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Abstract

The starch hydrolytic enzymes consist of 30% of worldwide enzyme consumption
and they represent the second most significant commercial enzyme. Among them
amylases are the most important starch hydrolytic enzymes and comprise of 25%
of total global enzyme market share. Amylolytic enzymes have diverse applications
in starch processing, baking, automatic dishwashing detergents, textile desizing,
medicine, pulp and paper, and brewing industry. However, requirements for each
industry are very specific, mainly with reference to pH, oxidative stability, chelator
resistance, and temperature behavior. Thus, a single enzyme cannot fulfill all the
industrial demands. As a result, there is a constant demand for the search for novel
enzymes having better thermostability, broad pH working range, surfactant stability

and raw starch digesting properties to suit various industrial applications.

Mother Nature harbors a plethora of novel microorganisms that may produce novel
enzymes suitable for various industrial applications. Soil biota consists of diverse
microorganisms and its exploration is indispensable for isolating novel enzyme
producing microbes. Considering the fact that Northeast India being present at the
confluence of two major Eco-zones of the planet earth, has an immense
biodiversity. Hence, an effort was made to isolate strains capable of producing
high-titre of industrially important amylases from this bio-diverse region (Assam),
which could retain their activity and stability under various industrial conditions.
Taxonomic identification of these isolated strains was carried out by polyphasic
approach, followed by optimization of culture conditions of such potent bacteria
for maximizing their a-amylase yield. An effort was also made to isolate, purify
and biochemically characterize the a-amylase(s) from the isolated promising
microbial strains and to invéstigate their potential commercial applications.
Subsequently, the gene for promising a-amylase was cloned and overexpressed in

E. coli to produce commercially appreciable yields.
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In wake of advances in industrial microbiological research, two a-amylase
producing bactenal strains (ASOla & ASO8E) were 1solated from the so1l sample
of Assam On the basis of biochemical and morphological charactenzation, the
1solated bacterta were categonzed into Bacillus genus Molecular identification of
strain ASOla by sequence analysis of 16S rDNA, 16S-23S rDNA ISR and other
housekeeping genes such as gyr4 and rpoB, showed up to 95-99% sequence
similarity with the respective sequence from Bacillus subtilis group and thus the
strain was 1dentified as Bacillus subtilis stran ASOla. However, the analysis of
these sequences from Bacillus sp strain ASO8E showed up to 95-99% sequence
similanty with the respective sequence from Bacillus licheniformis group and thus
the strain was 1dentified as the Bacillus licheniformis strain ASO8E The influence
of media components on a-amylase production from both the strains revealed that
pH, carbon, and mitrogen sources play an important role in production of o-
amylases Both the strains showed starch as the preferred carbon source for
opuimum a-amylase production, however, preference of nitrogen source by the
bactenium vaned in each case The B subnilis strain ASOla showed beef extract as
the preferred nitrogen source while peptone was shown to be a preferred mtrogen
source by B licheniformis strain ASO8E The pH of the culture media also played
a significant role in o-amylase production by both the strains The acidic
environment (pH 6 0) was found to be best swted for optimum a-amylase
production from B subtilis strain ASOla while an alkaline ambience (pH ~12 0)
supported opttmum g-amylase production {rom B ’Zlchemformzs strain ASO8E
Three factors effecting a-amylase production from the aforementioned two
bactenial strains (ASOla and ASO8E) were further statistically optimized using
response surface methodology, thereby investigating enhanced a-amylase
production from these strains Statistical optimuzation studies yielded ~3-fold
increase 1n a-amylase production from both the strains under optimized conditions

as compared to non-optimized conditions

Present investigation also deals with physiochemical characterization of the
enzyme A major a-amylase fromthe B subuilis strain ASO1a (Amy-I) was purnified,

which yielded a protein of approx 21 0 kDa while from B licheniformis strain
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ASO8E, the major a-amylase (AmyBL-I) was {ound to be of ~ 55.0 kDa. Both the
purified a-amylases were found to be active in alkaline condition (pH 8.0-12.0).
The o-amylase purified from B. subtilis strain ASOla (Amy-I) showed optimum
activity at pH 9.0 and temperature of 55°C, while that of o-amylase purified from
B. licheniformis strain ASOS8E (AmyBL-I) demonstrated optimum activity at pH
10.0 and 80°C. Amy-I was also found to be Ca®" independent enzyme and was
thermostable up to 55°C, while AmyBL-I retained its activity up to 80°C in
presence of 5 mM Ca?* ion. Both the purified enzymes were found to be inhibited
by 4-BPB suggesting presence of histidine in the active site of these enzymes. The
end-product analysis of starch hydrolysis by Amy-I revealed that it forms high
molecular weight oligosaccharides, maltose and small amount of glucose from
starch, whereas AmyBL-I forms maltose and high molecular weight
oligosacchandes from starch hydrolysis. The end-product determination studies
revealed that both the amylases might be suitable for glucose/maltose syrup
production in starch industries. The purified a-amylase also showed appreciable
stability and compatibility with regard to various commercial laundry detergents
suggesting their suitable candidature for inclusion in laundry detergent

formulations for removing the starchy food stains from cloths.

From the commercial perspectives of these enzymes in starch processing and
detergent industries, the gene encoding a-amylases from strain ASOla and strain
ASO8E were cloned and overexpressed in £. coli. Cloning of o-amylase genes was
also considered for hyper-production of these enzymes and subsequently to study
their structure-function relationship. Besides, it may also be helpful for enzyme
engineering, where the enzyme could be engineered for harsh industrial processes
as a part of future strategic research activity. An approximately, 2-kbp a-amylase
gene from B. subtilis strain ASOla and 1.5-kbp from B. licheniformis strain ASOSE
(amplified using a-amylase gene specific primers) were successfully cloned into

the pET28a expression vector and expressed in £. coli BL21 cells.

For targeting the extracellular expression of recombinant protein outside the £. coli

cell membrane, the signal pepﬁde of the native proteins was also cloned along with
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the a-amylase gene sequence. However, the expression study of active recombinant
enzyme in culture media revealed that its expression was very limited and thus, to
maximize the extracellular expression of recombinant enzyme, culture condition
was optimized using RSM. The optimization studies yielded ~7-8 fold increase in
extracellular production of active recombinant a-amylase enzymes as compared to
its production under non-optimized conditions. From the optimization studies, it
was also observed that lower concentration of IPTG and temperature had positive
effects on extracellular expression of recombinant a-amylase while higher
concentration of EDTA and incubation time resulted in enhanced extracellular

expression of recombinant protein in £. coli.

The recombinant enzymes were purified by the combination of HIC and gel-
filtration column from the cell free supematant (CFS) of E. coli cells harbouring
the recombinant plasmids, contaning amylase gene inserts. The purified
recombinant enzyme (AmyBS-I) cloned from B. subtilis strain ASOla was purified
up to 3.9-fold from E. coli CFS and its molecular weight was found to be ~69.0
kDa by SDS-PAGE analysis, while recombinant enzyme (Blamy-I) cloned from B.
licheniformis strain ASO8E was purified up to 16.6-fold from E. coli CFS with
molecular weight of ~55.0 kDa. The recombinant a-amylase cloned from B. subtlis
strain ASO1a was found to be different from that of the purified wild type a-amylase
(purified from the same parent strain), suggesting that the cloned a-amylase is an
isoenzyme. Nevertheless, the recombinant a-amylase cloned from the B.
licheniformis strain ASO8E was very much similar to the wild type a-amylase

purified from the same parent strain.

Cloned AmyBS-1 was found 1o be different from the wild type a-amylase purified
from the same parent strain, consequently, it was important to investigate its
biochemical properties. The biochemical studies showed thgt it works optimally at
pH 6.0 and temperature of 70°C. AmyBS-I was also found to be Ca®* independent
" in nature, as it does not require Ca®" for its thermostability or catalytic activity. The
AmyBS-I showed thermostability up to 70°C and was found to be inhibited by 4-
BPB (2 mM) which suggested presence of histidine in the active sites of this

iv ] J K Roy,
PRD Thests, Tespur Unrversity, 2013



\

Abstract I 2013

enzyme. Considering the fact that AmyBS-I acts optimally under acidic condition
and at high temperature, its applications in raw starch digestion and in baking
industry were evaluated. The study showed that after six hours of incubation at
60°C, AmyBS-I could easily hydrolyze the raw wheat, potato, and rice starches up
to 61%, 58%, and 44%, respectively. It also formed deep holes and eroded the
“smooth surfaces of all the tested starch granules, indicating its prospective
usefulness in starch processing industries. The bread supplementation studies with
the AmyBS-I and commercial a-amylase (Himedia) showed that the AmyBS-I
supplemented bread had better bread amelioratipn quality as compared to the
control and commercial enzyme supplemented ones. The partially punfied a-
amylase from B. subtilis strain ASOla was also used for immobilization studies on
magnetic nanoparticles (MNP) and 1t was found that the immobilization of enzyme
resulted in ~ 26-fold increase in specific activity as compared to free enzymes. The
continuous starch hydrolysis experiment by MNP bound enzyme showed that there
was significant increase in starch hydrolysis as compared to the free unbound

enzyme.
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Chapter 1: Introduction

1.1. Introduction

Biotechnology is generally defined as "any technological application that
uses biological systems, living organisms, or derivatives thereof, to make or modify
products or processes for specific use" (UN Convention on Biological Diversity).
Biotechnology is not a single field; it is rather a umified body of scientific
knowledge domains [1]. Its multidisciplinary nature expands over diverse fields. It
is an amalgamation of subjects, which includes chemistry, engineering, plant and
animal biology, immunology, microbiology and lots more [1]. Biotechnology has
applications in four major industnal areas, including health care (Red
Biotechnology), crop and agriculture process improvement (Green Biotechnology),
marine and aquatic applications (Blue Biotechnology), and industrial processes for

improved product development (White Biotechnology) [2].

Industrial or white biotechnology is a major application of biotechnology
for future economic development; it is an application of biotechnology to the eco-
efficient production and processing of chemicals, materials, and bio-energy [3]. It
uses the extraordinary capabilities of microbes and their enzymes with abundant
diversity, efficiency and specificity, to make products useful in variou§ industnal
sectors such as chemicals, food, paper, textiles, detergent and bioenergy (such as
brofuels or biogas) sectors. Biotechnology uses renewable raw materials in
achieving these objectives and by doing so, it applies promising and innovative
approaches towards cutting down greenhouse gas emissions [3). Bio-catalysis or
enzyme technology is one of the major parts of white biotechnology. Bio-catalysis
processes mostly apply microbial enzymes to accelerate (catalyze) the conversion
of substrate into a product(s). Though enzymes are born within the living cells to
carry out specific cell process, they remain active outside the cells (in vitro) and
retain their ability to perform very specific chemical transformations thereby

making them progressively helpful in industrial processes [1].

1 1 J K Roy, Tezspur University, Tespur (Assam)
PAD Thesis: “Biockhemical characterization and industrial appBication of amylases from bacteria”
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1.2. Historical aspect of Industrial enzymes

The word ‘biotechnology’ may be relatively new, but its application has
been around for many years. Microorganisms have been used for ages in the
production of beer, wine, vinegar, yoghurt, and cheese |1]. In ancient Indian texts,
there are mentions of ‘soma’ or ‘sura’, which were fermented alcoholic products
(4]. The Egyptians, Sumerians, and Babylonians used to produce alcoholic
beverages from barley, and the Greek epic poems (The Iliad and The Odyssey),
written around 700 BC has references of the uses of calf and kid’s stomachs
(sources of rennet) for the production of cheese [1]. Sour dough bread appeared in
Europe around 800 BC and even early Chnistian and Sanskrit wrnitings describe
various fermented dairy products [1]. Probably the first industrial application (in
detergent) of cell free enzymes (proteases) was the use of pancreatic extract in
1913. Interestingly, the first enzyme produced industrially was an amylase from a
fungal source in 1894, which was used as a pharmaceutical aid for the treatment of
digestive disorders |5]. Application of enzymes in the starch industry is also not a
new process. In the 1950s, fungal amylase was used to manufacture syrups that
contained sugars, which could not be easily produced by conventional acid
hydrolysis process [1]. The discovery of amyloglucosidase (which completely
breaks down starch into glucose) in the 1960s revolutionized the syrup
manufacturing industry and within a few years of its discovery, the enzyme process

has completely replaced the chemical process of hydrolysis [1].
1.3. Current state of the Global Industrial Biotechnology

As per the reports of Global Industry Analysts, the global biotechnology
industry is predicted to exceed $320 billion by 2015 [6]. Market growth is driven
by economic recovery leading to increased R&D funding. Further, government
initiatives and applications of biotechnology in agriculture and medical sciences
have also strengthened the global biotechnology market. China, India, and many
other developing nations have become major markets in the fields of agricultural
and industrial biotechnology. Recent economic crisis in the US and the EU, because

of limited capital inflows and the delay or cancellation of projects, have negatively

2 ! J. K, Roy, Tegpur University, Tespur (Assam)
PRD Thesis: “Biochemical characterization and industrial appBieation of amylases from bacteria”
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influenced the biotechnology market, and brought about a major revenue decline
[6]. Nevertheless, the market is gradually entering a phase of recovery from the
economic crisis. This has been made possible only due to new cost-saving and
efficiency measures taken by government and many large biotechnological
industries. Industrial funding depends upon favorable economic conditions and is
limited to multinational companies, which are generally less in number. As such
smaller industries are trying hard to raise their R&D funds. The situation is
expected to improve as the smaller industries promise a more secure investment

option to venture capitalists [6].

1.4. Current scenario of industrial biotechnolegy in India

The bio-industrial sector in India registered an 8% growth in its revenues
with total sales of $142 mullion in the year 2011-12 [7]. The multinationals
contribute about 65% of the market while the local companies meet the rest.
However, the share of local companies has been increasing over the last 3-4 years
as they have realized the huge potential of food enzymes. In addition to importing
enzymes, India also exports enzymes for different purposes. The domestic
consumption of enzymes generated about $110 million while its export generated

about $32 million as revenues for the year 2011-12 |7].

The bio-industrial companies in India are headed by global leaders such as
Novozymes South Asia followed by other domestic enzyme manufacturing
industries, suqc)h as Advanced Enzymes, Lumis, Maps and Anthem (Table 1.1). In
the last 10 years, the Indian industrial enzyme market has witnessed a growth of
about 8-10 % and a similar growth rate is expected in the coming years. In Indian
industrial enzyme market, textile and leather enzyme industries have shown
considerable growth, while the detergent enzymes segment is still in its initial stage
[7]. The industrial enzyme consumption in India is principally in the detergent .
markets (40%), followed by the starch markets (25%). Lately, enzymes have found
wide applications in food, pharmaceutical, diagnostic, and chemical processing

industries [8}.
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Table 1.1: Top five enzyme producing companies in India

Rank Company Region Revenue in $ million % Change over
2011- 2010- 2009- 2010-11
12 11 10

i Novozymes South Asia* South 61 51 44 20

2 Advanced Enzymes West 37 32 24 14

3 Rossari Biotech* West 16 15 11 7

4 Maps (India) West 12 10 - 18

5 Titan Biotcch North S 4 3 17

*Estimates Biospectrum-ABLE-2012-survey

1.5. Present scenario of microbial amylase research: Second largest enzyme
in the enzyme market '

The industrial enzyme companies produce enzymes for a wide variety of
applications. The global market for industrial enzymes is estimated to be 3.0
billion USD [9], which is shared by food enzymes (29%), feed enzymes (15%),
and general technical enzymes (56%) [10]. The world market for industral
enzymes is estimated to be even greater from the products obtained from these
enzymes. Amylases are the second most widely used industrial enzyme after

protease and they represent approximately 25-33% of the world enzyme production

[11}.

In view of the ever increasing demands of industrial enzymes, particularly
amylases, it becomes essential to explore the vast exotic microbial diversity
harbouring several novel enzymes which will be suitable for the harsh industrial
process. Nature provides ample sources of amylases such as animals, plants, and
microbes. However, the microbial enzymes have gained much preference for
industrial production. The vast microbial diversity in nature is the major resource
for the biotechnological products and processes. However, only 2% of this vast
microbial diversity has been explored so far for enzyme sources [12, 13}].
Considering the depth of this diversity, there is always a probability of discovenng
a promising microorganism with novel enzymes producing capabilities having
better properties suitable for commercial exploitation [14]. An important source of
enzyme is extremophiles whose specific properties are expected to bear novel

products with novel applications. Further, 80% of the commercial enzymes are
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produced using microorganisms isolated from different geographical regions.
Northeasten zone of India, which is considered as one of the mega biodiversity
zones of the world, may harbor several novel enzyme-producing microbes.
However, a review of literature shows that limited attempts have been made so far

to explore the industrially important microorganisms of this region.
1.6. Starch (Amylum): The energy storehouse

A major source of energy for non-photosynthetic organisms is starch, which
also acts as a carbohydrate food reserve in plants. Besides, it also constitutes an
important part of human diet and is processed both chemically and enzymatically
into vanety of products for their various uses such as in starch processing, food-
feed, textile, detergent, and paper-pulp industries [15]. In addition, the starch
hydrolysis products can also be fermented to produce ethanol. Regardless of the
fact that a large number of plants are capable of producing starch, only a few plant
sources are important for starch processing industries. The major industrial sources
are maize, tapioca, potato, and wheat, but there are certain limitations in terms of
their usage in some industrial food applications. This is due to low shear resistance,
thermal decomposition, thermal resistance, and high tendency towards
retrogradation of these starches [16]. Among various carbohydrate polymers, starch
is of great demand due to its usefulness i different food products. Starch
significantly improves the textural properties of food items and thus it is widely
used in industrial applications as a thickener, gelling agent, colloidal stabilizer,

bulking agent and water retention agent [17].

Plants produce starch by the process of photosynthesis and store it as
granules in the form of tubers, seeds, and roots for long-term storage as a reserved
energy source [18]. Starch is made up of two types of glucose polymers (amylose
and amylopectin) which are linked together by glvcosidic bonding through the C1
oxygen atom (Figure 1.1). These glycosidic bonds are highly stable at alkaline pH
but can easily be hydrolyzed at low/acidic pH. Amylose is comprised of 6000
glucose units linked together by o, 1-4 glycosidic bonding and thus forms a linear

polymer. Starch may contain amylose from 0-75%, but the usual content of amylose
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is 20-25% of the total starch polymers. Amylopectin is made up of short linear
_chains of o, 1-4 glycosidic linkage of 1060 glucose units and side chain of a, 1-6
linkage of 15-45 glucose units. The average number of branching points in
amylopectin is usually 5%, but it may vary with different botanical origins [19, 20].

[ A CoH [ cHon ] Cchou

; o
OH

H OH
0
OH 55 g0 OH

Figure 1.1: Glucose polymers present in starch molecules: (A) amylose and (B)

amylopectin.

Starch granules are organized into two regions, namely, amorphous and
crystalline. In case of tuber and root starches, the crystalline regions are mainly
composed of amylopectin, while the amorphous regions are made up of amylose
polymers [18]. In cereal starches, amylopectin forms the most important component
of the crystalline region, however, the amyloses in cereal starches form complexes
with lipid molecules that give rise to a weak crystalline structure, which further
reinforces the granules [18]. Amylopectin is mostly soluble in water but amyloses,
which are insoluble in cold water, make the starch granule insoluble as well. This
property makes it relatively easier to extract starch granules from their plant source
[18]. Again, retrogradation of starch is primarily due to amylose chain. In contrast,

the highly branched amylopectin 1is less prone to retrogradation.

1.7.Starch-Digesting enzymes

A variety of bacteria produce extracellular or intracellular enzymes to
convert starch or glycogen into simpler products, which can be used by them as
energy and carbon sources. Starch digesting enzymes (amylases) are glycoside
hydrolases (GHs), which mainly act upon a~(1, 4) and/or a-(1, 6) linkages of starch
polymers. Most of the amylases are grouped into GH family 13 [also known as a-

amylase family (EC 3.2.1.1)] [21], while B-amylases (EC 3.2.1.2) and
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glucoamylases (EC 3.2.1.3) are grouped into GH14 and GH15 family, respectively
[22]. There are mainly four groups of starch-converting enzymes namely (1)
endoamylases, (ii) exoamylases, (ii1) debranching enzymes, and (1v) transferases.
The starch-converting enzymes falling in the above four groups, along with their

sites of action on starch polymer, are shown below (Figure 1.2).

I

. branching isoamylase
enzyme pullulanase

&

-~

glucosyltransferase

glucoamylase
a-glucosidase

amylomaltase
p-amylase/ a-1.4-transferase

maltogenic amylase ¥

o000 0¥
o
maltose and
fdimit dextrin

puilulanase
amylopullulanase

/

neopullulanase |
¥ isopullulanase

. v
e 03

isopanose

Figure 1.2: Schematic representation of the site of action on amylopectin
molecules by various amylolytic enzymes. Glucose molecules are indicated by
open circles while reducing ends are marked by a line through the open circle,
Adapted from Turner et al., [23].

1.7.1. Endoamylases

Endoamylases are enzymes that randomly cleave a-1, 4 glycosidic bonds in

amylose, amylopectin and related polysaccharides, and produce oligosaccharides
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of varied chain lengths with a-configuration on the C1 of the reducing glucose unit
produced (18, 24, 25]. This group of enzymes is the most widely distributed
enzymes in nafure and well-known example of this group is a-amylases (EC
3.2.1.1) [26]. Alpha-amylases are further classified into two groups — liquefying
and saccharifying a-amylases. Liquefying a-amylase hydrolyses 30-40% of the
glycosidic linkage in starch, while saccharifying hydrolyses 50-60% of the
glycosidic linkage of starch molecules |27]. Majority of a-amylases are
extracellular enzymes, however, few of them can be intracellular. Intracellular a-
amylases enable the host cells to utilize maltodextrin/stored polysaccharides during
the exponential growth phase [28]. The extracellular a-amylases are considered as
one of the most thermostable proteins as they can work optimally at 130°C [29] and
also show optimum pH activities from acidic to alkaline pH [28]. On the other hand,
the cytoplasmic a-amylases are known to be active mostly around the neutral or

acidic pH {28].
1.7.2. Exoamylases

The exoamylases act specifically on a-1, 4 glycosidic linkages of starch
macromolecules from the non-reducing end and it results in production of low
molecular weight oligosaccharides. Microbial exoamylases are of various types
with respect to bond and substrate specificities as well as products that it forms.
The enzymes that exclusively cleave a-1, 4 glycosidic bonds are known as p-
amylase (EC 3.2.1.2) while enzymes that break both a-1, 4 and a-1, 6 glycosidic
bonds are known as glucoamylase (EC 3.2.1.3) and a-glucosidase (EC 3.2.1.20)
based on their substrate specificity [26]. The end-product obtained from both type
of exoamylases are also different. glucoamylase and a-glucosidase produce only
glucose, whereas B—amylase produces maltose and beta-limit dextrin as their end-
products. Glucoamylase and B-amylase also convert the anomeric configuration of
the end-product from one form to another (a—f) [5]. Glucoamylase and a-
glucosidase differ from each other based on their substrate specificity. a-
Glucosidase prefers short maltooligosaccharides and liberates glucose with an a-

configuration, while glucoamylase acts best on long-chain polysaccharides [30].
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Fungal glucoamylase is the most important class of industrial enzyme because of
their suitability in a wide range of applications in the starch processing industry.
They work optimally under acidic pH condition, which is the most desirable
condition for the starch processing industry; however, they have lesser
thermostability. Further, most of the reported glucoamylases are glycosylated and
the carbohydrate moiety present in the enzyme is believed to play a significant role

in maintaining the structural stability of the enzyme [31].

The other amylases in this class are cyclodextrin glycosyltransferase (EC
2.4.1.19) which has an additional transglycosylation activity, maltogenic a-amylase
(glucan 1,4-a-glucanhydrolase, EC 3.2.1.133) which produces maltose exclusively
[32], and maltotetraose (EC 3.2.1.60) [33] or maltohexaose (EC3.2.1.98) [34]

amylases which form maltooligosaccharides exclusively.
1.7.3. Debranching enzyme

A third group of enzymes that hydrolyze starch polymer are the debranching
enzymes that exclusively hydrolyze a, 1-6 glycosidic linkage as for example
isoamylase (EC 3.2.1.68) and pullulanase type I (EC 3.2.1.41) [18]. The major
difference between these debranching enzymes is their substrate preference
towards pullulan (polymers of a, 1-6 linked maltotriose units) [35, 36]. Pullulanases
are able to hydrolyze o, 1-6 glycosidic bond in both the pullulan and amylopectin
molecules, whereas isoamylases are only capable of hydrolyzing a, 1-6 glycosidic
linkage in amylopectin, yielding a long linear polysaccharides [18]. Besides, there
is another type of pullulanase enzyme that can hydrolyze both o, 1-4 and a, 1-6
glycosidic linkage and thus can be categorized into group II pullulanase. These
types of enzymes are also referred to as o-amylase - pullulanase or
amylopullulanase and produce maltose and maltotriose as their main degradation
products [18]. There also exists a special class of enzyme belonging to this group,
which apart from debranching activity can perform transglycosylation with the
formation of a new @, 1-4 or a,1-6 glycosidic bond and is called as neopullulanase
(EC 3.2.1.135) {37].
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1.7.4. % Transferises

Transferases are the fourth group of starch-converting enzyme which cleave
the a-1, 4'glycosidic bond of the donor molecule-and form a new glycosidic bond
by transferring a pért of the donor molecule to a glycosidic acceptor [18]. Examples
of this type of enzymes are amylomaltase (EC 2.4.1.25) and cyclodextrin
glycosylﬁ;cxnsferase (EC 2.4.1.19) which form a new a, 1-4 glycosidic bond, while
branching enzymes (EC 2.4.1.18) form a new @, 1-6 glycosidic bond. Cyclodextnn
glycosyltransferases make cyclic oligosaccharides with 6-8 glucose residues
(cyclodextrins) via an intramolecular transglycosylation reaction while
amylomaltases give rise to a linear product {18, 38, 39]. Further, amylomaltases are
mainly found in microorganisms, which are involved in the utilization of maltose
or the degradation of glycogen [38]. Glucan branching enzymes are another type of
transferases enzymes, which are involved in the synthesis of glycogen in many

microbes by forming a, 1-6 glycosidic bond in the side chains of glycogen [18].
1.8.The a-amylase.family: Characteristics and Reaction mechanism

Enzymes that act on starch mostly belong to one family based on their
amino acid sequence homology, i.e. a-amylase family or GH13 family as per the

classification of Henrissat [40]. These enzymes have the following features:

() They attack a-glycosidic bonds and cleave this bond to produce a-anomeric
mono or oligosaccharides (hydrolysis) and/or form a, 1-4 or 1-6 glycosidic
linkages (transglycosylation).

(i1) They possess a (B/a)s or TIM barrel (Figure 1.3) structlure containing the

catalytic site residues.

(111)They possess four highly conserved regions in their pnmary sequence, which
contain the amino acids that actively take part in catalysis or maintain the

stability of the conserved TIM barrel topology [41].
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Figure 1.3: Domain organization of B. licheniformis g-amylase (BLA) enzyme

(PDB code 1BLI). Domain A: green, domain B: magenta and domain C: cvan.
Calcium 1ons (red spheres) and sodium ions (orange spheres) and the active site
residues Asp231, Glu261 and Asp328 are shown in color (red). The loop
connecting 7 to a7 is also shown in yellow color. Adapted from Nielsen &

Borchert [42].

1.8.1. Conserved region/sequences

Iv contains four highly conserved sequences (I-IV), which

a-Amylase fami
are found within the TIM-barrel on B-strands 3. 4 and 5 and in the loop connecting

B-strand 7 to a-helix 7 (Figure 1.4).

e ———
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Figure 1.4: Topology illustration of a-amylase family. The four highly conserved

sequences are indicated with dashed boxes, adapted from Nielsen & Borchert, [42].

The region I (Figure 1.4) comprises residues that are present in the C-
terminal end of the third B-strand of the TIM barrel (3). This region contains the
three highly conserved amino acid residues (Figure 1.5) such as Asp100, Asn104,
and His105 (BLA numbering) {42]. Further, there is always preference for Val at
position 102 (BLA numbering). which is not explainable [42]. Aspl00 plays an
important role for the active site integnty of molecules. as it 1s hydrogen-bonded
with Arg229, which is a fully conserved residue within hydrogen-bond distance of
both the catalytic residues Asp231 and Glu261(BLA numbering). Nevertheless,
Asn104 does not participate directly in the stabilization of the active site of enzyme,
but it coordinates with the conserved calcium ion between the A and B domains
|43]. Further the His105 residues interact with the C-terminal of 3 and the rest of
the TIM-barrel by stabilizing hvdrogen bonding between Asnl04 and the backbone
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oxygen of Tyr56 (BLA numbering) present in the loop connecting 2 to a2 strands
[42].

EC Enzyme

kKPAR] a-Amyase

24119 Cydodextrn ghicanoiransherase
32110 Oige-1 Bglucosdase

32160 Makoetraohydrlase

32168  isoamylase

321135 Neapidudanase

321133 Makogenic amylase

321133 Maktogenk c-amilase

24125 Amdomakase

3214 Maookgosyirehaloss hydrolase
2414 Amylosucrase

241 Maltosylransferase

Figure 1.5: The seven conserved sequence regions found in the a-amylase family
adapted from Janecek, [44]. The conserved sequence were compared with the
following o-amylase family whose structure is known: a-amylase, Aspergillus
oryzae [45]. cyclodextrin glucanotransferase. Bacillus circulans strain 8 [46];
oligo-1,6-glucosidase, B. cereus [47]; maltotetraohydrolase, Pseudomonas stutzeri
[48]. isoamylase P. amyloderamosa [49]. neopullulanase, 7hermoactinomyces
vulgaris R-47 |50}, maltogenic amylase, 7hermus sp. IM6501 |51]; maltogenic a-
amvlase, B. stearothermophilus |52]. amylomaltase, Thermus aquaticus |53]:
maltooligosyltrehalose hvdrolase, Suifolobus solfataricus [54]; amylosucrase,
Neisseria polysaccharea |55]. maltosyltransferase, Thermotoga maritima |56].
Blue color indicates: catalvtic Asp & Glu: vellow: functional His: green: invariant
Arg: turquoise: Ca®'-binding Asp: while conserved residues are marked in grey and
non-conserved residues in pink. The first column denotes the Enzyme Commission
number of a given member and B2, $3, f4, BS, B7. and B8 indicate the B-sheet in

which this conserved residues are present.

Region I (Figure 1.4 & 1.5) contains the catalvtic nucleophile Asp231 and
invariable Arg229 residues, located in the C-terminal of B4 strand [42]. These two
residues are the highest conserved residues in almost all the a-amviases and
indispensable for carryving out its catalvtic activity [57]. The other two less

conserved residues found in this region are Lvs234 and His235 (BLA numbering).
g ) g)
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which are believed to bind the reducing end of the glucose chain in the substrate-
binding cleft [57].

Region HI (Figure 1.4 & 1.5) contains only Glu261 as the most conserved
residue that takes part in catalysis as a proton donor and is positioned in the fifth f§-
strand of the TIM-barrel at C-terminus [42].

Region IV (Figure 1.4) comprises residues present in the loop connecting
B7 to a7 that protect the active site from the solvent [42]. This region contains the
fully conserved residue Asp328 and strongly prefers His327, however, very often
Phe, Val and Asn are seen at positions 323, 324 and 326, respectively. It has been
observed that this loop is flexible, which allows substrate to bind and distort. It is
believed that Asp328 is involved in substrate binding, distortion and in elevating
the pKa of Glu261 [42].

In addition to the above four highly conserved regions, Janecek [58, 59] has
proposed that there are also three more conserved regions in the a-amylase
sequences (Figure 1.5). Out of these three regions, region V contains an invariable
aspartic acid residue. This residue, present in the domain B, 1s believed to be
involved in coordinating the conserved calcium ion and the hinge region of domain
B.

1.8.2. The active site cleft

The active site cleft of a-amylase family is formed by the carboxyl end of
B-sheets in the TIM barrel and is located at the interface between domain A and
domain B. It has been found that the substrate-binding cleft can accommodate from
four to ten glucose units (depending upon species). Certain amino acid residues
bind each glucose unit, which constitute the binding subsite for that glucose unit.
Davies et al. [60] have numbered the subsite according to the location of the scissile
bond (cleavage point) with negative subsite numbers on the non-reducing side of
the scissile bond (Figure 1.6). A typical a-amylase may have 2 to 3 subsites present
on the reducing end (subsites +1, +2 and +3) while 2 to 7 on the non-reducing end

of the scissile bond {61, 62].
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Figure 1.6: Nomenclature of active site cleft subsite for amylases family, the arrow
indicates the point of enzymatic cleavage (scissile bond), adapted from Nielsen &
Borchert [42].

1.8.3. The catalytic mechanism

The a-glycosidic linkage is the most stable chemical bond with ~2x1071%s™!
spontaneous rate of hydrolysis at room temperature [63]. It has been observed that
members of a-amylase family enhance this rate so immensely that they can be
considered as the most efficient enzymes known to date. For example, cyclodextrin
glycosyltransferase has a rate of hydrolysis of 3 s™ and thereby increases the rate
of hydrolysis by 10'* fold [39]. The most accepted catalytic mechanism of the a-
amylase family is a-retaining double dispiacement methods. The catalysis
mechanism involves the active site catalytic residues, glutamic acid as an acid/ base
catalyst and an aspartate as the nucleophile (Figure 1.7). This process involves the

following three major steps:

@) The first step is the protonation of glycosidic oxygen by the glutamic acid
(proton donor) and this is followed by nucleophilic attack by the catalytic
aspartate on the C1 of sugar residue in the —1 subsite;

()  The second step is that the aglycon part of the substrate leaves the active
site and a water molecule is activated presumably by deprotonated
glutamate.

(i)  The final step is the hydrolysis of the covalent bond between the oxygen of
the nucleophile and C1 of the sugar residue by the activated water
molecules, thus completing the catalytic cycle.
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Figure 1.7: The double displacement mechanism of retaining glycosyl hydrolases.
A: Protonation by Glu261 and nucleophilic attack on C1 glucose by Asp231, and
departure of reduced substrate; B: activation of water molecules and cleavage of
C1-Asp231 covalent bond; C: regeneration of initial protonation steps, adapted
from Nielsen & Borchert [42].

Koshland [64] originally proposed the above double displacement
mechanism; however, in the above catalysis process only two conserved catalytic
residues take part directly. The third conserved catalytic residue, Asp 238 (BLA
numbering), helps in the catalysis process indirectly, by binding to the OH-2 and
OH-3 groups of the substrate through hydrogen bonding [65]. Asp238 also helps in
the distortion of the substrate and elevation of pKa of Glu261 by electrostatic
interaction |65; 42). The other possible conserved amino acid residues that take part
in catalysis process are histidine, arginine, and tyrosine. They help the catalysis
process by positioning the substrate and nucléophile into the correct orientation in
the active site, by stabilizing the transition state, and by polarizing of the electronic
structure of the substrate [65-68] Apart from these catalytic residues in the four
conserved regions, an additional fifth conserved region exits This region contatns
aspartate, which is believed to take part in ca#alysis by acting as a calcium ligand
[58, 59]. '

1.8.4. Calcium and sodium ions

a-Amylases contain a conserved calcium ion in between the domains A and

B [43, 69], which is known for stabilizing the active enzyme [70]. The dissociation
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constant for Alteromona haloplanctis a-amylase is 0.0050 nM [71], which suggests
very strong affinity of calcium ion towards the enzyme molecules [42]. It is
assumed that this conserved calcium ion mainly takes part in the structural stability
of enzyme [43, 72, 73] as it is too distantly located from the active site to participate
directly in catalysis. Besides, there is also evidence of the presence one or more
calcium ions in several structures {43, 69, 74], and interestingly presence of linear
Ca-Na-Ca triad in B. licheniformis amylase (BLA) [43, 62]. It has been observed
that the mutations in this metal tnad-binding site are highly detnmental to the
thermostability in BLA [75].

1.8.5. Chloride ions

Various mammalian a-amylases are known to have a chloride ion in the
active site, which enhances the catélytic efficiency of the enzyme, probably by
elevating the pKa of the hydrogen-donating residue in the active site [42, 76].
However, it has also been reported in some of the psychrophilic a-amylase (AHA)
from Alteromonas haloplanctis bacterium [77). Further, it has been perceived that
with binding of chloride ion there is dramatic increase in affinity for the conserved
calcium 1on.[71], and thus 1t 1s believed that chlonide ion also induces the
conformational changes around the active site of enzyme. A mystifying feature of
this type of a-amylases is the presence of a serine protease-like Glu-His-Ser triad
in the interface between domains A and C, which is proposed to be capable of

performing an auto-proteolytic cleavage [77].
1.8.6. Domain organization

Almost all the enzymes belonging to a-amylase family engage the o-
retaining mechanism for catalysis but they vary widely in their substrate and
product specificities. These alterations may be due to arrangement of different
domains around the catalytic core (Table 1.2) or due to presence of extra sugar
binding subsites [42]. The foremost conserved domain found invariably in all a-
amylase family enzymes is the A-domain, which consists of eight parallel B-strands

arranged in a barrel enclosed by eight a-helices [18]. The catalytic conserved active

17 | J. K, Roy, Tespur University, Tespur (Assam)
PED Thesis: “Biochemical charactenization and industrial application of amylases from bacteria”



Chapter 1: Introduction J 2013

site residues (Asp231, Glu261, and Asp32$; BLA numbenng) of the a-amylase
family are found within this domain and form core of the molecule [18]. The (B/a)s
TIM barrel present in this domain was first observed in chicken muscle triose
phosphate isomerase (TIM) [78].

The a-amylase family also contains the second most common conserved B-
domain that protrudes between $3-sheet and a3-helix. It may range from 44 to 133
residues in length and play a pivotal role in substrate or Ca?" binding [18]. Apart
from the A and B-domains, there are also nine other domains that have been
identified so far in the a-amylase family [18]. A number of enzymes belonging to
this family, that hydrolyze interior a 1-6 glycosidic linkage, have a second
protrusion of the A-domain (domain 2 or 7). All other domains (C to 1) are present

erther in front or behind the A domain.

The C-domain consists of C-terminus of the BLA molecules and forms a
Greek key motif structure. The function of ﬂﬁs domain is unknown. However, the
third calcium ion-binding site bridging between domain A and C, which is found
exclusively in bacterial a-amylases, is responsible for the enhancement of BLA
thermostability [43, 79]. Further, in cyclodextrin glycosyltransferase, this C-
domain contains a maltose-binding site, which is involved in the binding of raw
starch [67, 80]. Im many maltogenic a-amylase and cyclodextrin
glycosyltransferase, there exists a D-domain after the C-domain, whose function is

still unknown.

Many of the raw starch binding a-amylase family have an E-domain that
interacts with the substrate [80-82|. The other characteristic domains (F, H, and G-
domain) of a-amylase family are found in the:,N-terminus of enzymes that have an

endo-action/ a, 1-6 glycosidic bond hydrolytic activity of branched substrates |18].

[
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Table 1.2;: Domain orgamzation of a-amylase famuly that acts on glucose-

containing substrate, proposed by Maarel et al 18]

Enzyme EC number Domains Main substrate
Amylosucrase 2414 Sucrose
Sucrose phosphorylase 2417 Sucrose

Glucan branching enzyme 24118 ABF Starch, glycogen
Cyclodextrin glycosyltransferase 24119 A B,C,D,E Starch
Amylomaltase 24125 A, Bl1,B2 Starch, glycogen
a-Amylase 3211 A,B,C Starch
Oligo-1,6-glucosidase 32110 A B Amylopectn
a~Glucosidase 321 20 Starch
Amylopullulanase 3214173211 A B, H G Pullulan
Cyclomaltodextrinase 32154 A B Cyclodextrins
Isopullulanase 32157 Pullulan
Isoamylase 32168 A B, F Amylopectin
Maltotetrose-forming amylase 32160 A.B.C.E Starch
Glucodextranase 32170 Starch
Trehalose-6-phosphate hydrolase 32193 Trehalose
Maltohexaose-forming amylase 32198 Starch
I'\/Ialtogemc amylase 321133 A, B,C,D,E Starch
Neopullulanase 321135 A, B, G Pullulan
Malto-oligosyl trehalase hydrolase 321 141 Trehalose
Malto-ohgosyl trehalase synthase 549915 Maltose

1.9. Microbial production of Alpha-amylase

a-Amylases are ubiquitous enzymes that are distributed thoroughly in the
plant, ammal and microbial kingdoms for their carbohydrate metabolism [26, 29]
Amylases that are denved from plant and microbial sources have been used for
centunies as food additives, for example barley amylases in brewing industry and
fungal amylases in preparation of onental foods [26] Even though amylases are
distnibuted widely 1n nature, microbial sources, specifically fungal and bactenal
amylases, have been explored immensely for the industnal production due to
various advantages that 1t offers [26] The major advantages of using mucrobial

amylases are that they are cost effective, economical in bulk production, and require
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less time and space. Besides, microbes are easy to manipulate in order to obtain
enzymes of desired charactenstics [29, 83].

a-Amylase can be harvested from different species of microorganisms,
however to meet most of the industrial needs, the a-amylase from the Bacillus
genus have been widely used [26]. B. subtilis, B. licheniformis, B.
stearothermophilus, and B. amyloliquefaciens are known to be good producers of
a-amylase and have been widely explored for the application in a number of
industrial processes such as in food, fermentation, textiles, and paper industries {5,
26]. The commercial fungal a-amylase production is limited to a few species of
mesophilic fungi though they are the most preferred source over other microbial
sources because of their GRAS (Generally Recognized As Safe) status [29]. Fungal
sources are mostly confined to Aspergillus and Penicillium [84]. Among the array
of extracellular enzymes produced by Aspergillus species, amylases are the most

significant industrial enzymes [85].
1.10. Cloning of a-amylase genes and enzyme engineering

Cloning of a-amylase genes have been done extensively for the molqcuiar
study of proteins, their hyper-production, and protein engineering in order to
achieve desirable characteristics {26]. a-Amylase was one of the first proteins
adopted for genetic manipulation due to existence of an easy screening assay and
the availability of amylase negative strains [9]. The purpose of cloning of a-
amylase genes can be many but it is carried out most importantly for the expression
of thermostable enzymes, higher enzyme productivity, co-expression of two
enzymes by the same organism, and for the improvement of existing enzyme
charactenistics by enzyme engineering | 5]. a-Amylase genes have been cloned from
different bacterial and fungal sources in appropriate host organisms mostly in

Escherichia coli or Saccharomyces cerevisiae using suitable vectors (Table 1.3).
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Table 1.3: Cloming of some of the a-amylase genes from different source

Gene source Recombinant host  Vector Reference
Alteromonas haloplanktis Escherichia coli pUCIi2 [86]
Aspergillus kawachit TFO 4308 S cerevisiae pYcDE! [87]
Baeillus amylohquefaciens Escherichia colr pETAM [88]
B licheniformis Eschenichia coli pBR322 [89)
B subtiis Escherichia coli pUCS8 190}
B subths S cerevisiae pPB-G, pPG/AB, pPG/MM [91]
Halothermothrix orenu Escherichia coli pBluescript SK 192)
Lipomyces starkey Escherichia coli pGEM-1 193]
Thermococcus hydrothermalis Escherichia col1 pBluescript Il KS [94]

Most of the starch processing industnes, which utilize a-amylases, are
carmed out at higher temperature and pH [42] Thus, enzymes withstanding this
extreme environment 1s a matter of great significance and has been addressed by
many industnes and academma Very often a-amylases become mactive for
industnal apphications owing to the extreme environment and many more reasons
The major detrimental factor 1s incubation at high temperatures that causes
unfolding of amylases, incubation at extreme pH values and exposure to chelating
and oxidizing agents can also result in denaturation of enzymes |95, 96] Thus, there
1s a persistent demand for improving the stability of this enzyme, so that they are

better suited for this harsh industnal process

To address these issues, vanous approaches were applied One such
approach was to screen novel microbial strains capable of producing a-amylase
from extreme environments such as hydrothermal vents, salt and soda lakes, and
brine pools [97-99] This has been applied successfully by various researchers and
industnal groups 1n obtaining e: highly thermostable enzyme such as a thermostable
pullulanase from Feridohacterium pennaorans [100] or an a-amylase from
Pyrococcus woeser [101] which led to a number of patent applications However,
even being thermostable 1n nature, most of these amylases, 1f not all, do not meet
all the industnal needs [18]
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Another approach would be enzyme engineering, which is known to be a
promusing technique to achieve this goal by inlegrating desired properties in the
appropriate gene {26]. In the case of the a-amylase family, these desired properties
may include high thermostability, broad pH profile, Ca-independence, activity at
high concentration of starch, protease resistance, raw starch digestibility,
insensibility to catabolite repression and hyper-production (Table 1.4). The most
important technique used in enzyme engineering is site-directed mutagenesis;,
which alters the properties of an existing enzyme based on its structural information
[9]. Using this technique several achievements have been made. For example,
Declerck {102] has introduced three mutations (Asn172 — Arg, His156 —Tyr and
Alal81 — Thr) in the a-amylase from B. licheniformis which resulted in a 5-fold
increase in thermostability. Similarly, stability at lower pH was attained by
substitutions Met15—Thr/Asn188—Ser [103] and stabilization of the protein by
insertion of prolines in loop regions of BLA [104]. Combination of error-prone
PCR and gene shuffling of a-amylase gene resulted in a mutant showing broader
range pH and 5-fold higher activity at pH-10 compared to that of the wild type
enzyme {105]. Further, there are reports showing that incorporation of hydrophobic
residues at the surface of B. licheniformis amylase resulted in increases in

thermostability [106].
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Table 1.4: Implication of some of the engineered amylases

Source of gene Expression host  Types of genetic modification Improvement References
Bacillus E coli DH5a Site-directed mutation (Asn331—»Ser loss ot activity towards substrate, [107]
stear other mophilus Glu332—val) thus 1t indicates substrate binding
site
B hicherifornus B subtilis WBG0O  double substitutions (Leul34—Arg, acid-1esistant capabality of mutant  [108]
Ser320—Ala) was significantly enhanced
B subtlis BF768 B subtilis WB600 200 U/mi—723 U/ml Hyper-production ot moderate (109]
thermostable amylase
B licheriformis E coli BL21 site-directed mutagenesss of calcium-binding  calcium binding site 15 sensitive to - {110]
MTCC 6598 sites any modification
(N104—D104, D161—>N161, D183—N183,
D200—N200, D430—N430)
Bacillus sp US149 E coli DH5a site-directed mutagenesis (Gly312—Alg, double mutant enhanced [111]
Lysd436—A1g) thermostabality
B amviohquefaciens B subtiis 1A717  calaum-binding sites substitution resulted in dramatic (112]
(Asp231—Asn, Asp233—Asn, Asp438—Gly) reduction in activity and
thermostability
B stearothermophilus  E coli DH5a double substitutions (Asn3 15 —Asp, major end product shufts flom (13
Us100 Vald50—Gly) maltopentaose/maltohexaose— mal
tose/maltotitose
Geobacillus Escherichia colt substitution (met 197 — ala) thermostability & resistance to [114]
stear othermophilus blueXL1-Blue chelating agents
Us100
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1.11. Amylase purification

Downstream processing for obtaining pure enzyme from bulk production is
a tedious process and constitutes a major percentage of overall production cost if
the purity requirement for final product is very stringent |26]. The industnal
production of amylases requires little or no downstream processing even though it
produces in bulk quantity; this is because the commercial use of enzyme usually
does not require purified enzyme [29]. However, the enzyme used for applications
in pharmaceutical and clinical sectors requires high purity amylases [29]. The
purified form of enzyme is also a prerequisite in studies of structure-function

relationships and biochemical property determination.

Purification strategies employed in downstream processing after
fermentation are strongly dependent on the market demand, processing cost, purity
requirement, and available technology [26]. The constant effort for the
development of large-scale cost effective purification process has resulted in
evolution of techniques that provide fast, efficient, consistent, and economical
protocol for purification in fewer processing steps [26]. The conventional
purification process of a-amylases from microbial sources involves the separation
of culture from the fermentation broth and then selective precipitation by using
ammonium sulphate or organic solvents (chilled acetone/ethanol) thereby to obtain
concentrated amylases. The crude concentrated preparation is then subjected to
various chromatography techniques, which usually include affinity, ion exchange,
hydrophobicity interactions, gel filtration, and reverse phase chromatography [29].
The various strategies employed in the purification of o-amylase from various

sources are listed below (Table 1.5).
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Table 1.5: Various strategies employed for microbial a-amylases purification

Microorganism Purification strategy Purification Reference
foldlyield (%)

Fungi and yeast

A. oryzae NRC 401013 DE52-Cellulose (pH 7 0), 70% (NH4)2SO4, Sephacryl-8300 NI! (115]

A. flavus LINK 50-90% (NH.);SO4, DEAE-Sephadex ASO (pH 6 5) 13 8/70 [116]

Cryptococcus sp S-2 Ultrafiltration, a-Cyclodextrin coupled with Sepharose 6B (pH 7 0)  140/78 [117]

Saccharomyces cerevisiae Ultrafiltration, b-Cyclodextrin linked Sepharose 6B (Epoxy 5020 [118]

YPB-G activated, pH 4 5), Sephadex G-100 (pH 4 5)

Thermomonospora curvata Ultrafiltration, 75% ethanol precipitation, Sephadex G-150 (pH 66/9 [119]
8 0), DEAE Cellulose, ultrafiltration

Bacteria

Aleyclobacillus sp A4 Ultrafiltration, HiTrap SP XL column (Ton exchange) -/218 [120]

Bacillus sp IMD434 Acetone precipitation, Resource Q, Pheny! Sepharose CL-4B 266/ - [121]

Bacillus US147 Freeze drying, Q-Sepharose C1 6B, Biogel P100 5/35 {122]

B lichemforrms CUMC 305  65% (NH4);S04, CM-Cellulose (pH 6 4) 212/42 [123]

B hchemfornis NCIB 6346 DEAE-Cellulose DES2 (pH 5 3) 33/66 [124)

B megaterium VUMB109 80% (NH4),SO4, DEAE cellulose, Sephadex G-100 27/38 [125]

B subtilis 60% (NH4):80,, Sephacryl-S200, 60% (NH4),SO4, S-Sepharose 17/9 (126}

B. subtilis 65 Sephacryl 8-300, CM Sephadex C-50 3085/24 8 (127)

Lactobacillus plantarum A6 Ultrafiltration, 50-80% (NH4); SOy, ultratiltration, DEAE-Cellulose ~ 20/35 [128])

Streptococcus bovis JB1 70% (NH4);80s, Sephadex G-25 (pH 7 5), Mono Q 6 9/50 [129]

!'No information
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1.12. Amylase immobilization

Enzyme catalytic activity depends on its three dimensional structure and
conformation; any disturbances in these, either temporary or permanent, by
physical/chemical agent can affect its' catalytic function |26]. Thus, it becomes
essential to protect enzymes from destructive environments in order to maintatn its
catalytic activity .[26]. Further, it becomes important to reuse the relatively
expensive biocatalyst (enzyme) thereby to make an economically feasible process
{130]. Therefore, immobilization of enzymes has become an important tool for
protecting and stabilizing enzymes; it can enhance enzyme properties and makes
them feasible for repetitive utilization either in batch or continuous mode [5].
Furthermore, immobilization of enzymes also increases thermostability and
resistance to various physical and chemical denatunng/oxidizing agents. Thus, it
enhances the operational stability of immobilized enzymes and circumvents
product contamination by enzymes. Table 1.6 lists some of the immobilization

techniques developed for a-amylases.

26 | 7 K Roy, Tegpur University, Tespur (Assam)
PRD Thesis: “Biochemical characterization and industrial appbication of amylases from bactzria”




Chapter 1: Introduction

l 2013

Table 1.6: Some of the immobilization techniques used for immobilizing a-amylase from different sources

Svurce Immubilizing agent % Activity retained References
(after immobilization) )

A. oryzae Cu?* chelated poly(ethylene glycol dimethacrylate-n-vinyl imidazole) ~ 70% after 20 cycles [131]
matrix via adsorption

Bacillus sp. Copolymers of butyl acrylate and ethylene glycol dimethacrylate 79.2% after 1 month’s storage at [132]
activated with glutaraldehyde 4°C

B. subtilis Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) coated a-amylase  60% after 15 cycles [133]
entrapped into butylacrylate-acrylic acid copolymer (BuA/AAc) )

B. licheniformis Poly(hydroxyethyl methacrylate-co-glycidyl methacrylate) 76% [134)

B. subtilis Ca-alginate gel capsules 90% after 20 cycles {135]

a-amylase: glucoamylase (1) Hydrophilic silica gel 92.3% after 10 cycles [136]

(1:3) (2) DEAE-celiulose entrapped in alginate beads 88.9% after 10 cycles

Baciillus sp. immobilized through NH,- groups onto the epoxy rings of 80% after 80 days [137]

magnetic poly glycidyl methacrylate [m-poly (GMA)] beads.
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1.13. Use of Alpha-amylase in biotechnology

Starch-based industries are the largest user of hydrolytic enzymes for
hydrolysis and modification of this starch polymers into various useful products
[138]. Among the various hydrolytic enzymes, amylases are the most important
ones. Notably, amylase is the oldest commercialized enzyme, first used in 1984 as
a pharmaceutical drug for the treatment of digestive disorders [29]. Ever since,
amylase has found its application in various industrial processes such as in food,
detergents, textiles, paper, and starch hydrolysis industry. Microbial amylases have
completely replaced chemical hydrolysis in the starch processing industry, which
is costly and hazardous [29]. Amylases can also find potential application in the
pharmaceutical and fine chemical industries. However, the most widespread
applications of a-amylases are in the starch industry where it is used for production

of valuable fructose and glucose syrups from raw starch materials [139].
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Table 1.7: List of industrial sectors where a-amylases are used for various biotechnological applications

Industries

Uses

Source of amylase used

References

Food

Detergent
Paper
Textile

Pharmaceutical

Production of glucose syrups, crystalline glucose;

Production of high fructose corn syrups;

Production of maltose syrups;

Reduction of haze formation in juices; .

So.lubilization and saccharttication of starch for alcohol fermentation in brewing industries;
Retardation of staling in baking industry;

Reduction of viscosity of sugar syrups;

Used as an additive to remove starch based dirt’s

Reduction of viscosity of starch trom paper

Warp sizing of textile fibers

- Used as a digestive aid

Anoxybacillus flavothermus
Anoxybacillus contaminans
Bacillus acidicola

Bacillus Iichehiformis
Bacillus amyloliquefaciens
Bacillus stearothermophilus
Pseudomonas saccharophila
Bacillus licheniformis NH1
Bacillus amyloliquefaciens
Bacillus sp. KR-8104

A. oryzae

[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
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1.13.1. Starch/syrup industry

Sugar syrup production such as glucose, maltose, maltotriose, dextrins
sugar, and fructose from the starch conversion process is the major part of the starch
processing industry. The hydrolysates produced are extensively used as a carbon
source in fermentation as well as sweetening agents in food processing industries
[25]. The age-old process of starch hydrolysis involves acid hydrolysis, however
recently enzyme-based hydrolysis has totally replaced the acid conversion of starch
due to various advantages that it offers such as specificity of the reaction, stability
of the generated products, lower energy requirements, cost-effective, elimination

of neutralization steps and more importantly its environmental friendliness [151].

Starch conversion in starch processing industries, is generally carried out
by the synergistic action of a bacterial a-amylase and fungal glucoamylase. The
enzymatic starch conversion involves the following three stages: gelatinization,
which involves dissolution of starch granules; liquefaction, which partially
hydrolyses and reduces viscosity; and final break down into glucose and maltose
by saccharification [10]. The first two steps are carried out at higher temperature
(70-80°C) and thus employ a-amylase, which is active at higher temperature. The
a-amylases from Bacillus sp. is the most preferred enzyme for this application due
to their remarkable thermostability [152]. Further, requirement of thermostable a-
amylases is also crucial as their application minimizes contamination risk and saves
energy by reducing the process reaction time [5]. Hydrolysis 1s also carried out at
higher temperatures t0 minimize the polymerization of D-glucose into isomaltose
[18]. The final step of sacchanification is carried out by applying fungal
glucoamylase to act on starch-sugar mixture thereby converting it into simple
sugars. This glucose so obtained can be converted into high fructose containing
syrups (HFCS, 42% fructose) by enzymatic isomerization of glucose into fructose
by use of glucose isomerase. Due to the presence of higher sweetening property,
the production of HFCS gets a major boost up for conversion of large quantities of

corn and other botanical starches to this sweetening agent. HFCS finds major

30 | J K Roy, Tespur Unversity, Tespur (Assam)
PR Thesis: “Biochemical charactenzation and industrial apphication of amylases from bacteria”




Chapter 1: Introduction I 2013

application in beverage industries as a sweetener in soft drinks, besides being used

in many food industries [153].

Moreover, the production of sweeteners from starchy food material by using
enzymes provides a better alternative to food-processing industries by lessening the
burden on sugar cane industries for demands of sweetening agents. F urthermore,
bioconversions of starch into sweetener also offer an alternative use for highly
perishable starchy materials that cannot be stored for longer period due to lack of

proper preservation techniques, particularly in the tropical regions |154].
1.13.2. Food industries

The advent of modem biotechnology in food industries resulted in
tremendous changes. There are many report which suggest that genetically
engineered enzymes have been successfully and safely applied in the food industry.
Amylases are widely used in processed-food industry such as in baking for
improving bread or cakes quality, in beverages for clarification of haze formed in
beer or fruit juices, or for the pretreatment of animal feed for improving digestibility
{18). The most widespread use of amylase in the food industry is in bread, where
enzyme is added to the dough mixture of bread to degrade the starch into smaller
dextrin, which in tum is used by yeast for fermentation [29]. With the addition of
amylases in dough, the rate of fermentation is enhanced and viscosity of dough is
reduced, which results in improvement in the volume and texture of bread [29].
Further, the additional sugars generated in the dough by the action of enzyme
improves the taste, crust color, and toasting qualities of the bread. Besides
generating fermentable compounds, a-amylases inclusion in bread also retards
staling rate and thereby increases the retention of softness for longer period and
increases the shelf-life of these products [29]. A thermostable maltogenic amylase
obtained from B. stearothermophilus 1s commercially used in the baking industry
{291
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1.13.3. Biofuel industries -

The most utilized liquid biofuel is bioethanol. For bioethanol production,
the most preferred substrate is starch, due to its low price and easily availability of
raw matenals in most parts of the world. The conventional process for bioethanol
production from starch involves solubilization of starch by heating and
subsequently treating it with enzymes such as glucoamylases and a-amylases to
obtain fermentable sugar. This is further acted upon by yeast (Saccharomyces
cerevisiae) thereby converting sﬁgm into ethanol by fermentation [155]. Efforts
have been made to obtain a new strain of yeast by protoplast fusion that can directly
act upon starch to produce ethanol without the addition of sacchanfying steps [156].
Amylases obtained from thermo-resistant bacteria of Bacillus strains have been
commonly used during the first step of hydrolysis of starch suspensions [157]. A
constant effort is made to engineer microbial strains that are capable of producing
ethanol efficiently and can survive the higher concentration of ethanol (the major
hindrance in bioethanol product;on). Due to genetic makeup, S. cerevisiae is the
best suitable microbial strain for bioethanol production and thus efforts are made
to 1solate yeast mutant strains that are resistant to higher concentrations of ethanol
[158].

1.13.4. Detergent industries

The detergent industry is one of the méjor consumers of enzymes as it
accounts for about 40% of the total worldwide enzyme consumption and thus it
represents one of the most successful applications of enzymes in biotechnological
industries [159]. The main advantage of enzyme-supplemented detergent is that it
is much milder than enzyme-free detergent and thus safe for skin and compatible
for delicate china and wooden dishware [29]. Further, detergents supplemented
with enzymes show enhancement in ability to remove tough stains and make the
detergent more environmentally safe [147]. Amylases are the second largest
enzymes used in the enzymatic detergent formulation, and 90% of all liquid
detergents contain this enzyme [29]. Amylases are principally used in laundry and

automatic dishwashing detergents to degrade the leftover residues of starchy foods
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such as pasta, chocolate, baby food, barbecue sauce, potatoes, custard, and curry
gravies to dextrin and smaller oligosaccharides [160, 161]. Besides removing
stérchy dirt from cloths, it also provides a whiteness benefit as starch tends to spread

and act as a strong attractant for many types of particulate soils [159].

The successful application of amylases for inclusion in laundry and
dishwashing detergent formulation is mainly dependent on its stability and
compatibility with various detergent components [159]. Further, the use of
amylases in detergent industries also requires that the enzyme must be stable and
should show an optimal level of activity in commercially utilized formulations and
in the presence of proteases used in detergent formulations |162]. Many alkaline
amylases have been found to be suitable for inclusion in detergent formulation, but
the chelating agent found in detergent restricts their uses, as their stability is
dependent on CaZ* ion. Therefore, there is constant search for Ca**independent
amylases, which are stable in an oxidative environment and show optimum degree
of activity in the presence of various detergent components. Most of the amylases
which find application in detergent industry are derived from Bacillus or
Aspergillus [159, 163). Purafect OXxAm® and Duramyl® are two engineered
commercial detergent enzymes marketed by Genencore International and

Novozyme respectively.
1.13.5. Textile industries

In the textile industry, the starch paste is applied to the thread/yam to
strengthen and prevent it {rom breaking during warp weaving. Starch is used as a
sizing agent because it is cheap, easily available, and can be removed quite easily
[29]. Sizing also prevents loss of string by friction, cutting and generation of static
electricity on the string by giving softness to the surface of string due to laid down
warp. Amylases are used for destzing process and they selectively remove the size
and do not attack the fiber [29]. Desizing by amylases randomly cleaves the warp
starch into water-soluble dextrins, which can be easily removed by washing and
after desizing cloth goes to scouring and dyeing. Amylase from Bacillus sp. has

been successfully employed in textile industries for quite a long time [164].
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1.13.6. Paper industries

The pulp and paper industry uses a-amylases for the modification of starch
of coated paper. The starch coating makes the surface of paper sufficiently smooth
and strong, to improve the writing quality of the paper. However, the viscosity of
natural starch is too high for paper sizing and therefore after sizing with starch, it
is treated with the amylases to partially degrade the polymer [165]. Starch is also a
good choice as sizing agent for the finishing of paper, improving the quality and
erasebility, in addition to a good coating agent for the paper. The size also enhances
the stiffness and strength of the paper [166]. The sizing of paper is generally done
at 45-60°C and thus it requires mesophilic a-amylase {29]. A number of
commercial amylases exist for the application in paper industry, which include

Termamyl®, Fungamy!® and BAN® supplied by Novozymes, Denmark {29}
1.13.7. Clinical and medicinal applications

With the advancement of biotechnology, the application of amylases has
expanded to various new emerging areas; one such area is in clinical and medicinal
application. A decade ago, it was proposed that if amylases with suitable properties
could be prepared then they would be possibly useful in the pharmaceutical and
fine chemicals industries [167}. However, the application of amylases for medicinal
purpose is not a completely new area. The first commercial production of enzyme
was an amylase from a fungal source in 1894 for the treatment of digestive
disorders, since then, it has expanded its horizon to various fields [S] The recent
trends of using biodegradable polymers for controlled drug delivery have been a

major focus of interest in pharmaceutical research.

Starch is a natural biodegradable polysaccharide in the human body and
thus has a great potentiality for controlled drug delivery [168]. Therefore, efforts
are largeted to produce hydrogels. Further, it has been reported that the addition of
a-amylase 1o this hydrogel can modulate the release of drugs and thus addition of
a-amylase to cross-link amylose (CLA) tablets has been started [169]. The other
medical application of amylases is not direct but it can help in identifying natural
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amylase inhibitors, which can be orally administrated thereby inhibiting a-amylase
activity in saliva and pancreatic juice, and reducing digestion and absorption of
starch. This can effectively cure or prevent obesity [170]. Bestdes, a process for the
detection of higher oligosaccharides and a biosensor for process monitoring have

also been developed, which involve the application of amylases |29].
1.13.8. Elimination of environmental pollutants

Starch polymers are ubiquitous in nature, as a reserve stored energy in many
species of plant, and present extensively in the waste materials produced from
processing of plant matenals or food processing industries |171]. These starch
wastes are produced in large quantities and thus are causihg pollution problems.
Therefore, treatment of this starch based effluent by amylolytic enzyme producing
microbes may result in production of valuable product like microbial biomass

protein for animal feed and may purify the effluent as well {172, 173].
1.13.9. Molecular applications

Reporter gene assay is the most essential molecular biology tool for the
study of gene regulatory elements and gene expression [174]. In molecular biology,
the amylase gene can serve as a reporter gene for selection of successful integration
of a construct in addition to antibiotic resistance. Further, the screening of
recombinant clones will be easier as insertion of foreign DNA into amylase gene
will result in a loss of amylolytic activity in the host cell which can be easily assayed

by using a simple and inexpensive iodine staining procedure [175].
1.14. Future prospects of amylase

It is evident from the above study that amylase is the most important
industrial enzyme. Even though the starch processing industries have been
prevalent for many decades and a number of microbial sources have been isolated
and identified for the efficient production of amylases, only a few selected strains
of fungi and bacteria meet the industrial demands. Therefore, there is a continuing

search for new microorganisms that can be used for amylase production which can
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suit industrial demands. Apart from ever-increasing demands in detergent, food-and
starch industries, amylases are also in great demand 1n various other industries such
as paper and pulp, textile, etc. Further, to meet the ever-growing demand for fuel
energy, the search for non-renewable energy source has become a focus of much
research these days. Thus, bioethanol production from plant based starch material
has gained immense importance, which in turn demands the search for efficient raw

starch digesting amylolytic enzymes.

Environment-friendly processes are-gaining ground all over the world,
therefore, enzymes are often replacing the age old chemical process. Enzyme-based
processes are not only ecofriendly but they also save lot of money by reducing
water and energy consumption that ultimately reduce the cost of production.
However, successful industrial application of enzyme requires efficient large-scale
production and the structural and functional relationships of the enzymes have to
be known in detail. This will eventually improve the stability of the existing
enzymes and help in discovering many new ones, which are best suited for harsh

industrial processes.

In spite of several years of extensive research on several aspects of
amylases, there are still numerous gaps in our knowledge of these enzymes. There
is ample scope for improving their properties to suit industrial demands. The natural
biodiversity provides valuable resources for identification of no.vel microbes
suitable for novel applications. A recent trend is identification of novel enzymes
from exotic microorganisms that can withstand hot water, freezing arctic water,
saline water, or extremely acidic or alkaline habitats. These exotic microbes may
harbor amylases, which are likely to mimic some of the unnatural properties that
are desirable for their commercial applications. Exploitation of biodiversity to
identify microbes that produce amylases well suited for diverse applications is the
most prospective alterative. However, application of extremophile amylases in
industrial processes is hampered due t;) inability of growing these extremophiles in

laboratory cultures. Therefore, with the help of enzyme engineering, cloning and
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expression into mesophilic hosts could rationalize the use of enzymes from

extremophiles.

Therefore, the present research is mostly focused on developing a-amylase
from ﬁﬂcrobes that are thermo-tolerant and pH tolerant. Besides it is also
undertaken for optimizing production cost, modifying them genetically, or applying
site-directed mutagenesis to acquire desired propérties in the enzyme. It is
anticipated that amylases will continue to flounish into new applications such as

biopharmaceutical sector and expand its horizon.
1.15. Aims and objective of the present study

The Northeastern zone of India, considered as one of the mega biodiversity
zones of the world, may harbor several previously uncharacterized microbial
species that may produce novel/potent enzymes suitable for commercial
applications | 159]. Bearing this in mind, the present investigation was initiated with
an aim to isolale a-amylase secreting potent microbial strains from this region and
to identify these strains by polyphasic approach. Furthermore, the overall cost of
enzyme production is one of the major obstacles in successful industrial application
of enzymes [176]; therefore, the optimization of fermentation medium through a
statistical approach was undertaken in the present investigation for optimization of

amylase production under submerged fermentation.

Highly purified enzyme is not obligatory for commercial industrial
applications [29]; however, in the pharmaceutical-clinical sectors and before
assessing the biotechnological/commercial potential of any enzyme,
characterization of biochemical properties of purified enzyme is most important
and advantageous. Thus, with an aim to investigate some biotechnological
applications of the a-amylases purified in this study, the enzymes were
biochemically characterized. Finally, in order to understand the structure-function
relationship and to improve some biochemical properties (by enzyme engineering)

better suited for industnal application (which may be considered for future studies),
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the a-amylase genes from the above strains were cloned and overexpressed in E.

coli.

The present study was undertaken with the following aims and objectives:

I. Screening, isolation, and identification of a-amylase producing promising
bacteria from the environmental samples of North-East, India.

2. Optimization of culture conditions and nutntional requirements of the
selected strain(s) by submerged fermentation in order to maximize the a-
amylase production.

3. Purification of a major/promising o-amylase from a potential strain
followed by characterization of some of its biochemical properties and
assessment of its biotechnological potential.

4. Cloning and expression of a major and/or novel a-amylase gene(s) from a

promising microbial strain.
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2.1. Amylase producing organisms

Amongst the wide varteties of industrial enzymes, amylase constitutes a
major share of the enzyme market due to 1ts wide area of potential biotechnological
applications Amylase represents approximately 30% of worldwide enzyme
production out of the total estimated enzyme market of 5 1 billion US$ {9, 18, 177]
The first commercially produced enzyme was an amylase from a fungal source in
1894 as a pharmaceutical aid for the treatment of digestive disorders [178] Since
then, with the advent of modem biotechnology, the spectrum of amylase application
has widened into many fields, such as clinical, medicinal, and analytical chemustry,
besides being widely used in starch sacchanfication, food, fermentation, textiles,
paper and detergent industries [S, 29] At present, commercially available microbial
amylases have almost completely replaced the chemical hydrolysis of starch in

starch processing industries [179]

Almost all living organism such as plants, amimals and microbial kingdoms
can produce amylases for their metabolism of carbon source (29, 159, 180]
However, amylases from microorganmisms have a broad spectrum of industnal
applications, as they tend to be more stable than their plant and ammal counterparts
[181] The major advantages of using microbial sources for amylases production
are that they can be grown economically in bulk quantity and can be manipulated
easily to obtain enzymes of desired charactenstics }29] a-Amylases can be
obtained from several sources of micro-organism such as fungi, yeasts and bactena,
however, fungal and bactenal amylases have domunated apphcations in the
industnal sector [29]

2.1.1. Bacterial amylase
a-Amylase can be derived {rom several genera of bactenia, but for
commercial applications it 1s mainly obtained from the genus Bacillus [26, 139,

180] It 1s estimated that Bacillus spp enzymes alone compnse about 50% of the
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total global enzyme market [10, 182}. Further, bacferial amylase is the most
common choice over the fungal amylase for industrial application as it offers
several characteristic advantages over the latter [5]. Bacterial amylases show some
unique characteristics such as thermo-tolerant, halo-tolerant, alkalophilic, and
acidophilic properties, which make them superior over the amylases from other
sources {10, 183§

Additionally, most of the industrial processes are carried out at higher
temperature and thus, thermostable enzymes are the most preferred characteristic
for industrial application. One such requirement is in starch industry where the
enzymatic hiquefaction and sacchanfication of starch are performed at 100-110°C.
Thus, starch-processing industries require amylolytic enzymes that are optimally
" active and stable at this temperature to produce valuable products like glucose,
crystalline dextrose, dextrose syrup, maltose, and maltodextrins from starch [139,
184]. Thermostable enzymes isolated from thermophilic bacteria or archaea mostly
fulfill these requirements of starch industries. Nevertheless, bacterial amylases are
more easily grown and manipulated to obtain thermostable enzyme [138, 184}
Among the bactenal kingdom, B. subtilis, B. stearothermophilus, B. licheniformis,
and B. amyloliquifaciens are known to be good producers of a-amylase suitable for
various applications [S, 139, 170, 185, 186}.

Enzymes produced by halophilic microorganisms are equally important for
industrial application as they are optimally active at high salt concentration, which
are employed in many industrial processes where many of the enzymatic
conversions are inhibited due to high salinity [139, 187, 188]. Additionally, it has
been observed that most of the halobacterial enzymes are significantly
thermotolerant and remain stable at room temperature for long periods [139, 189].
Some of the halophilic bacteria from which halophilic amylases have been
characterized belong to Chromohalobacter sp. [188], Haloéacillus sp. [187],
Haloarcula hispanica |190], Halomonqs meridiana [191), and Bacillus dipsosauri

[192].
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2.1.2. Fungal amylase

Most of the reported amylases from fungal sources are mainly limited to
terrestrial isolates, which grow at mésophilic conditions [29, 139]. The fungal
amylases are mainly confined to Aspergillus species and a few others species from
Penicillium, Rhizopus, etc. [84, 139]. Fortunately, the amylases produced by
Aspergillus species are the most significant and industrially important enzymes
from an array of extracellular enzymes [190]. The two most industrially important
filamentous fungi are Aspergillus oryzae and Aspergillus niger. Together they
produce most of the fungal enzymes that are used comprehensively in the industry
[139]. A. oryzae serves as a promising host for the expression of heterologous
proteins due to its ability to extracellularly secrete a large amount of industrial
enzymes such as amylases [194], while 4. niger has drawn attention due to its
tolerance to grow and produce amylases in acidic (pH <3) conditions, which
prevents bacterial contamination |195]. This group of fungi is the most suitable
candidate for solid-state fermentation (SSF) due to their morphological makeup,
which allows them to easily colonize and penetrate into the solid substrate [196].
Further, the fungal a-amylases have been granted GRAS (Generally Recognized
As Safe) status, which makes them the most preferred over the amylases isolated
from other microbial sources [29]. Reports also suggest the existence of
thermophilic fungi such as Thermomyces lanuginosus, which are excellent

producers of thermostable amylases [197, 198].
2.2. Types of g-amylases

A variety of bacteria, fungi, and yeasts produce extracellular amylases that
can degrade starch in different physiochemical conditions. With the advent of
modem biotechnology, the last few decades have seen an upsurge in polysaccharide
hydrolyzing enzymes with novel properties that are suitable for various industrial
applications [9]. As a result, the enzyme-based starch saccharification process has
totally replaced the chemical method |9]. o-Amylase, which is the main hydrolytic
enzyme, is broadly classified into acidic, neutral, or alkaline based on its optimal

pH activity [9, 29]. The optimal pH for a-amylases activity ranges from 2.0 to 12.0,
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however, most of the a-amylases show optimal activity around neutral pH |5, 9,
29). Each a-amylase (acidic, neutral, and alkaline) is suited for different industrial
applications, such as acidic and neutral amylases in starch saccharification and food
industries, while alkaline amylase is the prerequisite for detergent industries [9, 29].
Apart from these classifications, a-amylases are also grouped into thermostable,
halotolerant or raw starch digesting enzymes (RSDE). Therefore, there is a
persistent demand for a-amylases with desired charactenstics for diverse
applications, which always encourages the researcher to look forward for

improving the industrial process in terms of economics and feasibility |9, 199].

2.2.1. Alkaline amylase

Alkaliphiles are those microorganisms which exhibit growth and thrive well
in extreme alkaline pH (pH > 9.0) environments [200]. These extremophiles
produce'large numbers of industrially useful alkaliphilic enzymes, and the major
consumer for these enzymes is the delergent industry, which represents
approximately 40% of total worldwide enzyme consumption {114, 200].
Alkaliphilic bacteria alone do not produce all of these enzymes but they share the
major portion of alkaliphilic enzymes [200]. Alkaline enzymes from alkaliphilic
bacteria are selected due to their long-term stability in detergent components and
additives such as bleach activators, softeners, and perfumes [201]. Alkaline
amylases are in great demand as an additive in dishwashing and laundry detergent
to remove starchy food residues from dishes. and food stains from fabrics {202,
203]). Further, enzymes to be included in automatic dishwashing detergents are
required to be fully thermostable at high pH, because automatic dishwasher
operates at high pH and above 60°C {202]. Though many of the alkaline amylases
have been isolated and characterized since their first isolation from Bacillus strain
A-40-2 1n 1971 [204] it still remains a challenging task to obtain completely stable
alkaline amylase suitable for the detergent industry {201, 202]. Since then
numerous alkaline amylases have been isolated and characterized for suitable
applications in the detergent industry as shown in Table 2.1 but only a little success
has been achieved so far. Nevertheless, there is ample scope for exploration. In

Table 2.1, it can be seen that alkaline amylase production is mainly dominated by
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Bacillus sp and some of the actinomycetes groups, because of their adaptabihity
towards varnous harsh environments

Table 2.1: Alkaline amylase producing Bactenial strains of commercial value

Organism Optimum pH Optimum Temp. (°C) References
Bacdlus sp ANT-6 105 800 [83]
Bacillus sp NRRL B 3881 92 500 [200]
Bacillus subtilis 65 500 {29}
Bacillus sp L1711 95100 450 [205]
Bacillus sp KSM-1378 80-85 550 1206]
Bacillus sp WN11 80-85 750-800 [207]
Bacillus sp GM8901 110-120 600 (208}
Bacillus KSM-K38 8095 550-600 [209]
Bacillus sp 1823 90 700 210}
Bacillus sp A-40-2 105 550 [211]
Bacillus sp 171 45-100 - [211]
Bacillus sp 38-2 80-90 - (211
Bacillus sp PN5 100 900 [157]
Bacillus US147 90 700 {122]
Bacillus sp AAH-31 85 700 1202)
Halobacterium salinarum MMD047 90 400 1212}
Streptomyces gulbargensis 85-110 450 [213]

2.2.2. Acidic amylase

Acid-stable extracellular enzymes are mainly exploited for the degradation
of polymeric carbon sources such as starch, glycogen, amylose, amylopectin etc ,
which naturally occurs at actdic pH ranging from 3 2104 5 [214] Since the enzyme
produced by microbes are growth associated [29], therefore the acid-stable
amylases are produced mainly by microorganisms which grow at lower pH values
Commercial demands for acid-stable a-amylases are largely fulfilled by Bacillus
sp and Aspergillus sp , which grow at pH < 6 0 {29] The most promising acid-
stable amylases are from thermoacidophiles, which produce enzymes that are active
at low pH and high temperature, and thus these enzymes can be applied in starch,
textile, and fruit jurce industnes [9, 120] Further, the demand for this class of
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enzyme from extreme thermoacidophiles may increase in near future, as they may

prove beneficial for harsh industrial conditions [9, 120].

Presently the starch processing industries are employing a-amylases which
are active at 95°C and pH 6.8 and they are stabilized by addition of Ca®*, however,
the natural pH of various native starches are much below (3.2 t0 4.5) [9, 215]. Thus,
to carry out liquefaction of starch, the pH of starch slurry needs to be raised from
its native pH to 5.8-6.2 so that the enzyme can act optimally. In addition, Ca*" ions
also need to be added 1o enhance the activity and/or stability of this enzyme [9}.
Further, the next step of starch processing (i.e. saccharification) also needs another
round of pH adjustment from 5.8-6.2 to 4.2-4.5 [142, 217)}. Therefore, there is a
great demand for acidic amylase, which are active around the native pH of starch,
so that the repeated process of pH adjustment can be avoided which is time
consuming and escalates the cost of product formation [142, 216]. Exotic
extremophiles are naturally gifted with the enzymes that are suitable for vanous
industrial applications, thus extremophiles harboring novel enzymes are in great
demand in the field of white biotechnology [91. However, Bacillus or Aspergillus
species and a few thermoacidophiles listed in Table 2.2 mostly fulfill the present

industrial demands for acidic a-amylases.
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Table 2.2: Acid-stable amylase producing microbes

Organism Optimum pH Optimum References
Temp. (°C)
Bacteria
Ableyelobacillus sp A4 42 750 [120]
A acidocaldarius 30 750 [217]
Bacillus acidocaldarius 35 700 [218]
B caldolyticus 55 700 (219]
B arculans GRS 313 49 480 {220}
B licheniformis NH1 40-90 900 [221]
B stearothermophilus 46-51 550-700 [222]
B stearothermophilus US 100 56 800 [223]
Bacillus sp 45 700 [183]
Bacillus sp KR8104 40-60 750-800 [224]
Bacillus sp WN 11 55 750-800 [207]
Bacillus sp YX1 50 400-500 [225]
Bacillus sp US 100 56 82 1226]
Bacillus subtilis KCC 103 50-70 650-700 1227]
Geobacillus sp LHR 50-70 800 [228]
Lactobacillus manihotivorans 55 550 [229]
Pvrococcus furiosus 56 1150 [230]
Fungi
Aspergillus awamort ATCC 22342 4850 50 1231
A chevalier1 NSPRI 55 400 1232]
A flavus LINK 60 550 [116]
4 foetidus ATCC 10254 50 450 [233]
4 fumigatus 60 500 1234)
A henneberg 55 500 1235]
A mger 50 600 [236]
A oryzae M13 40 500 [237}
4 orvzae 48 350-370 [238]}
A usamu 30-55 60-70 0 1239]
Fusarium vasinfectum 4450 450-500 1240]
Paeczl;myces sp 40 450 |241]
Thermomyces lanuginosus 56 650 [242]
Trichoderma viride 55 600 [243]
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Yeast

Lipomyces kononenkoae CBS 5608 4.5-70 700 [244]}
Cryptococcus flavus 55 500 [245]
Cryptococcus sp. S-2 6.0 37.0 (17

2.2.3. Halo-tolerant amylase

Microbial biota is not limited to some specific environments; rather, it can
be found in diverse environments, which include extreme salinity, pH, temperature,
and pressure [246]. Notions that extremophiles can survive under non-standard
condition in harsh environment led to the assumption that their enzymes may be
adapted to extreme environments as well, which may prove suitable for some
biotechnological application [246]. Various enzymes isolated from such
extremophiles support this assumption. One such supporting example is halo-
tolerant a_mylase isolated from halophiles, a group of microorganisms that can grow
optimally under hypersaline environments by maintaining their osmatic balance
[246] Halophiles are categorized into slight halophiles [3% (w/v) salt], moderate
halophiles [3-15% (w/v) salt] and extreme halophiles [25% (w/v) salt] based on
their salt tolerance level [247]. The majority of microorganisms inhabiting this

environment comprise bacteria and archaea [248].

In the last few years, considerable interest has been drawn to explore these
halophilic microorganisms or their enzymes for their potential biotechnological
application in different fields [249]. Besides being intrinsically stable and active at
high salt concentrations, halotolerant enzymes are also active at high temperature,
over a broad range of pH and in organic solvents [250-252]}. These properties make
the halotolerant enzymes attractive for biotechnological applications, such as food
processing, environmental bioremediation and biosynthetic processes where high
salt concentration would inhibit the enzymatic conversion process {251, 253, 254].
Halotolerant a-amylases also show optimal activity in various salt concentrations
(Table 2.3), which makes them potential candidates for industrial processes that
commonly use high salt concentration [250}. Further, organic solvent tolerant

halophilic amylases can also find application in bio-remediation of carbohydrate-
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polluted salt marshes and industnial wastewaters contaminated with organic
solvents [255]

Table 2.3: Some halo-tolerant amylases 1solated from the different microbes

Organism Salt-tolerance Optimum Optimum  References
pH Temp.
°C)
Bacteria
Bactllus sp TSCVKK 10% NaCl 75 550 [256]
Bacillus dipsosaur 1 0MKC1 65 600 [192]
Chromohalobacter sp TVSP 0-20% NaCl 90 650 |188])
101
Halomonas menidian 10% NaCl 70 370 (199]
Halobacterium halobium 0 05% NaCl 64-66 550 [257)
Micrococcus halobius 0 25M NaCl 60-70 500-550 1258|
Nesterenkoma sp strain F 0 04 0M 75 450 [259]
NaCl
Thalassobacillus sp 1L.Y18 10% NaCl 90 700 {260}
Archae
Haloarcula hispanica 40-50MNaCl 65 500 {1901
Haloarcula sp stram S-1 4 3M NaCl 70 500 [261]
Haloferax mediterraner 3 UM NaCl 70-80 500-600 [262]
Natronococcus sp strain Ah-36 2 SM NaCl 87 550 {263}

2.2.4. Thermostable amylase

Most of the industnal processes are carned out at higher temperature and
thus the enzyme used 1n these industries needs 1o be thermostable for 1ts success{ul
apphication [138, 139] Thermostable enzymes are manly 1solated from
thermophilic organisms and they have found a wide range of industnial applications
because of their inherent stability at higher (emperature [138, 139, 264] These
thermophiles are mostly 1solated from the different exotic ecological zones of the
earth The most successful application of thermostable enzyme i1s amylases in starch
processing industries | 138, 265, where enzymatic liquefaction and sacchanfication
of starch are performed at high temperatures (100—-110°C) to produce valuable

products lhke glucose, crystalline dextrose, dextrose syrup, maltose and
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maltodextrins from starch polymers [179, 184]. Applications of thermostable
amylase are also desirable in starch processing industnes due to vanous advantages,
such as reduction in cooling costs, a better solubility of substrate, a lower viscosity
which allows proper mixing and pumping of substrate, and less risk in microbial
contamination where processes are run for longer periods [179, 266].
Thermostable a-amylases have been largely isolated from diversified
sources of microorganisms that grow optimally above 45-122°C [267]. Although a
thermostable amylase could be obtained from a variety of sources, it is a
challenging task to obtain commercially acceptable yield. Thus, most of the
thermostable amylases, isolated from thermophilic bacteria or archaea, are cloned
and expressed in mesophilic host system for commercial production {266, 268|. To
meet the industrial demands, Bacillus is the most widely used genus for the
production of thermostable a-amylases (Table 2.4). Species of Bacillus such as B.
subtilis, B. stearothermophilus, B. licheniformis, and B. amyloliquefaciens are
considered as good sources for thermostable a-amylase production at commercial
levels [152]. Archaeal a-amylases, on the other hand, have to compete with the
Bacillus a-amylases that already have excellent thermophilic properties. Table 2.4
shows a list of some thermostable microbial a-amylases, which have been isolated

and characterized.
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Table 2.4 Some of the thermostable a-amylases produced by various microbes

Organisms Optimum Optimum  Ca?" References
Temperature (°C) pH requirements!

Bacteria

Albeyclobacillus sp A4 75 42 - [120]

A acidocaldarius 75 3 - [269]

Bacillus sp 70 45 + [183]

B flavothermus 60 5560 - {270]

B lentus 70 61 + [271]

B lhicheniformuis NH1 90 4090 - f221]

B hcheniforms 85-90 65-70 + [272]

B stearothermophilus  55-70 46-51 + [221]

B subnhs 65 60 6 + [127)

Chloroflexus 71 75 + [273]

aurantiacus

Dictyoglomus 90 55 NI 1274]

thermophilum

Geobacillus sp LHS 80 50-70 + [228]

G thermoleovorans 100 8 - [275]

Halothermothrix orenu 60 7 + [276])

Lactobacillus 60-65 5560 NI 1277]

amylovorus

L plantarum 65 55 - [128]

Rhodothermus marinus 85 6570 NI [184]

Thermotoga manntima ~ 85-90 7 + [278]

Thermus filiformus 95 5560 + 1279]

Fungi

Lipomyces 70 45-50 NI [244]

kononenkoae

Seytahidium 60 6 - [280]

thermophilum

Archaca

Desulfurococcus 100 55 NI [268]

mucosus

NI = No Information, + = positive effect, - = No effect
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Pyrococcus furiosus 100 6.5-7.5 NI~ . [281]
P. furiosus 115 5.6 + [230]
P. woesei 100 5.5 - [282]
Pyrodyctium abyssi 100 s NI [98]

Thermococcus celer 90 55 NI [268]
T. profundus DT5432 80 5.5 NI [268]
T. aggregans 100 5.5 NI [283]
T. fumicolans 95 4.0-6.3 NI [284]
T. hydrothermalis 85 4.8-78 NI [284]
T. profundus 80 5.5-6.0 + (285§
T. lanuginosus 60 5.6 NI [286]

Almost invariably all the thermostable a-amylases used in starch
saccharification require Ca?" for activity and/or stability. This added Ca?" ion must
be removed from the product stream before further processing by using 1on
exchangers [275, 287]. Otherwise, this may form a calcium oxalate that may block
process pipes and heat exchangers |138]. Besides, its accumulation is also not
desirable in some products like beer etc. However, its precipitation can be
controlled by decrease in calcium ion requirement of enzymes and lowering pH of
the production process. Nevertheless, researchers look forward to finding a better
alternative for this, which led to the discovery of thermostable a-amylases that do
not require Ca?* ions for their activity or stability [209, 287, 289]. Since then only
a few of them have been isolated and charactenized and, thus, it opens anew avenue
for the researcher to explore the thermostable a-amylases which are Ca?

independent (Table 2.4).
2.2.5. Raw starch digesting amylase

Conventional conversion of starch macromolecules into useful products
such as glucose requires an energy-intensive three-step process i.e., gelatinization
liquefaction and sacchanfication of starch {16, 287, 290]. Each energy-intensive
step escalates the production cost of starch-based products [16, 291]. Thus, to
reduce the energy consumption during these processes for cost effective utilization

of natural resources is the most desirable objective in starch processing industries.
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In addition, the viscosity problem faced by the starch processing industries can be
solved if the starch hydrolysis can be obtained below the gelatinization temperature
of starch {16, 292]. This has engrossed the researcher globally to discover raw
starch digesting/degrading enzymes (RSDE) which can act directly on raw starch
granules below the gelatinization temperature and hydrolyze the raw starch in a
single step |16, 290}). Therefore, RSDE can significantly reduce the energy
consumption, which ultimately reduces the cost of the final products. It has been
estimated that the use of RSDE in ethanol production can save up to 10-20% of
total energy used during the process [290, 293].

Moreover, it is difficult to hydrolyze raw starch granules completely by a
single enzyme and thus a synergy of multi-RSDE must be applied to hydrolyze raw
starch completely {290]. Raw starch digesting a-amylase (RSDA) is a type of
endoamylase, and thus it randomly hydrolyzes the a-1, 4 glycosidic linkages inside
the starch macromolecules and destroys its structure quickly [290]. Earlier it was
reported that most of the RSDA enzymes show strong correlation between the
hydrolysis of raw starch and the adsorption to raw st‘arch but now 1t has been found
that it 1s not an obligatory requirement [294]. Since RSDA cannot completely
hydrolyze starch macromolecules, therefore, it needs to be treated with
glucoamylase for complete hydrolysis of raw starch. Further, it has been observed
that when raw starch is heated to ~60°C, then RSDE can efficiently hydrolyze the
macromolecules [16, 295, 296].

The RSDA producing microorganisms are widely distributed in nature,
among which fungi, yeasts, and bacteria are the major producers of RSDA enzymes
[290]. It has been reported that microbes, which grow well on rotting starchy
matenal, soil, and air, are the most common producers of RSDA {290, 291]. Among
them the potent producers of RSDA are fungi and yeast such as Aspergillus sp.,
Rhizopus sp., and Cryptrococcus sp., and few of them from bacterial and
actinomycetes strains belonging to Bacillus sp., Cytophaga sp., Geobacillus sp.,
and Streptomyces sp. have also been reported [16, 121, 225, 290, 297]. The recent
trends for producing bioethanol from a range of star¢hy material due to global fossil
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fuel crisis, made the RSDA enzymes even more demanding and thus RSDA capable
of digesting various raw starch efficiently from different botanical origin are very
attractive [120, 298]. The Table 2.5 shows various raw starch digesting enzymes,

isolated and characterized from various microorganism and with their optimum pH

and temperature.

Table 2.5: Raw starch digesting a-amylase producing microbes

Organisms Raw starch digesting Optimum pH/ Reference
-capabilities Temperature

Fungi

Aspergilius awamort K7-11 Com 4.8/370 {299]

Aspergillus ficum Com 2.0/- [300]

Cryptococcus sp. S-2 ‘Wheat/corn/rice/ 6.0/37.0 [301]
Sweet-potato

Thermomyces lanuginosus F1 NI 5.0/60.0 1302}

Bacteria

Anoxybacillus contaminans Wheat 4.5/60.0 {141}

Bacillus amyloliquefaciens Rice/corm/wheat/potato/ 6.0/55.0 |88]
Sweet potato

Bacillus amyvioliquefaciens Potato; corn; wheat; rice 5.0-/50.0 [303]

B. licheniformis ATCC 9945a  Triticale/wheat/potato/ 6.5/900 [298]
Horseradish/com

Bacillus sp. B1018 NI 5.8/55.0 [304]

Bacillus sp. MKCS6.2 Cassava/Comn 6.5/37.0 [305]

Bacillus sp. 1-3 Potato 7.0/70.0 [16]

Bacillus sp. IMD 434 Rice/comn 6.0/65.0 [121]

Bacillus sp. IMD 435 Com/rice 6.0/65.0 1306]

Bacillus sp. TS-23 Wheat/corn/rice/potato 90/70.0 [307]

Bacillus sp. WN11 Potato/corn 5.5/75.0-80.0 [207]

Bacillus sp. YX-1 Com/wheat/potato 5.0/40.0-50 0 [225}

B. stearothermophilus Com/wheat/potato/ NI/70.0 [308]
Sweet-potato

B. subtilis 65 Corm/wheal/sweet-potato 6.0/60.0 [127]

B. subtilis ¥S-2004 NI 8.0/70.0 [179]

B. subtilisTFO 3108 Com/waxy/wheat/potato 6.0/65.0 [294)]
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Clostridium butyricum T-7 Com/wheat/potato/ 50/370 [309]
Sweet-potato

Cytophaga sp NI 40-60/500 [310]

Geobacillus Potato/sorghum 55/750-800 [311]

thermodenitrificans HRO10 Cocoyam/cassava

Nesterenkoma,sp strain ¥ Wheat/corn 75450 [259]

Streptomyces sp no 4 Cassava 55/500 {312]

2.3. Microbial Identification of amylase producing bacteria

The accurate and defimtive identification of microorganisms based on
phenotypic, genotypic, and biological charactenstics 1s one of the comerstones to
differentiate 1t from other pathogenic or non-pathogenic microorganisms for the
study in the field of microbiology and infectious diseases [313] Further, the
microbes used for commercial enzyme production should be precisely 1dentified so
that the downstream product obtained from these microbes does not pose any threat
to humankind or environment [314] The traditional method of mucrobal
classification based on morphological, physiological, and biochemical data gives
us a blurred taxonomic status and thus requires further clanfication [315]
Moreover, any single identification method cannot give the exact picture of
bactenal identity, therefore, nowadays a polyphasic approach is considered for the

identification of the bactera

The polyphasic approach of bactenal identification may consist of various
methods, which may include complete 16S rRNA gene sequencing, analyses of
molecular markers, and signature pattern(s), biochemucal assays, physiological and
morphological tests [315] However, the choice of methods for mucrobial
identification solely depends on its necessity, such as, in chmcal laboratories
phenotypic analysis can tell whether it 1s mnfectious/toxic while for food
mucrobiology complete 1dentification 1s mandatory [313] Further, strengths and
weaknesses of each identification method should also be hept in mind while
selecting a method, so that a conclusive and definite 1dentification can be done

[314] The methods commonly used 1n identificaton and substantation of
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taxonomic classification of amylase producing microorganisms are summarized

below 1n details.
2.3.1. Phenotypic analysis

The phenotypic charactenzation of any strain is the first step towards
its identification. The first and foremost step for bacterial identification is that it
should start with a pure culture. Initial identification of a bacterium is usually
carned out by studying its morphological, biochemical and metabolic properties by
testing its growth requirements and enzymatic activities [316]. The biochemical
tests usually comprise of growing bacteria in a specific growth media, nutrients,
chemicals, or growth conditions to produce an observable or measurable
biochemical response, thereby enabling its identification based on numerical
method. These responses may be from utilization of different carbon and nitrogen
sources, growth requirements (such as anaerobic/aerobic, range of optimum
pH/temperature), products generated by fermentation/enzymes/ antimicrobial

activity, as well as sensitivity to metabolic inhibitors and antibiotics [316].

One of the major disadvantages of phenotypic method is the conditional
gene expression where same organism may show different phenotypes in different
environment and thus it is not reliable and reproducible {315, 317]. Thus,
phenotypic data should be compared with the known/related bacteria so that it is
acceptable with a high level of confidence and can be distinguished from
phylogenetically close relatives that potentially pose safety concems. Phenotypic
results should be considered as the preliminary identification process and thus,

accurate identity can only be established by supporting data from other methods.
2.3.2. Molecular approach for bacterial identifications

In the last few years, the molecular approach has proven a useful tool for
microbial identification [316]. With the rapid development of molecular methods,
" it has given the robustness, promptness, and accuracy of the molecular method to
rapidly detect, identify, classify, and establish its taxonomic position among the

closely related genera and species [318]. Bacterial identification using molecular
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methods is mainly dependent on the comparison of nucleotide sequences (DNA,
RNA) or protein profiles of bacteria with the documented reports of known
organisms [318]. Molecular methods of bacterial identification are considered very
sensitive as it can detect even low concentrations of viable or non-viable bacteria

in both pure and complex samples.

The most widely used molecular approach for bactenal identification is
based on the analysis of 16S rRNA gene {319, 320]. 16S rRNA gene is also
considered as the phyvlogenetic marker or ‘evolutionary chronometer’ for the
bacterial identification because it has an alternating conserved sequence region,
which is usually preferred to characterize bacteria at genus or species level |316,
318]. However, sequence analysis of 16S rRNA gene alone may not discriminate
closely related species because of the highly conserved nature of this region [14,
321]. Therefore, other genetic targets can be used instead of IRNA genes to
accurately identify its phylogenetic position even discriminating closely related
species [318]. Internally transcribed sequences of 16S-23S rDNA, and other
housekeeping genes such as groEL |322], rpoB {323], recA |324], gyrB [325] and
hsp 60 heat shock protein [326] may be used to differentiate among bacterial genus
or species. The conserved nucleotide sequences in housekeeping genes are very low
which makes them difficult in designing PCR primers, but if successfully designed
then they have the capability to successfully discriminate even closely related
species [318]. Table 2.6 shows the various methods utilized by various researchers

for the bactenal identification of a-amylase-producing bacteria.
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Table 2.6:-Vanous methods used for identification of a-amylase-producing

bactena
Organism Identification Method Reference
Bacillus sp AAH-31 16S tIDNA [202]
Bacillus sp WPD616 16S IDNA [327)
Bacillus sp GREI Biochemical (API 50CTIB)I [328]
Bacillus sp Ferdowsicous Phenotypic, 168 IDNA [183]
Bacullus acidicola 16S rDNA [142)
Bacillus cohnu US147 Phenotypic, 16S tDNA [122]
Bacillus clausu BT-21 16S IDNA [329]
Bacillus subnlis US116 API 50 CHB, 16S IDNA, 163-23S ISR [330]
Geobacillus thermoleovorans NP54  16S IDNA [275]
Halobacterium salinarum MMDO047  Phenotypic, 16S rDNA 1212)
Pseudomonas stutzer: stram 7193 Phenotypic, 16S iDNA |331]

2.4. Media components optimization

To meet the industnal demands, 1t 1s necessary to improve the product yield
of a system without increasing the actual cost of production {332 Further, in the
development of any fermentation process, media optimization 1s the pnme
objective for improving the productivity of mucrobial metabolite by manipulating
the nutntional and physical parameters due to its impact on economy and feasibility
of the process [195, 332, 333] However, the classical ‘single vanable at a time’
method of media optimuization of these parameters 1s quite laborious and time
consuming This method is also unbefitting for a large number of vanables as it 1s
unable to determine the true optimum value resulted from interaction of vanables
[332-334] Several statistically factonal designs are available to identify opttmum
level of responses through factonial design and use of Response Surface
Methodology (RSM) [297, 333, 335]

When numbers of parameters (media components) to be screened and
optimized are larger in numbers then expeniments based on multi-factonal design
will be difficult to analyze [336] Hence, optimization of fermentaton media 1s

camed out i two-steps mitially, large numbers of vanables are screened using
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Pareto’s law to understand the significance of their effect on the product formation,
and then significant vanables are selected for further optimizations [336, 337].

The Plackett—Burman statistical method is a two-level design to screen n
numbers of variables in n+1 experimental run for maximum response {336, 338|.
This expenimental design 1s available in multiples of four runs and requires less
numbers of experimental runs, which ultimately save time, chemicals, glassware,
and work force. Therefore, it proves to be an excellent screening method [336, 339].
Further, Plackett—Burman factorial design (PBD) is useful for screening of the main
factors from a large number of process variables that can be fixed or eliminated in

further optimization process [336].

RSM is a collection of statistical methods for designing experiments,
constructing models, evaluating the effect of factors, and obtaining optimum
conditions for desirable responses [335]. It combines fractional factorial design and
a second-degree polynomial model to investigate complex processes, and thus, an
efficient statistical technique for optimization of multiple variables with less
experiments [340]. Several reporis on the process optimization for amylase
production using different models and designs are shown below (Table 6). Many
researchers have reported the application of PBD for initial screening of factors

influencing amylase production followed by interaction study using RSM.
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Table:2.7: Various statistical methods applied for the optimization of amylase

productions

Microorganisms Optimization method Reference
Aspergillus oryzae CBS 819.72 PBD; Box—Bchnken design {333
Aspergillus niger ATCC 16404 PBD [195])
Bacillus sp. RKY3 PBD; RSM {337}
Bacillus acidicola RSM [341]
Bacillus amylofiquefaciens PBD;, RSM {303]
Bacillus brszis MICC 7521 RSM 1342]
Bacillus subtilis 168 PBD; RSM [343]
Bacillus subtilis KCC103 RSM [
Brevibacterium linens DSM 20158 PBD, RSM [332]
Geobacillus thermoleovorans RSM |289]
Streptomyces erumpens MTCC 7317 RSM [344]
Thermoﬁtyces lanuginosus RSM |345]

2.5. Purifications strategies and biochemical characterization of amylases

from different organisms

Bactenal and fungal a-amylases that are produced extracellularly into the
culture media are studied extensively, for the ease of production, manipulation, and
optimization of production media [29]. Different strategies have been employed for
purification of extracellular amylases isolated from these microorganisms for
exploiting specific characterstics of these enzymes. Commercial use of amylases,
normally, does not require the enzyme to be in purified form, but their application
in the pharmaceutical and clinical sectors and in understanding structure-function
relationships, demand high punty of the enzymes [29]. Laboratory scale
purification for a-amylase includes combination of various chromatography
techniques. The modern strategies used for the purnfication of amylases at
laboratory scale are listed in Table 1.5 (Chapter 1). However, the often used
purification techniques include selective concentration of cell free supernatant

(crude enzyme) by precipitation using ammonium sulphate or chilled organic
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solvents followed by affinity, ion exchange and/or gel filtration chromatography
[29]. Different combinations of chromatography techniques yield different degrees
of purified enzymes and the highest yield (78%) was achieved in case of a-amylase
purified from Cryptococcus sp. S-2 (Table 1.5) [117]. The emerging technology
made the cumbersome purification techniques into a fast, efficient, and economical

process involving fewer steps [26].

The physicochemical properties of purified a-amylases {rom several
microorganisms have been studied extensively and some of them are presented in
Table 2.8. The pH optima for microbial a-amylases may vary from 2.0 to 12.0 |29,
346]. However, most of the a-amylases from bactenia and fungi have pH optima in
the acidic to neutral range [5]. The lowest acidic pH optima of 3.0 was observed
for the a-amylase obtained from Alicyclobacillus acidocaldarius [269], while
extremely alkalophilic a-amylase with pH optima of 11-12 has been reported from
Bacillus sp. GM8901 [347]. Most of the a-amylases reported are generally stable
over a wide range of pH from 4.0 to 11.0 [29].

The working temperature for most of the microbial a-amylases is growth
associated [346] and i1t was found to be the lowest (25-30 °C) in case of F.
oxysporum amylase [348] and highest (115°C) in case of archaebacteria,
Pyrococcus furiosus [230]. Thermo-stabilities of a-amylase isolated from Bacillus
licheniformis CUMC 305 was reported to be as high as 4 h at 100 °C [123].
Thermostability of microbial a-amylases is affected by the presence of various
factors such as calcium ion, substrate, and other stabilizers [346]. Starch has also
shown the thermo-stabilization effect on a-amylase activity isolated from B.
licheniformis CUMC 305 [123] and Bacillus sp. WN 11 [207] while stabilizing

effect of calcium ion has been reported from many species as shown in Table 2.4.

The molecular weights of microbial a-amylases ranges from ~10 to 210
kDa a-Amylase with the lowest weight (10 kDa) has been reported from Bacillus
caldolyticus [349] and the one with the highest weight (210 kDa) from Chloroflexus
aurantiacus |350]. However, most of the microbial a-amylases are usually around

50-60 kDa as calculated from cloned a-amylase genes and their deduced amino
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acid sequences [346]. Glycosylation of bacterial amylases are very rare, however,

few of them are from L. kononenkoae [244] and B. stearothermophilus [351].

Heavy metal ions, sulthydryl group reagents, N-bromosuccinimide (NBS),
p-hydroxy mercuribenzoic acid, iodoacetate, EDTA and EGTA are well known for
inhibiting microbial a-amylases activity [9, 121]. Mercurc ions also known to
mhibit several a-amylases [183), suggesting the presence of a carboxyl group in the
enzyme molecules [220]. Additionally, mercuric ions is also known to oxidize
indole nings and interacts with the aromatic rings present in tryptophan restdues |9,
352]. Inhibition of amylase activity in the presence of NBS demonstrates the
catalytic role of tryptophan residues in the enzyme molecules {9, 353], while
inhibition in presence of dithiothreitol and B-mercaptoethanol suggests the role of
—SH groups in the catalytic site of these enzymes [9]. There are also reports, which
suggest that DTT has stimulated and inhibited the activities of a-amylases [28]. The
kinetic behavior of the purified microbial amylases shows that it has varied degrees
of affinity towards natural substrate as K, value ranges from 0.05 mg/ml to 11.66
mg/ml for starch molecules (Table 2.8).
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Table 2.8: Some of the a-amylases purified and characterized from different organisms in recent years (2000 A.D. onwards)

Organisms Molecular Opt. Opt.  Inhibitors Stabilizer Additional properties References *
. wt. (kDa) pH Temp.
Fungi )
Aspergillus awamori KT- 70 48 37 - - raw starch digesting enzymes [299]
11 ) '
Cryptococcus flavus 75 5.5 50 Cu®*, Fe**, Hg* - Km ( 0.056 mg/ml) [245]
" Seytalidium thermophilum 36 6 60 HgCl,, CuCl, Starch Ca®* independent enzyme {280]
Bactéria o '
Alicyclobacillus sp. A4 64 42 75  Cr*,Cu*Fe* Pb¥, Hg*, Ag', SDS Ca?* independent, digest raw starch [120]
Bacillus licheniformis 31 6.5 90 EDTA, Hg* Ca raw starch digesting enzymes {298]
ATCC 9945a
B. amyloliquefaciens 58 5.0- 50.0- EDTA, SDS, Urea, K*, Mn?* Ca’* and Km(3.076 mg), Vmax (4.11 [303]
8.0 60.0 Cut mg/min) for starch
B. amyloliquefaciens 52 6 55 Hg™, Fe¥, Zn**, Ag* Mg, Ba?, Km(1.92 mg/mi), Vmax (351 U/ml) (88]
’ Ca®, Cu?*
B. dipsosauri 80 6.5 60 Zn¥, Cd* Na,;S0q : [192]
B. circulans GRS 313 48 49 48 Hg*, Mn**, Fe** ,Cu** Co* ,Mg** K n(11.66 mg/ml), V mx (68.97 U) [220]
B. licheniformis NH 1 58 4.0- 90 Hg*, Zn**, EDTA, Sodium perborate - No eftect of Ca?* joris [221)
9.0
B. stearothermophilus US 59 5.6 80 Ca? maltopentaose; maltohexaose as [223]
100 end product
B. sp. Ferdowsicous 53 45 70 Hg™ - Ca’*.independent [183]
Bacillus sp. KR8104 59 3.5 75.0- - - Ca**-independent [224]
80.0
Bacillus sp. YX1 56 50 40.0- - - raw starch digesting enzymes [225]
'50.0
Bacillus subtilis DM-03 428 9.0 55.0 PMSF, 4-BPB, EDTA, Ni**, Mn* - Km (1.2 mg/ml), glucose as major [354]
' ' : product
B. subtilis KCC 103 53 50- 65.0- Hg™ Ag", p- - Km (2.6 mg/ml), Vmax (909 U/mg) [227]
7.0 70.0  hydroxymercurybenzoate . _
B. subtilis 48 6.5 50  Hg™, Fe*, AP** Mn?*, Co?* Km (3.845 mg/ml) Vmax (29]
(585.1mg)
Bacillus sp. ANT-6 94.5 10.5 80 Zn*, Na*, Na-sulphide, EDTA, Ca?* NI (82]
Bacillus sp. L1711 51 9.5- 45 Ca¥ Zn Mg?*Mn?* Ba?, Cu?* Na*,Co* Km (1.9 mg/ml), sp. activity (18.5 [205]
. 10.0 U/mg)
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Bacillus KSM-K38

Bacillus sp PNS
Bacillus US147
Bacillus sp A4H-31
Chromohalobacter sp
TVSP 101

Geobacillus
thermoleovorans

G thermodenitrificans
HRO10

Geobacillus sp. LHS

Halomonas meridiana

Lactobacillus
manihotivorans
Nesterenkoma sp stran F

Streptomyces
gulbargensis
Thalassobacillus sp LY18
Archaea

Haloarcula lspanica

Haloarcula sp strain S-1
Haloferax mediterrane:

Halobactersum salinarum
MMD047

Pyrococcus furiosus
Thermococcus profundus
DT5432

55

30
91
72/62
26
58
52
49
135
57
55
31
50
70
58

56

44(subunit)
42

55
50-
70
55
75
85-
110

65

70~
80

56
55

55 0-
600
90
70
70
65
100
75 0-
800
80
37
55
45
45
70
50
50
50 0-
60 0
40

115
80

sodium hypochlorite
SDS, NaBOs, H,0,, ZnCl;, EDTA
SDS

Sn**, Hg?*, and Pb?*, EDTA, PMSF,
N-ethylmaleunide, DTT

EGTA, EDTA, IAA, pCMB

Mg?**. Ba?* Ni**, Zn?*, Fe¥*, Cu?*
EDTA

EDTA

Co**, Ba¥, Ag*, Hg**

EDTA, DEPC, B-mercaptoethanol
EDTA

Rb*, Fe#*, Fe?* Cu?*, Co¥, Zn¥,

Ni**, Al™*, EDTA

Ca®™, Cd¥, Ni**, Hg¥, Co%, Zn*,
EDTA

IAA, N -btomosuccinic acid, SDS,

10% NaCl

Ca®
Cd2+
Ca2+

C az+

maltose as major end products

(partially puntied)
Km (0 7 mg/ml ), Vmax (2 2 U/ml)

Km(125 and 166 mM), Vmax (5 88
and 5 0 U/mg)

Km(1 11mg/ml), Vmax (500
umol/mg/min) for starch

K (3 05 mg/ml), Viux (7 35 U/ml)

Km (3 mg/ml), Vmax (6 5
micromol/min)

Maltose, maltotriose as end
products

Km (3 4 mg/ml), Vmax (32 55
kJ/mol)

active at high salt concentrations
04M

Km (5 0 mg/ml), sp activity
(1,341 3 U/mg)

organic solvent-tolerant

active at high salt concentrations
(4-5M)

Organic solvent tolerance of
halophilic a-amylase

active at high salt concentrations
(2-4M)

Ca®*-independent
Km (0 23%)

[209]
[157)
[122]
[202)
(188]
(275]
[311)
[228]
[191]
[229]
[259)
(213]
(260]
[190]
[261]
[262)
(212)

[230]
[268]

EEamdme-HCl
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Chapter 3: Material & Methods

3.1. Materials

3.1.1. Consumables

The consumable materials like sterilized polystyrene tubes (15 ml and 50
ml), microfuge tubes (1.5 ml and 2.0 ml), PCR tubes, micropipettes tips (1.0 mi,
200 pl and 10 pl), and petri-dishes were purchased from Tarson, India; 100, 250,
500, and 1000 ml Erlenmeyer flask and test tubes were purchased from Borosil,
Mumbai, India. Autoclavable polythene bags and paraffin roll were procured from
Himedia lab, India.

3.1.2. Chemicals & media

Following solvents such as methanol, 2-propanol, n-hexane, ethanol,
acetonitrile, and chemical such as Tween-20, Tween-80,Triton-X-100, glycine,
sodium dodecyl sulphate (SDS), coomassie brilliant blue, starch, EDTA,
acrylamide, bis-acrylamide, Folin-Ciocalteu’s, and dinitrosalicylic acid (DNS)
were procured either from Merck (India) or Himedia (India). For buffer preparation
following salts such as Tris-HC], sodium bydroxide, sodium carbonate, potassium
dihydrogen phosphate, di-sodium hydrogen phosphate, and di-potassium hydrogen
phosphate were obtained either from Merck (India) or Himedia (India). The vanous
media components and metal ions used in the present study such as D-glucose,
sucrose, maltose, cellulose, ammonium sulphate, ammonium nitrate, potassium
nitrate, ammonium chloride, ferric/ferrous chloride, magnesium chloride, mercuric
chloride, copper chloride, zinc sulphate, manganese chloride, calcium chloride,
cadmium chloride, cobalt chloride, nickel chloride, sodium nitrate, sodium

chloride, etc. were purchased either from Merck (India) or from Himedia (India).

DEAE Sephadex A-50 matrix, Sephacryl S-200 matrix, CM-Cellulose
matnx, 3-(amunopropyl) triethoxy silane, carbodimde/cyanimide, ethidium

bromide, phenylmethylsulfonyl fluoride (PMSF), iodo acetic acid (IAA), 4-
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bromophenacyl bromide (4-BPB), dithiothreitol (DTT) were purchased from
Sigma-Aldnch, USA. Nutrient agar, nutrient broth, starch agar, Luna broth, yeast
extract, beef extract, microbiological grade agar, agarose, peptone, trypton,
antibiotics (ampicillin and kanamycin), and HiIIMVIC Biochemical test kits were
purchased from Himedia, India. HiPrep 16/60 Sephacryl S-200 HR and HiPrep
Phenyl FF 16/10 pre-packed columns, used for the puriﬁcation'of proteins, were

procured from GE Healthcare Bio-Sciences Corporation (USA).
3.1.3. Microbial cultures and vectors

Escherichia coli DHSa and E. coli BL21a pLys cells were used for cloning
and transformation, respectively. They were obtained from Novagen suppliers
(Merck Millipore, India). pET senes [28a (+) and pET32a (+)] vectors (Novagen,
Darmstadt, Germany) for the expression studies were kindly donated by Dr. Robin

Doley of Tezpur University.
3.1.4. Molecular biology reagents

The kits for genomic DNA isolation, PCR purification, gel extraction,
plasmid Miniprep, TA Cloning kit, CloneJET PCR cloning kit, restriction enzymes,
PCR master-mix, nuclease-free water and TransformAid™ Bacterial
Transformation kit were obtained from Fermentas (USA). All other molecular
biological grade chemicals were procured either from Merck (USA) or from Hi-
media (India).

3.2. Methods
3.2.1. Isolation and screening of a-amylase producing bacterial isolates

Soil samples were collected from different locations of Assam, Northeast
India. Topsoil {rom vanous locations was collected in a sterile container using
‘sterile spatula and then kept under sterile condition at room temperature until used.
Screening for the amylase-producing bacteria was done by senal dilution method.
Concisely, 1.0 g of soil sample was mixed with 9.0 ml of 0.9% (w/v) sterile saline

and serially diluted up to 10®. Then a 100 pl aliquot of each dilution was plated on
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starch nutrient agar plates and incubated for 24-48 h at 45°C under static condition

in an inverted position.

After the period of incubation, the plates were flooded with Logul’s solution
(Himedia, India) and a clear area (starch hydrolysis) surrounding the bacterial
growth showed positive reaction for extracellular a-amylase secretion while
absence of clear zone around bacterial colonies was considered as a non-secretion
of a-amylase enzyme. The a-amylase-producing bacteria were counted on a Cubek
colony counter and the zone of hydrolysis (in mm) around the colonies was
measured. Colonies showing halo formation were selected and further streaked on
nutrient starch agar plates so as to obtain pure colonies for bactenal identification

and characterization.

Pure colonies were further screened for the isolation of acidic and alkaline
amylase producing bactenia. Therefore, pure colonies of such bactena were allowed
to grow at different pH (6.0-12.0) for different time intervals (24-120 h) at 45°c in
100 ml Nutrient broth supplemented with 1.0 %, (w/v) starch, placed in a 250 ml
Erlenmeyer flask with constant shaking (200 rev/min) on a rotary shaker. At a
regular time interval, 5.0 ml aliquots were withdrawn aseptically and were
centrifuged at 5000 rpm for 10 min at 4°C. Subsequently, cell pellets were taken
for the determination of cell mass and culture supematant was used for
determination of a-amylase activity (Section 3.2.3) and protein concentration
(Section 3.2.6).

3.2.2. Identification of the isolated strains

The taxonomic identifications of selecled a-amylase producing bacterial
strains were determined by following the polyphasic approach. Bacterial strains
were initially identified by morphological and biochemical tests and finally by

molecular biological approach.
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3.2.2.1. Morphological and biochemical characterization of bacterial strains

Morphological characterization of the bacterial strains was done by simple
staining, negative staining, Gram staining and spore staining methods. These were
performed by streaking pure bacterial colonies on agar plates for 24 h at 45°C
followed by spreading of a loop-full of bacterial colonies over a clean glass slide,
air-drying for 5-10 min, and subsequently heat fixing. This was followed by
differential staining procedure as described by Bergey's Manual of Systematic
Bacteriology [355]. Afier the staining procedure, slides were then dried by gently
tapping with tissue paper and the bacteria were observed under oil-immersion
objective lens (1000 X) of a light microscope (Leica ATC 2000, Leica

Microsystem).

Biochemical characterization of the bacterial isolates was performed using
Rapid Biochemical Identification Test Kits (KBM001 & KB001) (Himedia Lab,
India), following the instructions of the manufacturer. These kits consist of sterile
media for Indole, Methyl red, Voges Proskauer's, Citrate Utilization, H;S
production test and fermentation test towards eight different carbohydrates
(glucose, adonitol, lactose, arabinose, sorbitol, mannitol, rhamnose and sucrose).
The bacterial isolates were then inoculated in each testplates well of the above kits
aseptically either by using sterile loopful of bacteria directly from culture plates or
by moculating 50 pl of bacterial liquid culture. The bacterial inoculum for the broth
culture was prepared by inoculating 5 ml of sterile nutrient broth media with a
single colony of bacteria from master culture plates, followed by iﬁcubating them

at 45°C for 8-12 h until inoculum turbidity is > 1.0 at 600 nm.

3.2.2.2. Molecular characterization of bacterial isolates

The molecular taxonomic position of the bacterial isolates were determined
by PCR amplification of 16S tDNA, 16S-23S inter spacer region and housekeeping
(gyr4, and rpoB) genes, and then analyzing them with the reported sequence
present in public database such as NCBL
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3.2.2.2.1. Chromosomal DNA isolation and purification

Chromosomal DNA of bactenal isolates was isolated and punfied either by
using alkaline lysis method |356] or by Genomic DNA extraction kit (Fermentas).
Genomic DNA extraction by alkaline lysis method was done as descnbed by
Ausubel et al. {356]. The cell pellet was obtained from 5 ml of overnight culture
by centrifugation at 10,000 rpm for 10 min at 4°C (Beckman Coulter, Inc., USA).
The cell pellet was then re-suspended in a 0.8 ml of solution-I (Appendix I) and to
this mixture 160 pl of lysozyme (10 mg/ml) was added and incubated at room
temperature (24°C) for 20 min. Subsequently, 44.5 Wl of 10% (w/v) SDS solution
was added to the reaction mixture, which was then re-incubated for 10 min at 50°C.
Thereafter, 53.3 pl of RNase A (10 mg/ml) was added and incubated at 37°C for
90 min. This was followed by addition of 45.3 pl of Na-EDTA (0.1 M, pH 8.0) and
re-incubation at 50°C for 10 min. To in-activate the nuclease as well as to digest
the proteins of the reaction mixture, 26.6 ul of proteinase K (5.0 mg/ml stock) was
added and the mixture was incubated at 50°C for 16 h. Then, an equal volume of
saturated phenol (saturated with 0.1 M Tris-HC], pH 8.0) was added to the reaction

mixture and it was mixed thoroughly.

The mixture was then centrifuged at 10,000 rpm for 10 min and the upper
(aqueous) phase was aspirated into a sterile microfuge tube. Then 700 wul of (1:1)
phenol and chloroform-isoamylalcohol (24:1) was added to the reaction mixture.
After centrifugation at 10,000 rpm for 10 min, the upper phase was transferred into
a sterile microfuge tube, and then an equal volume of chloroform-isoamylalcohol
(24:1) was added and the mixture spun for another 10 min at 10,000 rpm. The upper
phase was then transferred to a sterile microfuge tube and 1/10" volume of 3 M Na-
acetate, pH 7.0 solution was added. Subsequently, DNA was precipitated by adding
two volumes of ice-cold absolute ethanol, and DNA was recovered by
centrifugation. After removal of alcohol, DNA was re-suspended in 10 mM Tris
HCI-1 mM EDTA buffer (pH 8.0) at a final concentration of 1 pug/ml and was stored
at 4°C until it was further used.
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Bacterial genomic DNA isolation using GeneJET genomic DNA
punification kit (Fermentas, USA) was performed by harvesting S ml of overnight
culture in a microfuge tube by centrifugation for 10 min at 5,000 rpm. This was
followed by suspension of pellets in 180 pl of lysis buffer and further incubation
for 30 min at 37°C. Later, 200 wl of Lysis solution and 20 ! of proteinase K were
added and mixed uniformly. The reaction mixture was then incubated at 50°C for
30 min and after the period of incubation it was cooled and 20 pl of RNase A
solution was added by vortexing. The mixture was then incubated for 10 min at
room temperature and 400 pl of 50% ethanol was added and mixed by vortexing.
The clear lysates were then transformed into a GeneJET™ Genomic DNA
purification column, which was in tumn inserted into a collection tube. The column
was then centrifuged for 1 min at 6,000 rpm and the flow-through was discarded.
Subsequently, the column was placed into a new 2 ml collection tube to which 500
ul of wash buffer-I (Ferments, USA) w;"xs added and after centrifugation at 8000
rpm for 1 min, the flow-through was discarded. Subsequently, 500 ! of wash
buffer-II was added to the purification column and it was centrifuged at 12,000 rpm
for 3 min. The flow-through so obtained was discarded and column was placed into
sterile 1.5 ml microfuge tube. To elute the genomic DNA from the purification
column, 200 pl of elution buffer was added to the center of the column and after
incubation for 2 min at room temperature, the DNA was collected in a fresh
microfuge tube by centrifugation at 10,000 rpm for 1 min. The purty of the
preparation was then determined by taking optical density of the eluted DNA at 260
and 280 nm.

3.2.2.2.2. PCR primers designing for 16S rDNA, 168-23S ISR and various
housekeeping genes '

For amplification of 16S rRNA gene of the bacterial strain, universal
primers designed by Weisburg et al. [357] (shown in Table 3.1) were used. For 16S-
23S rDNA intergenic spacer region (ISR) amplification, the complementary
nucleotide sequence base position of 11128-11149 of 16S and base position 11988-
12009 of 23S rRNA genes, (B. subtilis) were used as primer sequence (Table 3.1).

For the specificity of ISR amplification, a second set of primers (nested PCR) was
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designed to amplify specifically intergenic spacer region using the first set of PCR-
product as template. The nested pnmers (Table 3.1) were designed to anneal at the
position of 11334-11355 of the 16S rRNA and 11770-11790 of 23s rRNA genes.

To amplify the housekeeping genes viz. gyrA and rpoB, primers were
designed based on the GyrA and RpoB coding sequences of B. subtilis 168
(GenBank Accession No: CP002468). The gyr4 primers extended from position
7237 to position 7260 (Table 3.1) and from position 8261 to position 8238 (Table
3.1), yielding a 1,024-bp PCR segment. The rpoB pnmers extended from position
1102 to position 1125 (Table 3.1) and from position 1910 to position 1887 (Table
3.1), yielding an 808-bp PCR segment.
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Table 3.1: Primers used for amplification of various genes for systematic identification of bacteria

Primer pair Primer sequences (5'-3') Location Product size Reference
(Approx.)

16S rtDNA RTF: 5’-AGAGTTTGATCCTGGCTCAG-3’ 27F 1500 bp [159]

primers RTR. 5’-AAGGAGGTGATCCAGCCGCA-3’ 1525R

gvrA primers GYAF' 5-CAGTCAGGAAATGCGTACGTCCTT-3' 7237-7260 1024 bp [159, 358]
GYAR 5'-CAAGGTAATGCTCCAGGCATTGCT-  8261-8238
3

rpoB primers RPBF: 5'- AGGTCAACTAGTTCAGTATGGAC-3" 1102-1124 808 bp [159, 358]
RPBR: 5- AAGAACCATAACCGGCAACTT-3" 1910-1887

168-238 ISR ISRP1. 5'-AGTCTGCAACTCGACTGCGTG-3’ 11128-11149 880 bp [159]

primers ISRP2' 5’-CAACCCCAAGAGGCAAGCCTC-3’ 11988-12009

168-23S ISR ISRP3: 5'-GGAAGGTGCGGCTGGATCACC-3" 11334-11355 457 bp {159]

primers ISRP4: 5°-CCCGAAGCATATCGGTGTTCG-3’ 11770-11750

(Nested primers)
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3.2.2.2.3. PCR amplification and purification of the amplified genes

DNA amplification was performed with Genamp PCR system (Applied
Biosystem, USA). A typical PCR reaction mixture contains 2.5 pl of 10 X PCR
buffer (Fermentas, USA), 2.0 ul of 25 mM MgCl; and 2.5 pul of 2 mM
deoxynucleotide triphosphate (dNTP) mix. To this reaction mixture, each primer
at a final concentration of 20 pmoles, 2.5 U of Taq DNA polymerase (Fermentas,
USA) and 5 pl (~1 pg) of genomic DNA were added and final volume was adjusted
to 30 pl with sterile nuclease-free water (Fermentas, USA). Standardized PCR
conditions with respect to each set of primers are shown in Table 3.2. PCR
amplification of targeted genes was venfied by DNA gel electrophoresis. For this,
5 pl of PCR products were loaded onto a 0.8% (w/v) agarose gel prepared in 1X
TAE (Tns-acetate-EDTA) buffer and made to run for 45 min at a constant current
of 60 mA and 80 V.

The PCR products obtained were purified using PCR punfication/Gel-
extraction kits (Fermentas, USA). PCR purification was performed by mixing 1:1
volume of binding buffer with the PCR mix and then by transforming the resultant
mixture into the GeneJET™ Purification column. The column was then centrifuged
at 10,000-14,000 rpm for 1 min and the flow-through so obtained was discarded.
Then the column was washed twice with the 700 ul of washing buffer by
centrifugation at 14,000 rpm for 1 min and the flow-through was discarded. Finally,
purified DNA was eluted into a fresh sterile 1.5 ml microfuge tube from the column
by adding 50 wl of elution buffer at the center of the column and centrifugation for
I min at 12,000 rpm.

Purification of the PCR product by gel extraction method was performed by
excising the desired band (pre-run in agarose gel) into a clean pre-weighed
microfuge tube and then mixing it with the equal volume of binding buffer (1:1
ratio). The agarose gel was dissolved by incubating the gel-mixture at 50-60°C for
10 min with mixing in between. The remaining steps were followed as described

above in the direct PCR purification methods (Section 3.2.2.2.3.).
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Table 3.2: Standardized PCR conditions used for the axhpliﬁcation of various bacterial identification genes

Primers pair Initial denaturation PCR cycles (30) Final Extension  Storage
Denaturation Annesling Extension
16S rDNA 94°C for 5 min 94°C for 1 min 58°C for 30 sec 72°C for 2 min 72°C for 7 min 4°C for w0
grA 94°C for 5 min 94°C for 1 min 55°C for 30 sec 72°C for 2 min 72°C for 7 min 4°C for
rpoB 94°C for 5 min 94°C tor 1 min 50°C for 30 sec 72°C for 2 mmn 72°C for 7 min 4°C for w0
16S-23S ISR 94°C for S min 94°C for 1 min 54°C for 30 sec 72°C for 1.5 min 72°C tor 7 min 4°C for o0
94°C for 5 min 94°C for | min 54°C for 30 sec 72°C for 1.5 min 72°C for 7 min 4°C for oo

Nested ISR
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3.2.2.2.4. DNA Sequencing

DNA sequencing was performed using 3130 Genetic Analyzer (Applied
Biosystem, Switzerland). Before sequencing, sequencing PCR was performed by
chain termination method using Big Dye Version 3.1 kit (Applied Biosystem,
Switzertand). A standard sequencing PCR mix contains 1 pl of Big Dye, 1.5 ul of
Big Dye buffer, 20.0 pmoles of primer and 50-100 ng of template DNA. Final
volume of the reaction mixture was adjusted to 20 ul with nuclease-free sterile
water and sequencing PCR was set with initial denaturation steps for S min at 95°C
followed by 25 cycles consisting of denaturation steps at 95°C for 30 s, annealing
at 54°C for 10 s and extension steps at 60°C for 4 min. Finally, after the 25" cycle
of PCR amplification, PCR products were stored at 4°C until used.

The PCR products so obtained were purified before processing for
sequencing to remove the excess dyes and reactants present in the reaction mux
using ethanol precipitation methods. The reaction mixture was purified by
transferrigg the PCR product into a clean 1.5 ml microfuge tubes followed by
addition of 12 pl master mix-I (10 l of nuclease free water and 2 ul of 125 mM
EDTA solution). After proper mixing of the content, a master mix-II solution |2 pl
of 3 M Na-acetate buffer (pH 4.6) and 50 wl of ethanol] was added by slight
vortexing and then the sample was left at room temperature for 15 min.
Subsequently, the reaction mixture was centrifuged at 12,000 rpm for 20 min and
supernatant was decanted. Afierwards, 250 pl of 70% ethanol was added to the
reaction tube and then it was centnfuged at 12,000 rpm for 10 min and the
supernatant was discarded. Thereafter to each reaction tube, 15 pl of HiDi
formamide solution was added and mixed by short vortexing. Finally, the sample
was transferred into the sequencing plate for denaturation steps and for

electrophoresis.
3.2.2.2.5. Phylogenetic tree construction

Quality of DNA sequences was verified manually with the help of BioEdit

software (www.mbio.ncsu.edu/bioedit) and homology search of each sequence was
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performed using the NCBI database (http://blast.ncbi.nlm.nih.gov). The 16S rDNA,
16S-23S 1SR, GyrA, and RpoB gene sequences of bactena under study were
aligned with reference sequences showing sequence homology in NCBI database,
using the multiple sequence alignment programme of MEGA 4 [359]. Phylogenetic
trees were constructed by distance matrix-based cluster algorithms viz. unweighted
pair group method with averages (UPGMA), neighbour-joining [360], maximum-
likelihood {361} and maximum-parsimony |362| analyses. All positions containing
gaps and missing data were eliminated from the dataset (complete deletion option).
The stability of trees obtained from these cluster analyses was assessed by using
BOOTSTRAP programme in sets of 1000 resampling (MEGA 4). Each tree was
rooted using E. coli MG1655 (NCBI accession no. U00096) as an out-group. The
gene sequences determined in the present study were deposited in GenBank
database under different accession number with respect to each strain

(http://www.ncbi.nim nih gov/Genbank).

3.2.3. Amylase assay

Amylolytic activity of amylase enzyme was assayed by measuring the
reducing sugars [363] released from 1.0% (w/v) of starch dissolved in buffer (with
respect to enzyme). Briefly, in a test-tube, 1 ml of 1% starch solution with 1950 pl
of respective buffer and 50 ul of enzyme solution (purified/crude) were added. The
mixture was then incubated at 45°C/optimum temperature of enzyme for 30 min
followed by stopping the reaction by adding 1 ml of DNS reagent. After the reaction
was stopped, tubes were incubated in boiling water bath for 5 min and then cooled
in running tap water. Subsequently, optical density was recorded at 540 nm (Themo
Scientific Multiskan Go, USA) and the amount of reducing sugar thus liberated was
determined using standard curve of D-glucose. One unit of enzyme activity was
defined as the liberation of reducing sugars equivalent to 1 pmol of D-glucose

liberated per min under the assay condition [159, 354].
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3.2.4. Dextrinizing activity

Dextrirﬁzaﬁon activity of enzyme was determined using the iodometric
method as described by Fuwa [364] with little modiﬁcationsA [162]. The reaction
mixture consisting of 400 pl of soluble starch (1% w/v) dissolved in a suitable
buffer, 390 ul of respecti\'fe enzyme buffer and 10 pl of the test sample was
incubated at 45°C/optimum temperature of enzyme for 30 min. The reaction was
then stopped by adding 100 pl of acetic acid (1 M) and 100 pl of iodine reagent
(1% iodine in ethanol/potassium 1odide 10%/H20 in 1:3:1 ratio). The reaction
mixture was diluted with 4 ml of dH20 and the color intensity produced by the
10dine—starch mixture was measured at 660 nm. One unit of dextrinizing activity
was defined as the quantity of enzyme that hydrolyzed 1 mg of starch per min under

the assayed condition.
3.2.5. Total carbohydrate estimation

The amount of total soluble sugar/carbohydrate was estimated by phenol
sulphuric method [365]. In a typical reaction muxture, 1.0 ml of test sample was
mixed with 1.0 ml of 5% phenol and subsequently, 5.0 ml of 96% sulphuric acid
was rapidly added to the reaction mixture. Each tube was gently agitated durixig the
addition of the acid and then the sample was allowed to stand at room temperature
for 20 min. The absorbance of the charactenistic yellow orange color, thus -
developed, was measured at 490 nm against the reagent blank. Amount of sugar
present in the test samples (in mg) was calculated using a standard curve prepared

by known concentration of D-glucose.

3.2.6. Protein quantification

The protein content of the cell-free supernatant and the purified enzyme was
assayed by using Folin-Lowry’s method {366], which measures the blue color
complex formation at 660 nm. Briefly, the reaction mixture containing 50-100 pl
of protein was diluted with dH2O to make the final volume of reaction mixture up
to 250 pl. Thereafter, 2.5 ml of alkaline copper sulphate solution (Appendix I) was

added, mixed well and incubated at room temperature for 10 min. After incubation
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periods, 250 wl of diluted Folin-C (1:2) reagent was added to the reaction mixture
and after 30 min of incubation at room condition, absorbance was measured at 660
nm. From a standard curve of bovine serum albumin (BSA), the protein content of

the unknown sample was determined.

3.2.7. Prescreening of culture conditions influencing bacterial growth and a-
amylase production in submerged fermentation (SmF) condition

Pre-screening of culture components influencing a-amylase production
under SmF were done by “one variable at a time” methods for B. subtilis strain
ASOla. Any one of the following carbon sources such as glycerol, glucose,
galactose, lactose, sucrose, maltose, starch, and cellulose were added (1.0%, w/v,
or v/v) in the M9 culture media to check the a-amylase production and bactenal
growth. The effect of various organic or inorganic nitrogen sources on a-amylase
production and bacterial growth was studied by supplementing M9 media with 1%
(w/v) of any of the following nutrient beef extract, yeast extract, peptone, tryptone,
casein, NH4Cl, KNOs, NHsNO3, NaNOs, and (NH4)2SOa.

Effects of pH and temperature on a-amylase production and bacterial
growth were also investigated under SmF, by adjusting pH of the M9 medium from
5.0-12.0 and incubating the bacterial culture at various temperature (30-60°C),
respectively. The impact of agitation on a-amylase production and bacterial growth
was evaluated by agitating the culture at various speeds from 100-300 rpm in an
incubator shaker at the optimum pH and temperature of growth. The effect of
incubation time was evaluated by post-incubation of culture for 24-120 h, under
optimized conditions. At various time intervals, a suitable volume of bacterial
culture was withdrawn aseptically and the bacterial growth and a-amylase

production were determined by following the standard procedure described above.
3.2.8. Process optimization for enhancing the engyme production

From the initial screening results, the factors which induce the a-amylase
production were selected and their individual effect was identified by PBD and

interaction effect by RSM.
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3.2.8 1. Plackett-Burman Design for selection of significant variables

Our preliminary screening of strain ASO1a using the ‘one variable at a ime’
approach showed that it was a time intensive and tedious process. Thus, for
screening of most significant factor(s) influencing a-amylase production from B.
licheniformis strain ASO8E, the ‘one variable at a time’ approach was abandoned
and PBD screening experiments was taken up. A total of eleven factors based on
review of literature and screening results of factors influencing a-amylase
production from B. subtilis strain ASO1la, were subjected to PBD experiments for
identifying the most significant factors effecting the a-amylase productions from
strain ASO8E (Table 3.3). Based on PBD, each parameter was examined at two
different levels, higher (+1) and lower level (-1). Simultaneously, a center point
was also run to evaluate the linear and curvature effects of the variables [367]. The

PBD experimental design is based on the following first-order polynomial model:

Y=ot SBi X (1)

Where Y is the response (total a-amylase activity in U), f, is the model
intercepts, f; 1s the linear coefficient, and X is the level of the independent variable.
PBD assumes that there are no interactions between the different factors. The a-
amylase activity assay was carried out in triplicate and the averages of these
experimental values were taken as response Y. From the regression analysis of the
variables, the significant factors (P < 0.05) influencing a-amylase production were

selected and they were further optimized by using RSM.
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Table 3.3: Range of different independent variables used in PBD for a~amylase‘

productions from strain ASOSE

Factors (ASOS8E strain) Levels
+ 0 -

CaCl, (% wiv) ' 0.1 0.075 0.05
Beef extract (%) 1.5 1 0.5
Glycerol (% wiv) 1.5 1 0.5
KNO; (% wh) 02 0.15 0.1
Maltose (% wiv) 1.5 ' 1 0.5
NaCl (%) 0.75 0.5 0.25
NH4Cl (% wiv) 0.2 0.15 01
Peptone (%) 1.5 1 0.5
pH (HY 125 12.0 11.5
Starch (%) 2 1.25 0.5
Temperature (°C) 53 45 37

3.2.8.2. Response surface methodology for interaction study

RSM was used to estimate the interaction effects of various variables on the
amylase yield (responses). A central composite design (CCD) was applied to
understand the effect of three significant vanables: (i) Ci, (it) Co, and (iii) Cs for
the augmentation of a-amylase production for each strain. The independent
variables, which were capable of influencing the a-amylase production (Y) for each
bacterium under SmF, are shown in Table 3.4. A conventional level for each factor
was set to zero as a coded level. The three factors were studied at three levels
consisting of 20 experimental runs, and were adopted to analyze the experimental
data. The least and extreme ranges of the variables with their values in actual are
shown in Table 3.4. The response value (Y) in each trial was the average of
triplicate results. The data obtained from RSM on a-amylase production were
subjected to analysis of variance (ANOVA). The resultant data were fitted as a
second order polynomial regression equation including single and cross effect of

each vanable.
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Where, Y= predicted response (total a-amylase activity in U/ml), ao
intercept term, a; = linear effect, a, = square effect, a, = interaction effect, and C,
and C, = variables. The above equation was used to optimize the values of
independent parameters for the response. The following equation was used for

coding the varniables:

Ci= "2 where i = 1,23, o ke (3)

Multiple regression analysis, response surface plots, and ANOVA were
performed using Minitab 15 Statistical Software® (Minitab Inc, PA, USA). The
statistical implication of the model equation and the model terms were evaluated
via student’s t-test. The quality of fitness of the second-order polynomial model
equation was expressed via the coefficient of determination (R?) and the adjusted
R?. The integration of different optimized variables yielding utmost response was

attempted to validate the model.

Table 3.4: Range of values for the response surface methodology

Independent Levels
Variables 2 -1 0 1 2
Bacillus subtilis strain AS01a
Starch (%) 0.58 0.75 1 1.25 1.42
Beef extract (%) 0.13 0.2 03 0.4 0.47
pHH") 43 5.0 6.0 7.0 7.7

Bacillus licheniformis strain ASO8E

Starch (%) 116 15 2.0 25 2.84
Peptone (%) 0.08 0.25 0.5 0.75 0.92
pHH") 9.2 10.5 11.5 12.5 138
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3.2.8.3.Validation of the model

The optimized fermentation conditions for a-amylase production as found
by analysis of RSM was experimentally validated by culturing the bactenal strain
in a 5-liters fermenter (New B@\ViCk Scientific, USA). In the fermenter, 3 liters
of the statistically optimized M9 media tsupplemented with the best carbon and
nitrogen sources at a desired concentration (% w/v)] were inoculated with mid-
logarithmic culture of bacternia and operated with foam/anti-foam probe system.
The pH of medium and temperature were adjusted to their optimum values for each
strain. The agitation speed was 200 rpm, provided by a centrifuge propeller. The
02 and pH electrodes were used for controlling process conditions. The cells were
harvested at different time periods (24, 48, 60, 72 and 96 h post inoculation), and

the cell-free clear supernatant was used to determine the a-amylase yield.
3.2.9. Isolation and Purification of a-amylases

Purification of enzyme from different bacterial strains was performed by
combination of various chromatographic techniques. Unless otherwise stated, all
the fractionations were carried out either at 4°C while using FPLC or at room

temperature (~24°C).

3.2.9.1. Purification of a major alkaline a-amylase from Bacillus subtilis strain
ASOla '

Purification of an alkaline a-amylase from Bacillus subtilis strain ASOla
was performed by ammonium sulphate precipitation of cell-free culture supernatant
followed by acetone precipitation and the final punfication was achieved by gel-
ﬁlﬁaﬁon method. At each purification step, enzyme activity and protein
concentrations were determined by following standard assay protocols (Section

3.2.3. and Section 3.2.6., respectively).
3.2.9.1.1. Ammonium sulphate precipitation of culture supernatant

One liter of statistically optimized media was inoculated with mid-

logarithmic culture of bacterial inoculum (B. subtilis strain ASOla) and cells were
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allowed to grow for 60 h in a 5-litre fermenter (New Brunswick Scientific, USA)
at an agitation speed of 200 rpm and at 45°C. After the period of incubation, cells
were harvested by centrifugation at 5000 rpm for 10 min. To the cell-free
supernatant (CFS), solid (NH.4)2SO; was added gradually to make its final
concentration up to 50% (w/v) and the mixture was allowed to stir slowly for
another 4 h. The precipitated proteins were then recovered by centrifugation of the
resultant mixture at 8000 rpm for 15 min and then they were dissolved in a
minimum volume of 20 mM K-phosphate buffer, pH 7.0. The above fraction was
then dialyzed extensively against the same buffer to remove the salt and the a-

amylase activity of the dialyzed fraction was examined.
3.2.9.1.2. Acetone precipitation method

The volume of the (NH4):SOs4 fraction was raised after dialyses steps;
therefore, pre-chilled acetone was added to the protein solution (after dialysis) at a
final ratio of 1:1.5, v/v and the solution was kept at —20°C for 12 h. Thereafter,
precipitated proteins were recovered by centrifugation of mixture at 8000 rpm for
15 min and the resulting pellet so obtained was then dissolved in 1.5 ml of 20 mM
K-phosphate buffer, pH 7.0.

3.2.9.1.3. Gel-filtrations

The above protein solution was then loaded onto a Sephadex G-50 gel-
filtration column (1 cm x 64 cm) pre-equilibrated with 20 mM K-phosphate buffer,
pH 7.0. Elution of the proteins was carnied out with the equilibration buffer at a
flow rate of 24 ml/h. One-ml fractions were collected and each [raction was checked
for a-amylase activity and protein content. The fraction showing highest a-amylase
activity was then analyzed by SDS-PAGE (Section 3.2.10.1)

3.2.9.2. Purification of a thermostable a-amylase from B. licheniformis strain
ASOSE

An extracellular thermostable a-amylase was purified from B. licheniformis

strain ASOS8E’s cell free supematant (CFS) by hydrophobic interaction
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chromatography (HIC) followed by fractionation of the HIC-bound proteins
through gel-filtration chromatography. At each purification step, enzyme activity
and protein concentration were determined by following standard assay protocols
{Sections 3.2.3. and 3.2.6.).

3.2.9.2.1. Hydrophobic interaction chromatography

Purification of thermostable a-amylase was initiated by cultivating B.
licheniformis strain ASOS8E in a 5-fiter fermenter (New Brunswick Scientific, USA)
contaming 1-hter of the statistically optimized media at an agitation speed of 200
rpm for 60 h at 45°C. Solid (NH4),SO4 was gradually added to 1-liter CFS to attain
1 M solution then the mixture was stirred slowly for an additional 30 min at 4°C to
mix uniformly. This solution was then applied to the pre-equilibrated Phenyl-
Sepharose column (5 mm x 20 mm) attached to an AKTA FPLC purification
system (Amersham biosciences, Uppsala, Sweden). The Phenyl-Sepharose column
was pre-equilibrated with 50 mM K-phosphate buffer, pH 7.4 containing 1.0 M
(NHa4)2S04. The bound proteins were first washed and then eluted with the linear
gradient of 1.0-0.0 M (NH4)2804 in 50 mM K-phosphate buffer (pH 7.4) at a flow
rate of 2 ml/min. Two-ml fractions were collected and elution of proteins'was
monitored at 280 nm. The fractions showing maximum a-amylase activity were
pooled, dialyzed and concentrated by using ultrafiltration umt (50-kDa cutoff
membrane) (Amicon, Beverly, MA, USA).

3.2.9.2.2. Gel-filtrations chromatography

The above concentrated pooled fraction was further fractionated using
FPLC-Sephacryl S-200 gel filtration column (120 ml), pre-equilibrated with 50
mM K-phosphate buffer (pH 7.4). Elution of proteins was carried out with the
equilibration buffer at a flow rate of 20 ml/h. One-ml fractions were collected and
elution of protein was monitored at 280 nm. Each fraction was checked for a-
amylase activity and protein content. The fraction showing highest a-amylase
activity was analyzed by SDS-PAGE (Section 3.2.10.1).
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3.2.10. Biochemical characterization of the purified enzymes from these strains

The purified enzymes were characterized for the determination of

biochemical properties using the procedures described below.
3.2.10.1. Assessment of purity and molecular weight determinations

The homogeneity as well as molecular mass of the gel filtration fraction
displaying highest a-amylase activity was checked by either 10% or 12.5% SDS-
PAGE of protein(s) under reducing (treated with B-mercaptoethanol) as well as
non-reducing conditions [368]. Briefly, 50 pg of crude enzyme and 15 pg of each
purified enzyme were loaded into separate wells of loading gels. Preparation and
casting of both separating and loading gels were done as described by Laemmli
[368] and compositions of both the gels are given in Appendix 1.

Electrophoresis was performed at a constant current of 20 mA until the dye
front (bromophenol blue) reached the bottom of the gel. Afler electrophoresis,
proteins in the gel were fixed by incubating the gel in 20% TCA for 30 min at room
temperature followed by washing the gel several times in distilled water
Subsequently, proteins were developed in the gel by staining with 0.1% Coomassie
Brilliant Blue R-250 in methanol: acetic acid: water (4:1:5 v/v/v) solution. Protein
bands were visualized by destaining the gel with the methanol: acetic acid: water
(4:1'5 v/v/v) solution and subsequently, the gel was scanned in an image analyzer
(Biospectrum® 500 Imaging system, India). Mobility of the punfied protein was
compared with the standard protein molecular markers ranging from 10-250 kDa
(Fermentas, USA) Molecular weight of the unknown protein was measured by
calculating its Rf value.

The N-terminal amino acid sequence of purified protein (AmyBL-I) was
determined by electrophoretically transferring the purified AmyBL-I band from
SDS-PAGE to a polyvinylidene difluoride (PVDF) membrane. Thereafter, the band
was excised and sequence was determined by the automated Edman degradation
method on an ABI Procise 494 protein sequencer (Applied Biosystems). The
sequence so obtained was homology searched in NCBI databasc and then aligned

using CLC Main Workbench 5 software (http://www.clcbio com).
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3.2.10.2. Amylase Zymographic study

For amylase zymography study, 1% (w/v) soluble starch was incorporated
into the native PAGE (without reducing agents and SDS) prior to the addition of
ammonium persulphate solution in pre-casting gel mixture. After casting, the gel
was run at a constant current of 15 mA for about 5 h at 4°C and then it was washed
with 50 mM K-phosphate buffer, pH 7.0, containing 1% (v/v) Triton-X-100.
Thereafter, it was reacted overnight with a 1% (w/v) soluble starch dissolved in K-
phosphate buffer, pH 7.0, containing 0.5% (v/v) Triton-X-100 and 0.6% NaNs at
45°C |159, 369]. The gel was then stained with iodine solution until clear band

appeared.
3.2.10.3. Dose-dependent a-amylase activity

To determine the effect of enzyme concentration on starch hydrolysis
activity, different amounts of enzyme (0.5 to 10.0 pg) were added to the one ml of
1% starch (w/v) solution and the final volume was adjusted to 2 ml. The starch
hydrolytic activity was assayed by following the method as described in Section
323

3.2.10.4. Determination of optimum time of incubation

To check the kinetics of enzyme-catalyzed reaction, an optimum
concentraﬁon of a-amylase enzyme was incubated with 1% starch (w/v) solution
reaction mixture for different time interval of 5, 10, 15, 30, and 60 min. After each
interval of incubation, enzyme reaction was stopped by adding DNS solution
(dinitrosalicylic acid) and a-amylase activity was assayed as described in Section
3.2.3.

3.2.10.5. Determination of optimum pH

To determine the optimum pH of the enzyme-catalyzed reaction, 10 pg of
purified enzyme was incubated with different pH buffers (5.0, 6.0, 7.0, 8.0, 9.0,
10.0,11.0, 12.0, and 13.0) and amylase activity in each buffer was determined. The
following buffers (50 mM) were used for the optimum pH determination: Na-
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citrate buffer (pH 4.0-5.0), K-phosphate buffer (pH 6.0-7.0), Tris-HCI (pH 8.0-9.0),
and glycine-NaOH (pH 10.0-13.0). To study the stability of the punified enzyme as
a function of pH, a fixed amount of purified enzyme was mixed with 2.0 mi of the
above buffer and resultant mixture was incubated at 37°C for desired periods.
Thereafter, amylase activity at each pH was determined as described in Section
3.2.3. The activity of enzyme at optimum pH is considered as 100% and other

values were compared with that.
3.2.10.6. Determination of optimum temperature

To determine the optimum temperature for enzyme activity, 5-10 pg of
purified enzyme was added to 1 ml of 1% starch (dissolved in SO mM buffer at
optimum pH) solution and the mixture was then incubatéd at different temperatures
ranging from 40 to 100°C for optimum time of each enzyme. For each assay, a
control was also run in parallel. After the desired period of incubation, enzyme
reactions were terminated by adding DNS and subsequently amylase activity was

measured by the method described in Section 3.2.3.
3.2.10.7. Thermostability determination

For determining the thermostability of catalytic activity, a-amylases were
incubated at different temperatures ranging from 50 to 100 °C for 30 min either in
the presence or in absence of 5 mM Ca®' ions in appropriate buffer. Subsequently,
the test samples were withdrawn after the incubation period and 1 ml of 1% (w/v)
starch solution was added to each test samples and residual a-amylase activity was
estimated against the control (100% activity) following the standard a-amylase

activity assayed procedure as described in Section 3.2.3.
3.2.10.8. Kinetics study

The Km and Vmax values of the amylase enzymes were calculated by
Lineweaver—Burk plot using 0.1-2% (w/v) soluble starch as a substrate {370]. The
plots were drawn by plotting the reciprocal of substrate concentration (1/{S}]) on x-

axis vs. reciprocal of enzyme velocities (1/v) on y-axis. The tumover number (Kcar)
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of the enzyme was determined by dividing the value of Vpa: with the quantity of
enzyme (E) used for driving the reaction [Kcar = (Vmax)/ (E)]. All the experiments

were performed in triplicates and their mean values were used for plotting.
3.2.10.9. Effects of various Metal ions

To investigate the effects of different divalent metal ions on the a-amylase
activity, the purified enzyme was pre-incubated with different divalent cations (5
mM) for 30 min at room temperature. The metal ions tested were Ni%*, Co**, Mg¥',
Mo?*, Fe?", Hg?", Cu?*, Zn®*, Mn?*, Ca?*, and Cd?*. Subsequently, starch hydrolytic
activity was determined under the optimized assay condition, following the enzyme
assay protocol described in Section 3.2.3. The enzyme activity in absence ol metal
_ions served as positive control (100% activity) and the percentage of a-amylase
activity of the test samples (in presence of metal ions) was calculated against this

value.
3.2.10.10. Effects of various inhibitors, oxidizing agents and surfactants

Chemical modulators, viz. 4-bromophenacyl bromide (4-BPB),
iodoacetamide (1AA) and phenyl methyl sulfonyl fluoride (PMSF), were used to
modify histidine, cysteine, and serine residues of punfied enzyme respectively to
investigate their role in the enzyme catalysis process. To carry out this, 10 pg of
purified enzyme was incubated with the above effector molecules (2-5 mM final
concentration) in an assay buffer for 30 min at room temperature. Thereafier, the
residual amylase activity of each test sample (in presence of effector molecules)
was estimated by following the standard amylase activity assayed protocol as
described in Section 3.2.3. The amylase activity without any of above effectors
molecules was considered as 100% activity (control) and other values were
compared with that [354].

To investigate the effects of various surfactants (1% of SDS, Tween-20,
Tween-80, and Trition—X 100), chelating (2 mM EDTA), denatunng (2-5 M urea),
oxidizing (1% H202) and bleaching (2 mM sodium perborate) agents on a-amylase

activity, 10 ug of purified enzyme was pre-incubated with these chemicals for 30
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min at room temperature followed by assay of residual a-amylase activity (Section
3.2.3.). The a-amylase activity without any of the abovementioned reagents was

considered as 100% activity (control) and other values were compared with that.
3.2.10.11. End-product determination by TLC

The end-products of starch hydrolysis were analyzed and identified by thin-
layer chromatography (TLC) with a pre-coated silica gel plate (Merck 60 HPTLC
plate, Darmstadt, Germany). The reaction was imtated by incubating 100 unifs of
a-amylase with 2% (w/v) starch dissolved in 50 mM K-phosphate buffer (pH 7.0)
at optimum temperature. After specific periods of incubation, 50 ! aliquots (starch-
hydrolyzed products) were withdrawn from each reaction and analyzed by silica
gel TLC as described by Kusuda et al. {371]. Briefly, the reaction products were
loaded on TLC plates and were developed with a chloroform/acetic acid/water
(5:7:1) solvent system. After developing the plates, spots were visualized by
spraying the plate with 20% sulfuric acid/ethanol reagent, drying and baking in an
oven at 180°C for 3 min. Standard solutions such as glucose and maltose were run
side-by-side.

For quantitative analysis of the product formations, each spot from
unstained plates corresponding to the developed region of the chromatogram (in
another plate) was scraped into separate tubes and dissolved in minimum volume
of water. The liberated sugar from each spot was then quantified using phenol-

sulphuric method as described in Section 3.2.5.
3.2.11. Cloning of a-amylase gene from the bacteria under study

Considering the economic relevance and ever growing industrial demands
for a-amylase enzymes in the market, the molecular cloning of the amylase genes
from the isolated bacteria was initiated for the hyper-production and future enzyme
engineering of the cloned enzymes. Alpha-amylase gene from the isolated strains
were first cloned into a cloning vector (TA/pJET) for complete determination of its

sequence and then it was expressed into £ coli using the pET expression system.
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Strategies used for the cloning of amylase gene from the strains ASOla and ASOSE

are illustrated below (Figure 3.1).
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Figure 3.1: Schematic representation of cloning experiment for a-amylase genes
in E. coli.
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3.2.11.1. Isolation of a-amylase gene and cloning into TA/pJET cloning vector

3.2.11.1.1. Isolation of a-amylase encoding gene

Genes encoding a-amyvlase from B. subtilis strain ASOla and B
licheniformis strain ASO8E were PCR amplified by designing species-specific
primers based on a-amylase gene sequences [rom B. subiilis BF7658 (Genbank
accession No. FJ463162) and B. licheniformis DSM13 (Genbank accession No.
AEO017333), respectively. Genomic DNA from B. subtilis strain ASOla and B.
licheniformis strain ASOSE cells were isolated and purified using Fermentas

genomic DNA extraction kit as described in Section 32221,

3.2.11.1.2. PCR amplification and purification of the amplified gene

PCR amplification of a-amylase genes from B. subtilis strain ASOla and 5.
licheniformis strain ASO8E was done by using genomic DNA isolated (Section
3.2.11.1.1)) from these strains and PCR primers BSF1 & BSR2 and BLF1 & BLR2,

respectively (Table 3.5).

Table 3.5: Primers used in cloning a-amylase gene from ASOla & ASOSE.

Prumer pair Primer sequences (5%-3'* Product size
B. subtilis strain~ BSF1: §-CCCRBGEERR | | GCGCTTACAGCACCGTCGATCAA-3 ~1500 bp
ASOla BSR2: 5°-CGCGGATCCTTGAAAGAATGTGTTACACCT-3°

BSF3: 5'-CCCENEEIEC TATGTTTGCAAAACGATTC AA-3 ~1980 bp

BSR4: 5-CCGCTCGAGCTCAATGGGGAAGAGAACC-3

B. licheniformis ~ BLF1: 5-CCCNESGIEC TGC AAATCTTAAAGGGACGCTG-3' ~1480 bp
strain ASORE BLR2: 5-CCGCTCGAGCCTATCTTTGAACATAAATTGAAAC-3'
BLE3: 5'-CCCHRRRI 1 ATGAAAC AACAAAAACGG-3' ~1560 bp

BLR4: 5-CCGCTCGAGCCTATCTTTGAACATAAATTG-3'

*Green = Hind 111, Yellow = Xho | and Blue = Bam H | restriction sites

PCR mixture was prepared as described in Section 3.2.2.2.3. For the PCR

amplification. the following conditions were applied: initial denaturation for 5 min
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at 95°C followed by 30 cycles consisting of 1 min denaturation at 95°C, 30 s of
annealing at 59°C (for AS01a)/60°C (for ASO8E) and elongation steps for 2 min
at 72°C. After 30 cycles of amplification, a final extension for 7 min at 72°C was
performed to fill up sticky ends, if there were any. Finally, the PCR products were
stored at 4°C until further use. PCR products so obtained were gel purified using
the procedure described in Section 3.2.2.3.3.

3.2.11.1.3. Ligation of PCR product into cloning vector

Ligation of PCR product into a cloning vector (TA/pJET1.2) was imtiated
by setting up a reaction mixture containing the following components in a
microfuge tube kept on ice: 10 pl of ligase buffer (10X), 1 wl of gel purified PCR
product (50-100 ng), 1 pl of cloning vector (50 ng/ul), 1 ul of T4 DNA Ligase (5
units/ul) with the final volume adjusted up to 20 wl with the nuclease-free sterile
water. The reaction mixture was then vortexed for a short period, centnfuged for
10 s, and subsequently incubated at 16°C for overnight. However, in the case of
pJET1.2 cloming vector, before the addition of ligase and vector to the reaction
mixture, insert-blunting steps were performed by adding 1 ul of blunting enzyme

following the instruction of the manufacturer.
3.2.11.1.4. Competent cell preparations

DH5a/BL21a competent cells were prepared by calcium chlonde method.
In brief, a single bacterial colony was inoculated into 5 ml of SOB (Super optimal
broth) media (Appendix 1) and the cells were allowed to grow for overmight at 37°C
with shaking at 250 rpm. On the subsequent day, 100 ml of SOB medium was
inoculated with the 1 ml of saturated overnight culture and the culture was allowed
to grow at the above conditions until OD reached 0.4 at 600 nm (usually 2-3 h).
Thereafier, the cells were chilled on ice {or 10 min and suspensions were spun down
at 5,000 rpm for 5 min at 4°C. After centnifugation steps, cell pellets were re-
suspended in half the original volume of ice-cold 100 mM MgCl; and the sample
was incubated on ice for another 15 min. After the incubation step, cell suspensions

were spun down at 5,000 rpm for 5 min at 4°C and pellets were collected. Pellets
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were re-dissolved in half the original volume of ice-cold 100 mM CacCl; solution.
This was followed by re-incubation of cell suspension on ice bath for another 15
min. Cell pellets were harvested by centrifugation at 5,000 rpm for 5 min at 4°C.
The pellets so obtained were re-suspended in 1 ml of ice-cold solution of 100 mM
CaCl; containing 20% glycerol and subsequently, aliquots of 100 ul were aliquoted
into pre-chilled microfuge tubes and stored at -70°C until further use.

3.2.11.1.5. Transformation of competent cells by heat shock method

For transformation experiments, competent cell aliquots were taken out
from -70°C freezer and allowed to thaw on ice for 10 min. Then the cells were
suspended evenly by mixing. 2 wl of ligation product was then added to the cells
and they were mixed gently. After incubation of the reaction tube on ice for 30 min,
the cells were heat-shocked for 90 s at 42°C in a water bath, followed by placement
on ice for another 2 min. This was followed by addition of 600 pl of LB media to
each tube and then the tubes were incubated at 37°C for 1 h. After the incubation
period, about 350 pl of transformed cells were plated on the pre-made LB-agar
(LBA) plates containing kanamycin (30 pg/ml) / ampicillin (100 pg/ml) antibiotics
depending upon vector used. Cells were spread evenly on the plates, and then
incubated in upside down position for 12-16 h at 37°C in a static incubator.

1

3.2.11.1.6. Blue white selection of recombinant clones

For screening of recombinant clones on transformation plates, a blue/white
selection procedure was followed. Before plating of transformed cells to a LBA
plates, 40 pl X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) stock
solution (20 mg/mi) and 40 pl IPTG (isopropyl-b-D-thiogalactopyranoside) stock
§olution (100 mM) were spread evenly on the surface of the plate. The plates were
then lefi to dry for few minutes under a laminar hood and then the transformed cells

were plated on this X-gal, IPTG, and antibiotics-containing LBA plates.
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3.2.11.1.7. -Plasmid isolation and sequencing of recombinant vector

To investigate successful ligation of the PCR product, recombinant
plasmids need to be isolated from the recombinant clones (white colonies from
blue-white selection). Therefore, recombinant plasmids were isolated by following
alkaline lysis method as described by the miniprep plasmid isolation kit (Fermentas,
USA). Briefly, 5 ml of ovemnight culture cells harboring plasmids were\grown in
appropriate antibiotics [kanamycin (30 pg/ml) /ampicillin (100 pg/ml)] and were
harvested by centrifugation at 8,000 rpm for 5 min. Cell pellets were then re-
suspended by vortexing into 250 u of RNase-containing suspension buffer (P1).
This was followed by mixing of cell suspension in 250 pl lysis buffer (P2) by
mverting tubes 4-6 imes. Then the reaction mixture was neutralized by the addition
and mixing of 350 ul of neutralization buffer (P3) by inverting tubes 4-6 times. This
was followed by centrifugation at 13,000 rpm for 10 min and subsequent transfer
of supernatant into spin column and further centnfugation at same speed for 30 s.
After centrifugation, the flow-through was discarded and the column was washed
twice with the 0.75 ml of washing buffer (Fermentas, USA) by centrifuging at
13,000 rpm for 30 s. To remove any residual wash buffer, the spin column was
centrifuged again at 13,000 rpm for 30 s. After the washing steps, DNA was eluted
from the column in a clean microfuge tube (1.5 ml) by adding 50 pl of elution buffer
(Fermentas, USA) to the center of the column. After incubating the spin column for

1 min it was eventually centrifuged at 13,000 rpm for 1 min.

Sequencing of recombinant plasmid was accomplished t6 ascertain
successful ligation of PCR product by chain termination method using plasmid-
specific primers (described in Section 3.2.2.2.4). Sequences so obtained were then
blast searched using NCBI database for checking the completeness of the coding
sequence. However, after sequence analysis it was found that both ligated PCR
products (ASOla & ASO8E amylase gene) did not cover the complete coding
sequence (Open Reading Frame). Thus, a new set of primers (BSF3 & BSR4 for B.
subtilis strain ASOla and BLF3 & BLR4 for B. licheniformis strain ASO8E) was
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designed for each strain to cover the complete ORF before cloning it into an

expression vectors (Table 3.5).
3.2.11.2. Re-cloning of a-amylase gene into expression vector (pET28a)

In order to target the recombinant a-amylase outside the cell membrane into
the E. coli culture media (extracellular secretion), primers were designed to cover
the complete ORF, including the signal peptide (BSF3 & BSR4 for strain ASOla
and BLF3 & BLR4 for strain ASO8E). A restriction site was also introduced into
each primer (Table 3.5) for the production of overhang products as it helps in direct
cloning of PCR products into expression vector The complete coding sequence of
the a-amylase genes {rom B. subulis strain ASOla and B. licheniformis strain
ASO8E were PCR-amplified by using genomic DNA (isolated from above strains)
and PCR primers BSF3 & BSR4 and BLF3 & BLR4, respectively (Table 3.5).

The PCR mixture was prepared as described in Section 3.2.2.2.3., and the
PCR was performed as descnibed in Section 3.2.11.1.2., with slight modification in
annealing steps. Annealing for the BSF3 & BSR4 set of primers (strain ASO1a) was
carried out at 62°C for 30 s, while for BLF3 & BLR4 set of primers (strain ASO8E),
it was carried out at 58°C for 30 s. The PCR products so obtained after PCR
amplification were gel purnfied by following the procedure described in Section
32223

Restriction digestion of PCR products and the expression vector (pET-28a)
were carried out under similar conditions and with the same set of restriction
enzymes (Xho 1 and Hind 111). The restriction digestion experiment was set into a
clean microfuge tube on ice, which contained 2 pl of 10X restriction buffer (R)
(Fermentas, USA), 1.5 ul of each restriction enzyme (10 units), 2-5 ul of DNA
[PCR products (~100 ng) /pET28a (~50 ng)] and the final volume of reaction mix
was adjusted up to 20 pl with nuclease-free water. After mixing all components
gently, they were spin down for a few seconds and subseque;ltly incubated at 37°C

for 1-16 h in water bath. After completion of digestion, restriction enzymes were
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inactivated by incubating at 80°C for 20 min and the digested products were then
gel purified as described in Section 3.2.2.2.3.

After digestion, restricted PCR fragment and pET-28a vector were ligated
together (see Section 3.2.11.1.3.) and transformed into competent E. coli BL21a
cells as described in Section 3.2.11.1.5. On sucf:cessful transformation, recombinant
clones were checked for the desired insert by restriction analysis of recombinant
plasmids (isolated from recombinant clones) using the same set of restriction

enzymes used for cloning.
3.2.11.3. Sequencing and primary structure determination

The recombinant plasmids were isolated from the E. coli cells [see Section
32.11.1.7) and were sequenced (see Section 3.2.2.2.4) by automated DNA
sequencing units (3130 Genetic Analyzer, Applied Biosystem, Switzerland). The
nucleotide sequences so obtained after sequencing as well as their deduced amino
acid sequence were homology searched using NCBI-BLAST programme of NCBI
database (http://www.ncbi.nlm nih.gov). Further, with the help of primary structure
analysis tools available at http://www.expasy.org, the amino acid sequences were -
analyzed and their primary structures were determined. The signal peptides were
predicted using the neutral networks (NN) and Hidden Markov Models (HMM) |
competent on Gram-positive bacteria (SignalP 40 server, Technical University of
Denmark) [372]. The multiple amino acid sequence alignment was accomplished
using CLUSTAL W2 program [373] .of EMBL-EBI online software
(http://www.ebi.ac.uk) and the resulting alignment was illustrated through NCBI-

conserved domain program (http://www.ncbi.nlm.nih.gov).
3.2.11.4. Expression and purification of the cloned amylase gene in E. coli
3.2.11.4.1. Induction and over expression of recombinant proteins

To induce and examine the expression of extracellular a-amylase secretion
by the recombinant clones on solid media, individual clones were streaked cultured

on LB agar plates supplemented with 0.5% (w/v) soluble starch, 30 pg/ml

94 7 9. K, Roy, Tespur Unrversity, Tespur (Assam)
PhD Thesis: “Biochemical charactenzation and industnal application of amylases from bactena”



Chapter 3: Material < Methods 2013

kanamycin, and 40 pl of IPTG (100 mM) solution. The plates were then incubated
at 37°C for 18 h in a static incubator. After the incubation period, the plates were
stained with the KI> solution to visualize the zones of starch digestion (a-amylase

production) around the colonies.

For induction and expression in broth culture, the cells containing the
recombinant plasmids were then grown in 50 ml L.B medium supplemented with
30 ug/ml kanamycin at 37°C and 200 rpm until the culture reached mid-log phase
(0.3-0.4 OD at 600 nmy). Cells were then induced by addition of 1 mM final
concentration of IPTG solution for the expression of recombinant protein. The
induced cells were then allowed to grow overnight at 30°C and 200 rpm for the
expression of recombinant a-amylase into the culture media. The ovemight cultures
were subsequently centrifuged at 5000 rpm for 20 min at 4°C and the cell free
supernatant (CFS) was used for the measurement of extracellular a-amylase
production and SDS-PAGE analysis. The CFS from native E. coli cells was used
as negative control. For the determination of intracellular a-amylase activity, if any,
the cell pellets were re-suspended in Tris—HCI buffer (pH 8.0) and the cells were
disrupted by combination of lysozyme (1 mg/g of cells) treatment followed by
sonication for 3 min and then subjected to centrifugation at 12,000 rpm for 10 min
at 4°C. The supematant of clear lysate was then used for the measurement of

intracellular a-amylase activity.

3.2.11.4.2. Statistical optimization of extracellular expression of recombinant

proteins

With the help of signal peptides, recombinant amylases were able to be
exporled outside the cell, however, a large fraction remained inside the cell.
Therefore, RSM [374] was applied to optimize the cultivation conditions for over-
expression of recombinant a-amylase from E. coli into the culture media. The
optimization was designed based on a rotatable central composite design (CCD)
with 30 experimental trials involving 8 star points and 6 replicates at the central
points. Design Expert (State-Ease, USA) was applied to analyze the obtained

results. The cultivation conditions investigated were concentration of IPTG (C!),
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[

post induction time (C2), post induction terriperature (C3) and concentration .of
EDTA (C4), while the a-amylase activity (Y) was collected as the responses. These
parameters were selected, as they were believed to be the most crucial factors for
the expression of recombinant protein and considered by various researchers for
optimization of the expression of recombinant protein in £. coli [375-377]. Details
6f lower limit, central values, and the upper;: limit are shown in Table 3.6. For
statistical calculations, the relationship berwee:ri the coded values and actual value

i

1s as described 1n Eq. (4):

Ai—Ao ;
Ci=—=2—2 =123 ki (4
A L23,.., ’ 4)

Where C; is a coded value of the van'ablé, A;1s the actual value, Ap is the
actual value of 4; at the center point, and the star poihf was set with o of 2.0 from
the coded center point. The significance of the experimental data was analyzed
using the ANOV A test. A p-value (Probabililyf> F) less than 0.05 indicated that the
model terms are significant. Adequacyv of the model developed were further
validated using numerical method optimization option of the Design-Expert

(version 7.0.0, Stat-Ease, Inc.) software.

Table 3.6: Various levels of independent variables used for the optimization study
for extracellular expression of recombinant a—émylas&s (cloned from strains ASOla
and ASO8E) in E. coli

Independent f Levels

Variables -2 -1 0 1 2
IPTG (uM) (C1) 0.0 02 § 0.6 1.0 1.4
Time of post Induction (h) 6 12 18 24 30
. (€C2)
Temperature (°C) (C3) 15 20 25 30 35
EDTA (mM) (C4) 85 17 | 255 34 425
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3.2.11.4.3. Purification and biochemical characterizations of recombinant

proteins

For the purification of recombinant amylases, 100 mi of Terrific Broth (TB)
supplemented with 30 pg/ml kanamycin was inoculated with the transformed
colony (harboring recombinant plasmids) and was induced for the extracellular
expression of recombinant enzymes as described in Section 3.2.11.4.1. After the
period of induction (ovemight culture), cells were harvested by centrifugation at
5000 rpm for 20 min at 4°C and the CFS were collected. Solid (NH4)SO4 was
gradually added to the CFS at 4°C by slow mixing to attain a final concentration of
1.0 M. The solution was then stirred slowly for additional 30 min. After proper
mixing of the CFS, recombinant a-amylase enzyme was purified by a combination
of HIC and gel-filtration chromatography techniques as described in Section
3.2.9.2. Biochemical characterization of the purified recombinant proteins were

performed as described in Section 3.2.10.
3.2.12. Industrial application of the purified enzyme
3.2.12.1. Detergent stability

To determine the potentiality of the purnfied a-amylases as a laundry
detergent additive, a detergent stability test was performed. Commercial laundry
detergents available in the local market such as Surf excel® and Wheel®
(Hindustan Lever Ltd., India), Tide® and Arnel® (Procter & Gamble, Ihdia),
Henko® (Henkel India Ltd.), Fena Ultra® (Fena Pvt. Ltd., India), Safed®
(Safechem Industries Lid., India) and Ujala® (Jyothy Laboratories Ltd., India)
were undertaken for this studies {160]. Before the a-amylase stability assay, the
detergent solutions (7 mg/ml to stimulate washing condition) were pre-heated at
100°C for 90 min to destroy the endogenous enzyme activity, if any (which was
reconfirmed by a-amylase assay of heated detergents solutions). Then the purnified
enzyme was mixed to a final concentration of 1 pg of protein/ml of detergent
solution. Subsequently, the reaction mixture was incubated at 37°C for 1 h and

residual a-amylase activity was measured by standard assay procedure described in
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Section 3.2.3., and compared with the control (enzyme in tap water without
detergent). The relative activities of the purified a-amylases in the presence of
laundry detergent were expressed in percentage, considering the activity of control

(without detergent) as 100%.

To test the stability of purified a-amylases in presence of proteases (present
in detergent formulations), the former enzymes were incubated with 2 U/ml of
commercial protease preparation (proteinase K) for 1 h at 37°C, and thereafter, the
residual amylase activity was determined against the control (a-amylase without

protease treatment).
3.2.12.2. Wash performance analysis

With an aim to determine the efficacy of purified amylases to be used as a
bio-detergent additive, their wash performance was evaluated. This was done by
determining the chocolate stain releasing capacity of the purified a-amylases from
cotton fabrics as descnibed by Hmidet et al. [147] wath the following modifications.
Briefly, chocolate was heated at 70°C to liquefy it and 100 pl (10 mg/ul of total
carbohydrate solution) of the liquefied chocolate was stained to cotton fabrics (5
cm x 5 cm), which was then dried overnight under hot air oven [147]. To test the
wash performance, each piece of stained fabric was dipped in each of the following
flasks containing: (a) 25 ml of tap water (control), (b) 20 ml of tap water and 5.0
ml of 500 U/ml of purified amylases, (c) 20 ml of tap water and 5 ml of heated
detergent (7 mg/ml), and (d) 20 mi of tap water and 5 ml of heated detergent (7
mg/ml) containing 500 U/ml of purified a-amylases preparation. The flasks were
then kept at 37°C for 60 min. After that, the fabric pieces were taken out of the flask
and the leftover washes were used to determune the quantity of total carbohydrate
released from chocolate stained fabric by phenol-sulphuric method as described in
Section 3.2.5. Stain removal capacity of the purified enzymes was also determined
by visual examination of whiteness of the tested pieces of dried fabric [147] against

the untreated chocolate stained fabric, which was considered as a control.
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3.2.12.3. Desizing activity

To ascertain the desizing efficiency of purified enzymes, each piece of
cotton fabric (5 x 5 cm?) was starched in liquid solution and oven dried. The cloth
strips were then dipped into separate flasks containing (a) 25 ml of tap water
(control), and (b) 20 ml of tap water and 5 mi of 500 U/ml of purified enzyme. The
test flasks were kept at 75°C for 30 min followed by removal of the cloth strips.
After drying, each cloth strip was stained with KI; solution. Visual examination of
various pieces of dried cloth exhibited the desizing efficiency of the punfied
enzymes [147].

3.2.12.4. Raw starch digesting ability

The efficiency of purified enzymes to digest various raw starches (rice,
wheat and potato starch) was determined by incubating a-amylase (10 pg /ml) with
5.0 mL of 2% (w/v) starch dissolved in 50 mM phosphate buffer (pH ~7.0), as
starch liquefaction processes are mostly carried out this pH. The mixture was then
incubated at 60-70°C (as most of starch gelatinized above this temperature) for 6 h.
The extent of starch hydrolysis was determined by estimating the amount of
reducing sugars released in each case and the percentage starch hydrolysis was

expressed using the equation (5) shown below:

A
Raw starch hydrolysis (%) = A—l x09 X100 ... cc. cev eee e . (5)
o

Where A, was the amount of sugar (mg/ml) in the supernatant after the
reaction and Ao was the amount of raw starch before the reaction. The factor 0.9
(162/180) 1s the conversion factor due to the addition of water molecules to glycosyl
moiety on hydrolysis [287].

3.2.12.5. Raw starch adsorption analysis

Affinity of punified amylases towards raw starch was studied by incubating
0.2 g of raw starch granules dissolved in 1 ml of K-phosphate buffer (pH 7.0) with
100 U of enzyme at 4°C for 30 min. After the incubation period, the reaction
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mixture was centrifuged for 5000 rpm for 5 min. The enzyme activity in the
supernatant was determined and 1ts adsorbability percentage [16] was calculated as

given by:
, A-B
Adsorption (%) = — X 100 . i e a ()

Where, A and B represent the a-amylase activity in supemnatant before and

after adsorption on raw starch granules, respectively.

Starch binding study of the purified a-amylase was also determined by
monitoring the intrinsic fluorescence spectra of purified enzyme and soluble starch
(dissolved in 20 mM K-phosphate buffer by slight warming) using Perkin Elmer
LS55 fluorescence spectrophotometer. For binding study, the enzyme sample was
incubated with the starch solution in a cell for 5 min at 25°C, and then excited at
295 nm. Cohsequently, the emission spectra were registered from 300 to 500 nm.
The excitation and emission slit were both set 10 5 nm |378]. A blank was also set
up under similar conditions for determining any effect of the phosphate buffer

solution.
3.2.12.6. SEM analysis of digested raw starch

Scanning Electron Microscopy (SEM) images of digested raw starch
(enzyme treated) were compared with the undigested starch at 15 kV (JEOL model
JSM-6390 LV). Hydrolyzed raw starch was prepared for the SEM analysis by
collecting the un-dissolved raw starch from hydrolysis experiment (Section
3.2.12.4.) by centnifugation. The pellets so obtained were washed thrice with 70%
ethanol and were dried in air before the SEM analysis was conducted {159, 299].
Controls for every raw starch material (without enzyme freatment) were also

maintained and were treated under similar conditions for comparative study.
3.2.12.7. Bread supplementation as anti-staling agent

The application of purified acidic amylase as anti-staling agent on bread

making was evaluated by the procedure described by Sharma and Satyanarayana
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[341]. The dough mixture was supplemented either with the purified enzyme
or with a commercial a-amylase preparation (Himedia, Mumbai) at a ratio of 0.03
g/100 g of dough (w/w) mixture. This was followed by mechanical blending with
60% (w/v) of water for 30 min to produce the dough. Control dough was also
prepared where no enzyme was added. These were then kept for proofing followed
by fermentation for 1 h at 33°C and 85% relative humidity. The proved doughs
were baked in electric oven at 220°C for 60 min. Subsequently, bread loaves were

cooled (1 h), packed 1n polythene bags, and stored for 5 days at room temperature.

To determine the reducing sugar content of the bread, 1.0 g of each bread
sample was dissolved in 5 ml of 0.1 M Na-acetate buffer (pH 4.5),
mixed well by vortexing, and centrifuged at 10,000 rpm for 15 min. Presence of
reducing sugar in the supematant was determuned using DNS reagent
[159]. Moisture content of the bread samples was estimated by drying the bread at
105°C to constant weight. To determine the bread color, a breadcrumb was attached
to HunterLab (Ultra-scan VIS, USA) and average value of triplicate readings was
recorded. The brownness index (BI) for the bread color was calculated |380] using

the following equation:

BI = 100 (x - 0.31) " _ (a+ 1.75L) .
=T o017 "X T (5.645L + a - 3.012b) @)

Whereas L = lightness index (0-100 = black — white), a = redness and
greenness [(+100) — (-80) = red — green] and b = yellowness and blueness [(+70) —
(-80) = yellow — blue].

For assessing the shelf-life, bread samples kept at room temperature were
visually inspected on alternate days for texture, softness, and staling. The crumb
texture of the loaves (hardness, springiness, cohesiveness, and gumminess) was
evaluated by texture profile analysis (TPA) using a texture analyzer (TA-HD-plus,
Stable Micro Systems, UK.) having a 35-mm flat-end aluminum compression disk
{probe P/35). Slices of 2 cm thickness were compressed to 40% of their original
height in a TPA double compression test, at 1 mm/s speed test, with a 20 s delay

between the 1% and 2" compression [380]. A semi-trained panel did sensory
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analysis for overall acceptability of the bread samples. All these experiments were

performed in triplicate, and the average values were determined.
3.2.12.8. Immobilization of a-amylase on Magnetic Nano-particle
3.2.12.8. 1. Preparation of iron-oxide magnetic nanoparticle (MNPs)

Iron-oxide MNPs were prepared as described by Rossi et al. [381]. Bniefly,
1.0 M KOH solution was added drop wise to 25 ml of 0.1 N FeCl; |dissolved in
MilhiQ water (Millipore, Billerica, MA, USA)}, with constant stirnng at room
temperature until pH 7.2 was achieved and a characteristic dark green color was
observed. To this suspension, 250 ul of 3 % (v/v) H20: was added to turn dark
green suspension into a black precipitaie, which was attracted by a permanent
magnet. After separating the particles by magnetic decantation, they were washed
thrice with 20 ml of distilled water and a final washing with 20 mi of acetone. After
overnight drying at room temperature, the yield of MNPs was determined.

3.2.12.8.2. Covalent Coupling of a-amylase onto Iron-oxide MNPs

Alpha-amylase was covalently attached to MNPs by following the protocol
described by Mukherjee et al. |382]. Briefly, 25 mg (optimized value) of iron-oxide
MNPs were suspended by sonication in 20 mM Tris-HCl, pH 8.0 buffer (optimized
buffer). Subsequently, 500 pl of freshly prepared cyanamide solution (20 mg/ml in
respective buffer) was added to the above suspension and 1t was mixed by further
sonication for 15 min at room temperature. Then, 500 ul of a-amylase enzyme (2
mg/ml of protein concentration) was added to the cyanamide-treated MNP
suspension and it was again sonicaled for 30 min at 4°C (ice-bath). The enzyme-
coupled with Fe3;04 MNPs was separated from the reaction mixture by magnetic
decantation and was washed with distilled water several times until no protein was
detected in the post washes. The washed enzyme-coupled MNPs were then re-
suspended in 2.0 ml of the respective buffer containing 0.1 M NaCl (for flocculation
of MNPs), and finally stored at 4°C until used.
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The amount of protein immobilized onto iron-oxide MNPs was determined
by measurning the total protein content (Section 3.2.6.) of the supematant in post
immobilization process as well as the pooled post washes, then subtracting this
combined value of protein content from the total enzyme solution used for the

binding study.
3.2.12.8.3. Biophysical characterization of free and a-amylase coupled MNPs

Size and morphology (free and enzyme bound) of iron-oxide MNPs were
determined by SEM (JEOL model JSM-6390 LV) at 80 kV. Other biophysical
characterizations such as magnetic behavior, binding affinity and Nano-crystallite
size of free and enzyme bound MNPs were determined by using hysteresis loop
tracer (Model HLT-III, Sestechno), FTIR (Fourer transform infrared)
spectrophotometer (Nicolet, model Impact-410) and by measuring X-ray
diffraction (XRD) on a X-ray diffractometer (Miniflex, Rigaku Corporation,
Japan), respectively |382]. Thermal and storage stabilities as well as reusability of
enzyme bound MNPs were determined by following the procedure described by
Mukherjee et al. [382].

3.2.12.8.4. Application of MNP-bound a-amylase for continuous starch
hydrolysis

For application of MNP-bound a-amylase for continuous starch hydrolysis,
a glass column (10 x 25 mm) was packed with iron-oxide MNP-bound a-amylase
and washed with 0.1 M Tris-HCI (pH 9.0) buffer several times. Then 2.0 ml of 1%
(w/v) starch dissolved in 0.1 M Tns-HCI buffer (pH 9.0) was transferred to the
column and incubated at 45°C for different time periods. The starch-hydrolysis
efficiency of MNP-bound a-amylase was compared with starch hydrolysis by un-
immobilized enzyme under identical condition. Two controls were set up where

starch was kept at 45°C without enzyme and with free iron-oxide MNP particles.
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Chapter 4: Results

4.1. Screening of soil samples

The pH of the soil sample (ASO1) collected from Golaghat district of
Assam, India, was found to be ~6.5. Thus, with an aim to 1solate novel acidic o-
amylase producing bacterial strain from this soil sample, it was screened on a starch
agar plate. By serial dilution methods, six colonies were found capable of producing
extracellular amylases, as they were able to form a clear halo zone around the
colonies. Among the six amylase-producing colonies, the strain ASOla showed the
maximum zone of starch hydrolysis (19.0 mm) on starch agar plates and thus it was
selected for further studies. Figure 4.1 illustrates the starch hydrolyzing activity by

this strain on starch agar plates by streak plate methods.

Figure 4.1: Plates showing halo zone formation on starch agar plates by
extracellular a-amylase producing strain ASOla isolated from soil sample of

Golaghat district of Assam, India.
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4.2. Identification of bacteria

4.2.1. Morphological and biochemical identification
Gram staining revealed that strain ASOla is a gram-positive, non-motile,

non-acid fast bacterium and shows the formation of round/oval shaped spores

Figure 4.2: Differential staining of the extracellular amylase producing strain
ASOla (A: Gram staining: B: spore staining; C: malachite staining; D: acid-fast

staining).

Figure 4.3 shows thai the ASO1a strain is capable of hydrolyzing various
carbon sources and it shows positive citrate, nitrate, and catalase resulis for tesis. A
ummary result obtained after morphological and biochemical analvsis of the

isolated strain are shown in Table 4.1.
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1 23 4 5 67

Control Yf ;
’

Test Sample

1: Citrate utilization; 2: Lysine utilization; 3: Ornithine utilization; 4: Urease detection;
5: Phenylalanine deamination; 6: Nitrate reduction; 7: H,S production; 8: Glucose utilization;
9: Adonitol utilization; 10: Lactose utilization; 11: Arabinose utilization; 12: Sorbitol utilization.

Control

Test Sample

1: Motility; 2: Motility; 3: Indole utilization; 4: Citrate utilization; 5: Glucuronidase;
6: Nitrate reduction; 7: ONPG (ortho-Nitrophenyl-§-galactoside); 8: Lysine utilization;
9: Lactose utilization; 10: Glucose utilization; 11: Sucrose utilization; 12: Sorbitol utilization.

Figure 4.3: Biochemical characterization of the isolated strain ASOla

The analysis of morphological and biochemical properties of the bacterium
(strain ASOla) according to the Bergey's manual of systematic bacteriology [316.
355] suggests that strain ASOla belongs to the Bacillus genus and thus it is
designated as Bacillus sp. strain ASOla.
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Table 4.1 A summary of biochemical and morphological diafacteristilgs‘ of the
strain ASOla The result represents the observation of tnplicate experiments

Characteristics Observation
e ———— T ——— ———
Morphology — * ™ Rod shaped, moule negative, Gram positive,

spores are round/oval

Growth pH 50— 90, opimum at pH 6 0
Growth temperature- Growth range 30-55°C, opumum at 45 -50 °C
Growth in NaCl 05-50%(wh)
Catalase Positive
Voges-Proskauer Test Negatve

Methyl Red lest Negative
Utiization of D- Glucose Positive
Utihization of Lactose Varnable
Utilization of Adomitol Vanable
Utilization of Arabinose Posttive
Utihization of Sorbitol Positive
Utilization of Sucrose Positive

Gas from Glucose Neganve
Hydrolysis of casein Varnables
Hydrolysis of gelatin Positive
Hydrolysis of starch Positive

Urease activity Negative
Citrate’'utilization Positive

Indole formation Variable

Nitrate reduction Postuve

Lysing utihzanon Neganve

H,S production Negative
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