and pH
levels. The influence of these parameters can be seen in Figure 5. From 30 to 95 °C, the
peek activity was shown at 65 °C under acidic conditions (pH 3.0), with a specific activity
of 1851.7 U mg~! & 1.3. By raising the pH level, a drop in enzymatic activity could be
observed from pH 4.0 to 8.0. As the reaction was performed under alkaline conditions, the
residual activity significantly decreased to 20.6% of the original value.
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250

130

95

72

55

36

28

Figure 4. SDS-PAGE of the protein composition of different samples from B. licheniformis strain LB04.
Lane 1—Molecular weight marker. Lane 2—Composition of the crude extract at 48 h of fermentation.

Lane 3—Fraction 33, eluted at 250 mM NaCl. Lane 4—Zymogram of fraction 33 for detection of
a-Amylase activity.

100.0 100.0
a) b)
- -~
& 80.0 80.0
B S
S’ S’
= 600 4 S 600
& )
2 400  TO0 $.., § 100
2 SEla S
g - % g
'3 l‘. Tl i ¥ TJ
& 200 | ™ g & 200
\_\ ~a)
---------- "--—"-—"-'—‘i"—"-'L'-"—":‘"_"'_",':‘.t‘.“_'-.-;-.--_--q
0.0 0.0
3 4 5 6 7 8 3 4 5 6 7 8
pH pH

\__*,_ 30°C -k 450 —8—65°C —4—§0°C — —95°C

Figure 5. (a) Purified a-Amylase under different temperatures and pH levels. (b) Purified c-Amylase
under different temperatures and pH levels with the addition of EDTA (1.0 mM) to chelate calcium
ions. The maximum activity (100%) was equivalent to 1851.7 U rng_1 + 1.3.

3.6. Influence of Calcium lons on the Enzymatic Activity

The purified x-Amylase enzyme was analyzed through a DNS assay and by adding
EDTA as a chelating agent. The analysis was conducted as in previous conditions (data
shown in Figure 5b). A distinctive decrease in the enzymatic activity for most of the
temperature and pH ranges was shown after the addition of EDTA. It was noticed that
the enzymatic activity at 65 °C and pH 3.0, despite being the point of highest enzymatic
activity, dropped nearly 25% after the addition of EDTA when compared to chelating-free
conditions. The same trend was present at all temperatures. Still, none of the activity points
were completely inhibited by the chelation of the calcium ions.

3.7. Immobilization of a-Amylase on Agar-Agarose Beads

A simplified representation of the step-by-step process of the x-Amylase immobi-
lization in agar-agarose beads is shown in Figure 6. During this process the beads entrap
the enzyme on its surface, allowing a better interaction with the substrate. However,
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from the initial 0.5 mg of a-Amylase used for entrapment in the agar-agarose beads, only
0.36 £ 0.04 mg were immobilized after washing the beads with the 25 mM sodium ac-
etate buffer, equivalent to an estimated of 0.031 mg of a-Amylase per gram of beads.
The protein loading efficiency was calculated to be 72.1%, with an entrapment yield of
19.9%. This might suggest further analysis of different polymers in order to achieve greater
compatibility with the a-Amylase produced by B. licheniformis strain LB04 [28].

: .
" ‘("fr oy, g
~ o {3

Agar 4.0 % (w/v) Agarose 1.0 % (w/v)

Addition of .0 mL

5‘"]-"“1 joetite . of a-amylase 1.B04 solution Fnirapment of a-amylase by
o) 3 I} 50 N = ase el . a .
buffer 25 mM, stirring at 50 °C : agar-agarose matrix
.
] J H
<\ nos B4 ‘
Starch o-Amylase hair

Beads of immobilized a-amylase

Breakdown of starch chains into maltose and dextrins N .
on the surface of agar-agarose beads

bt catalytic activity of immobilized a-amylase LB04
Figure 6. Representation of the process followed for entrapment of the a-Amylase produced by
B. licheniformis LB04, on the surface of the agar-agarose beads.

3.8. Acidic Stability of Immobilized a-Amylase

As we can see in Figure 7, immobilization of «-Amylase in agar-agarose beads resulted
in enhanced enzymatic activity at pH 6. The increase in activity shown by the immobilized
enzyme was almost three times greater when compared to the free enzyme, even under the
same conditions. On the other hand, the change in the structure of the enzyme due to the
immobilization affected the acid-stability, considerably decreasing the enzymatic activity
at pH 3.0. The free non-immobilized enzyme showed better amylolytic performance at
lower pH values, with a gradual activity decrease as pH approached neutrality. After the
immobilization process, the acid-stability was only 202.4 U mg~!, when compared to the
original 834.1 U mg~!

100.0 4

- Free-enzyme

Relative Activity (%)

—==— Immobilized
0.0 . ; 1 enzyme

pH

Figure 7. Response of the x-Amylase during chelating conditions under a reaction temperature
of 65 °C and different pH levels. Comparison between the enzymatic activity shown by the free
form of the enzyme and its immobilized form. The maximum activity (100%) was equivalent to
1851.7 Umg~! 4+ 1.3.
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4. Discussion

During the growth study, the protein levels released to the supernatant fraction followed
the growth curve at low concentrations from 12 to 48 h (less than 0.03 mg mL~! & 0.005)
(Figure 2), indicating the production of x-Amylase as a primary metabolite since its pro-
duction was growth-related to the carbon source (soluble starch) [29]. Once increased,
dextrins are released to the medium. In response, the bacteria shift from the starch as the
main source to the use of reduced sugars. Afterward, a rapid depletion of glucose and
maltose is observed. This pattern is related to the catabolite repression (CR) in B. licheniform
is due to the accumulation of degradation products such as glucose. The expression of
enzymes like x-Amylase leads to the buildup of reduced sugars in the medium and the later
repression of B. licheniformis promoters, preventing the amylase over-expression [30,31].
Once the 60-h threshold is passed, the CR is observed as the carbon source changes to
glucose and enzymes non-related to starch degradation are produced.

It has been reported that commonly, the molecular mass for enzymes such as -
Amylases ranges from 55 to 70 kDa [30]. However, some amylase enzymes produced by
diverse Bacillus sp. strains have been reported to have molecular weights ranging from
130 to 210 kDa, which is associated with several factors, such as thermostable conformations
of wild-type enzymes [32], pH acid-alkaline resistance [33,34] and the type of carbon-source
(substrate) [35]. The heat and acidic resistance are one of the main characteristics observed
in LB04 x-Amylase, as the enzyme demonstrated higher enzyme activity levels at lower pH
points and higher temperatures. The activity profile can be observed in Figure 5, where the
lower the pH in the reaction the higher enzyme activity. The drop in activity is shown as the
reaction becomes alkaline. This is suggested to be caused by changes in the enzyme confor-
mation [36]. The alkaline adaptation of extracellular enzymes produced by microorganisms
is rare since the intracellular medium has neutral pH. However, remodeling of amino
acid pairs such as Arg-Asp in a-Amylase was shown to increase alkaline performance,
while Lys-Asp pairing was linked to non-alkaline resistance [37]. The latter configuration
could be linked to the nature of the x-Amylase produced by B. licheniformis strain LB04.
Nonetheless, the structure of the enzyme must be provided for a deeper understanding of
the thermo and acidic stability of the obtained «-Amylase.

The study of the calcium ions” influence over x-Amylase activity, demonstrated how
enzymatic activity is partially reduced by EDTA additions. These results agree with pre-
vious studies on the Ca?*-independent a-Amylase produced by native B. licheniformis
species [38,39], indicating a partial independence from calcium ions due to a continuous
starch hydrolysis despite a lower efficiency [40,41]. As pH increased, the activity dropped;
an effect that could be attributed to the enzyme’s structure configuration, more specifically
due to irregularities in segments belonging to the loop regions that participate in the metal-
binding zones 177-199 [41]. Amino acids in the domain B region were reported to play a
fundamental role in thermostability [42]. The study of these regions is necessary for further
conclusions; however, a similar performance profile was reported for neutrophilic and aci-
dophilic endo-f3-glucanases with a similar fold in their catalytic domain [43]. Nevertheless,
the factors that establish the acidophilic nature of x-Amylase are still unanswered, and
further research is imperative to acquire this knowledge.

Through the results obtained it is clear that the immobilization process affected the
activity profile of the x-Amylase, since the acidic stability assay of immobilized amylase
showed a discordance of activities. While the free enzyme showed a better acidic resistance,
its immobilized form suffered large reductions of activity under the same conditions,
and the activity increased as the reaction medium became alkaline. This profile is not
exclusive to the a-Amylase produced by B. licheniformis strain LB04, as previous research
reported increased enzyme activity after immobilization by entrapment, with marked
drops at points where originally there were higher values [44-46]. The acid-stability for
immobilized x-Amylases is attributed to structural preservation, limiting the expansion of
the enzyme’s domains during the increase in temperatures and change in pH [47].
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In order to avoid altering the active sites of «-Amylase LB04, the selected immobiliza-
tion method was entrapment. The entrapment technique is a physical method where the
enzyme is confined within the polymer network of the matrix. For this study the matrix
were beads made out of agar-agarose, a polymer with a strong gelling activity that shows
no reaction with other biomolecules. However, this biopolymer is not suitable for studies at
higher temperatures, since beads start to disintegrate beyond 75 °C. [48]. In order to study
the enzymatic activity of the immobilized x-Amylase at higher temperatures, a different
carrier must be selected.

The activity of immobilized enzymes depends on factors such as the immobilization
method and the nature of the matrix. Based on the present results, a different strategy must
be approached, since although the agar-agarose beads improved the heat stability of the -
amylose LB04 at 65 °C, it was at higher pH levels as compared to the free form. This pattern
was previously reported, where immobilization of amylases in a silica-based matrix during
acid catalyzed sol-gel entrapment lowered the activity of the enzyme instead of enhancing
it [49]. With similar results, agar gel entrapment improved the performance of different
enzymes at neutral and alkaline conditions, but decreased the enzymatic activity of the
free enzyme at lower pH levels [50]. While the entrapment technique is a straightforward
method that preserves the enzyme conformation and the agar is a low-cost polymer with
a non-toxic nature, in order to improve the acidic profile of the a-Amylase produced by
B. licheniformis LB04, different techniques and resources should be employed. A matrix
like chitosan, which is an abundant, non-toxic and inert polysaccharide, is one of the most
popular options for enzymatic immobilization. The amines and hydroxyl groups in this
polymer allow crosslinking with the enzyme and different supports. Since chitosan beads
previously improved the acidic hydrolysis of the a-Amylase-by 50%, they might become a
suitable strategy for further analysis of hydrolytic enhancement by immobilization [51].

To fully associate these observations as a peculiarity of the x-Amylases produced by
the Bacillus genus, due to the nature of x-Amylases immobilization by entrapment or due
to the agar-agarose support, further tests are necessary.

5. Conclusions

This study revealed the capacity of B. licheniformis strain LB04, a bacterium adapted to
tolerate continuous environmental extremes in temperature and pH, to produce a versatile
a-Amylase capable of performing starch hydrolysis at temperatures above 65 °C and
acidic conditions. The results suggest that the isolated bacteria and its a-Amylase could
be employable under conditions commonly met in industrial processes, especially in the
refined syrups and bakery industries.

However, further studies on the enzyme activity are required to determine its potential
in real manufacturing applications. While immobilization is a perfect tool for improving
and recovering the enzyme, in this particular case, a different immobilization technique
should be employed due to the loss of the amylolytic activity during acidic conditions
and high temperatures. These characteristics are crucial for industrial processes where
conditions are too harsh for most of the available commercial enzymes. While the im-
provement of a better-suited immobilization technique is important, new information
related to the enzyme structure must be acquired to understand how the enzyme adapts to
extreme conditions.
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