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Abstract Streptomyces badius DB-1 produces «-amylase extracellularly, and its production
was enhanced 5.1-fold (from 9.47 £ 0.51 to 48.23 + 1.45 U mL ") due to optimization by one-
variable-at-a-time and statistical approaches. Soluble starch emerged as the most influential
factor that strongly affected enzyme production. The purified enzyme is a monomer with a
molecular mass of ~57 kDa and optimally active at 50 °C and pH 6.0. The enzyme hydrolyzes
soluble as well as raw starches into simpler sugars with a high proportion (>40.0 %) of
maltotetraose. It is optimally active at moderate temperature and generates
maltooligosaccharides from starch, thus, useful as an antistale in bread making. It also plays
a role in increasing the formation of maltooligosaccharides due to transglycosylation activity,
thus, finds application in functional foods. This is the first report on the production of raw
starch-digesting o-amylase by S. badius with transglycosylation activity.

Keywords Streptomyces badius - x-amylase - Process optimization - Starch saccharification -
Transglycosylation activity

Introduction

Amylases are glycoside hydrolases (GHs), which act on «-(1,4)- and/or «-(1,6)-glycosidic
linkages between adjacent glucose units of starch polymer and liberate diverse products. The
maltooligosaccharides are being increasingly used as biopreservatives and in functional foods
in the recent years [1]. They have characteristic features that modify the flavor and
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physiochemical properties of foods. Maltooligosaccharides are non-digestible in the upper
gastrointestinal tract and thus considered prebiotics which have beneficial effects on human
health [2, 3], thus, used as major ingredients of various food products such as beverages, infant
milk powders, confectionery, bakery products, yoghurts, and dairy desserts [4]. As chemical
synthesis of maltooligosaccharides larger than maltotriose is not economically feasible, there is
an immense interest in the use of maltooligosaccharide-forming amylases in food industry [2].
The application of amylases is not only limited to food industry but also in pharmaceuticals,
textile, and paper industries [5]. Amylases account for approximately 25 % of total enzyme
sales worldwide and have almost replaced chemical hydrolysis of starch in starch saccharifi-
cation [6]. Starch-hydrolyzing enzymes are classified into three major GH families: «-
amylases (GH13 family), [3-amylases (GH14), and glucoamylases (GH15). «x-Amylases
(1,4-x-D-glucan glucanohydrolase, EC 3.2.1.1) are endo-amylases hydrolyzing x-(1,4)-glyco-
sidic bonds of starch polymers randomly to generate shorter oligosaccharides and different o-
limit dextrins [7]. «-Amylases are widely distributed throughout microbial, animal, and plant
kingdoms. Over the past few decades, microbes are preferred over other sources to produce
amylases, since they are easier to cultivate and manipulate for producing enzymes of the
desired characteristics [8]. There are several reports on amylase production by microorganisms
including fungi [5], actinobacteria [6], and bacteria [7]. Actinobacteria are well known to
produce bioactive compounds including antibiotics and enzymes. Among them, Streptomyces
species have been a prominent source of extracellular hydrolytic enzymes. Streptomyces
species such as Streptomyces lonarensis [9], Streptomyces sp. MSC702 [10], Streptomyces
gulbargensis [11], and Streptomyces erumpens MTCC 7317 [12] have been reported to secrete
extracellular amylase.

To maximize enzyme yield without increasing the cost of production is of prime
importance in industrial enzymology. High enzyme production can be attained by either
genetic manipulation of microbes or process optimization. Optimization of fermentation
parameters has been traditionally used in the development of economically feasible
bioprocesses to meet the industrial demands [12]. Formulation of an appropriate fermen-
tation medium is, therefore, a crucial factor for enhancing the product yield. Submerged
fermentation is more ideal for the production of industrially important enzymes because
of the ease of controlling fermentation variables such as pH, temperature, and aeration
[13]. Medium optimization by the conventional methods involves varying one factor at a
time while keeping others constant, which is based on the assumption that effect of every
variable is mutually independent and may be effective in some situations. This is quite
time consuming and requires a lot of experimentation to achieve optimal enzyme yield
[9]. Despite its limitations, it is still useful in standardizing various physical and
nutritional parameters. Plackett-Burman design (PB) and central composite design
(CCD) in response surface methodology (RSM) are most popular statistical tools [14];
these not only allow rapid screening of a large number of factors and to understand
interactions but also reflect the role of each component [15]. Statistical approaches have
been used to optimize various fermentation processes for the production of enzymes [16],
metabolite and biomass.

Raw starch-degrading «-amylases act on the starch granules without requiring
gelatinization step, thereby reducing the energy cost of starch processing. Two Streptomyces
spp. [17, 18] and Thermobifida fiisca [19] have also been reported to secrete raw starch
hydrolyzing amylases. Raw starch-hydrolyzing enzymes are receiving immense attention in
the starch saccharification. Furthermore, some x-amylases display transglycosylation activity,
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thus, transferring specific sugar moieties to the hydroxyl group of other saccharides [20],
therefore, are useful in synthesizing maltooligosaccharide glycosides. Amylases with
transglycosylation activity have been used in the modification of bioactive natural compounds
to enhance their stability and solubility [21].

Bread and bakery goods are mostly consumed food products around the world.
Microbial enzymes such as «-amylases and xylanases have been used as additives in
bread making to improve overall texture and taste of bread. Amylases hydrolyze wheat
starch into fermentable sugars for the yeast to act upon [7]. «x-Amylases with interme-
diate thermostability are useful as antistale to reduce crumb firmness during storage,
thereby increasing the shelf life of bread [22].

In this investigation, an attempt has been made to formulate a cost effective medium
for maximizing amylase production by using both conventional and statistical ap-
proaches. The enzyme was purified and confirmed its applicability in raw starch sac-
charification, maltooligosaccharide synthesis and bread making. This is the first report on
the production of raw starch-digesting «-amylase by Streptomyces badius DB-1with
transglycosylation activity.

Materials and Methods
Microorganisms and Other Materials

The actinobacterial strains used in this investigation were procured from Dr. Debananda
Ningthoujam, Department of Biochemistry, Manipur University, Imphal (India). The
primers used in this investigation were purchased from Sigma-Aldrich (USA). pGEM-
T easy vector kit was purchased from Promega, USA. Glucose, maltose, maltotriose,
maltotetraose, maltopentaose, soluble potato starch, cyclodextrins, amylose, amylopectin,
and pullulan were purchased from Sigma-Aldrich (USA). All other chemicals were of
analytical grade. While raw starches were procured from the local market.

Selection of Amylase-Producing Actinobacteria Strains

Thirty actinobacterial cultures were screened for the production of amylase by the qualitative
halo-assay method. Cells were grown on starch peptone agar (g L™': starch (10.0), peptone
(5.0), Na,HPO, (3.0), NaH,PO4 (1.0), MgCl, (0.15), pH 7.0). After 3 days of incubation,
amylase-producing strains were identified by flooding with Lugol’s iodine solution (containing
3.0 % KI and 0.3 % I,). The actinobacterial strains forming starch clearing zones against dark
blue background were selected and further screened on the basis of quantitative amylase assay
[23] and the end products formed by the enzyme action. The formation of end products was
analyzed by thin-layer chromatography (TLC) technique. The strain DB-1 exhibited high
amylolytic activity and liberated a relative higher quantity of maltooligosaccharides.

Amylase Assay and Protein Estimation
The amylase activity was determined by quantitating reducing sugars liberated during enzyme-
substrate reaction using dinitrosalicylic acid (DNSA) reagent [23]. The enzyme reaction was

performed at 50 °C for 15 min using soluble starch (0.5 %, w/v) as substrate in 0.1 M
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phosphate buffer (pH 6.0). One unit of amylase is defined as the amount of crude enzyme that
liberates 1 pmol of reducing sugar (as maltose)/min under the assay conditions. The total
protein was quantitated by the Bradford method using bovine serum albumin (BSA) as the
standard [24].

Identification of Strain DB-1

The strain was identified on the basis of scanning electron micrograph, fatty acid methyl ester
(FAME) profile, 16S ribosomal DNA (rDNA) gene sequence analysis, and spectra of MALDI-
TOF-MS of ribosomal proteins. Scanning electron microscopy of cells of strain DB-1 was
carried out at Advanced Instrumentation Research Facility (AIRF), Jawaharlal Nehru Univer-
sity, New Delhi, India. The analysis of cellular fatty acid methyl ester profile by gas
chromatography was performed at the Institute of Microbial Technology (CSIR-IMTECH),
Chandigarh, India. Genomic DNA was extracted from the actinobacterial biomass according to
Tripathi and Rawal [25]. The 16S rDNA gene was amplified by using universal 16S rDNA
primers (27F and 1492R), and amplified gene product was cloned in pGEM-T easy vector
(Promega, USA) and sequenced at central instrumentation facility (CIF), University of Delhi
South Campus, New Delhi, India. The 16S tDNA gene sequence was deposited at the National
Centre for Biotechnology Information (NCBI). Phylogenetic tree of 16S rDNA gene sequence
of strain DB-1 was constructed using the neighbor-joining method and MEGA 5.2 software.
Analysis of MALDI-TOF-MS of ribosomal proteins was carried out at National Centre for
Cell Science, Pune, India.

Inoculum Preparation and Cultivation Media

The inoculum for amylase production was prepared in starch peptone broth. One percent 40-h-
old inoculum containing 2.0 x 107 cfu mL ' was used for inoculating amylase production
medium. In order to select a suitable medium that supports good enzyme production, the
actinobacterial isolate was cultivated in 14 different media of varied compositions (pH 7.0) at
30 °C and 200 rpm for 72 h in an incubator shaker. Among these, medium 5 (g L ': starch
(20.0), peptone (10.0), yeast extract (1.0), Na,HPO, (3.0), NaH,PO, (1.0), and MgSO, (0.2))
supported luxurious growth and high enzyme titer. The medium composition was further
modified by using classical and statistical optimization methods.

Experimental Design for Optimization of Medium Component

The effect of various physiological and nutritional parameters of the production medium were
investigated first by one-variable-at-a-time (OVAT) approach, followed by identifying signif-
icant parameters that affect amylase production by PB design. The interactions among
significantly important parameters were further investigated by RSM.
One-Variable-at-a-Time Approach

Selection of Physiological and Nutritional Parameters

The effect of incubation period on enzyme production was assessed by incubating the culture
flasks at 30 °C for 7 days. The flasks were harvested at an interval of 24 h, and the culture
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supernatants were used in amylase assays. The effect of pH (5.0-9.0) was assessed using
50 mM acetate (5.0), phosphate (6.0-8.0), and glycine-NaOH (9.0) buffers in the medium 5.
The effect of temperature (15—40 °C) and agitation (100-300 rpm) on amylase production
were also evaluated.

To select a suitable carbon source for amylase production, 2.0 % (w/v) starch of production
medium 5 was substituted with equimolar proportions of different carbon sources such as
maltodextrin, disaccharides (maltose and lactose), monosaccharides (glucose, fructose, and
galactose), and sugar alcohols (glycerol and sorbitol). Likewise, peptone (1.0 %) as nitrogen
source was substituted with equimolar nitrogen concentration of both organic (casein hydro-
lysate, tryptone, soybean meal, beef extract, triammonium citrate, and urea) and inorganic
nitrogen sources (ammonium chloride, ammonium nitrate, ammonium sulfate, and potassium
nitrate). After cultivation and harvesting, culture supernatants were used in amylase assays.

Plackett-Burman Design

After selecting the favorable physicochemical and nutritional factors for amylase production
by S. badius DB-1, various variables such as soluble starch, NH,Cl, yeast extract, phosphate
strength, MgSO,, and inoculum size were evaluated for their effect on enzyme production by
PB design (Table 1). PB design is a two-factorial design, which identifies the critical
physicochemical parameters required for elevated amylase production by screening 7 variables
in n + 1 experiments. All variables were examined at two widely spaced levels, minimum (—)
and maximum (+) to generate a set of 12 experiments using Design expert® 6.0 (Stat Ease,
Inc., Minneapolis, USA).
The response of parameters on the production was calculated by the following equation

E=(QM+-YM-)/N (1)

where, E is the effect of individual parameter and M+ and M— are responses (amylase
activities) of trials at which each factor was at its higher and lower levels, respectively. N
represents the total number of trials.

Table 1 Minimum and maximum range for parameters selected for PB run

Variable Parameters (%) Range coding
Low level (—1) High level (+1)

A Soluble starch 0.5 35

B NH,4Cl 0.25 1.25

C Yeast extract 0.0 0.5

D Phosphate® 0.5 1.5

E MgSO, 0.0 0.1

F Inoculum size 0.5 2.5

AK,HPO,/KH,PO, 3:1 g L' -fold concentrations with respect to the medium
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Response Surface Methodology

To determine the interactions among critical variables and their optimum levels to enhance
enzyme yield is the next step in the formulation of production medium. The determination of
interactions among the significant variables selected on the basis of p values, were studied by
RSM design using CCD. The critical parameters examined are shown in Table 2. Each of
which was evaluated at five coded levels (=2, —1, 0, +1, +2) and a total of 20 experimental
runs with three factors and six repetitions at the center were generated using Design expert®
6.0.

ANOVA Analysis, Statistical Modeling, and Model Validation

The data recorded in RSM experiments were subjected to analysis of variance and further
expressed according to the following quadratic model equation to predict the optimal points.

Y =0y +B1A+ BB+ B;C + 1A2 + 35,82 + 333C2 4 B1pAB + B3AC + 33BC - (2)

where Y was the predicted response, (3o was an intercept, 3, ., and (33 were linear
coefficients, 11, 2, and 333 were squared coefficient, and 312, 313, and (323 were
interaction coefficients. In this study, A, B, C, A%, B2, C?, AB, AC, and BC were the
independent variables. The ANOVA study, 3D curves, contour, and one-factor plots were also
employed in order to illustrate the relationships among significant parameters and to find the
optimum concentration of each factor for amylase production. The statistical significance of
the model equation and the model terms are expressed via the coefficient of determination (R*)
and the adjusted R*. The significance of quadric model was checked by Fisher’s test value (F
value). The point optimization method was employed in order to check accuracy of the model.
A set of experiments by taking closed values of optimized process parameters predicted by
model were set up and assessed for practical validation of theoretical observations.

Enzyme Production in a Laboratory Fermenter
S. badius was cultivated in a 7-L laboratory fermenter (Applikon Biotechnology, the Nether-
lands) containing 4 L medium at constant aeration (0.1 vvm) under optimized cultural

conditions. The samples were drawn at the desired intervals and assayed for amylase activity.
The dry cell weight (dcw) and amylase production in terms of dew were calculated. The

Table 2 Experiment ranges of three parameters used in central composite design of RSM

Factor Variables Range coding level

+o +1 0 -1 et
A Starch (%, w/v) 4.00 3.29 2.25 1.21 0.50
B Yeast extract (%, w/v) 1.00 0.82 0.55 0.28 0.10
C MgSOy (%, wiv) 0.50 0.40 0.26 0.12 0.02
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spectrum of extracellular enzyme production during cultivation was checked on 10 % SDS-
PAGE gel [26].

Amylase Purification

The cell biomass was removed by centrifugation at 8000 rpm for 10 min. One liter of
enzyme supernatant was passed through 10 kDa molecular weight cutoff membrane. The
retentate with most of the amylase activity was subjected to fractional acetone precipi-
tation (30, 50, and 80 %). The 80 % acetone precipitated fraction was dissolved in
phosphate buffer (0.05 M and pH 6.0) containing 1.7 M ammonium sulfate and further
loaded onto pre-equilibrated phenyl sepharose column. The proteins were eluted by using
0.05 M phosphate buffer containing reverse gradient of ammonium sulfate (1.7 to
0.0 M). Each fraction was dialyzed against 0.05 M phosphate buffer to remove the salt
and assayed for amylase. For purified enzyme, 1 unit of amylase is defined as the amount
of enzyme that liberates 1 pumol of reducing sugar (as glucose)/min under the assay
conditions.

Determination of Molecular Mass of the Enzyme

A fraction showing amylase activity was run on 10 % SDS-polyacrylamide gel electrophoresis
[26] for checking the purity of amylase. The activity of pure protein was confirmed by
zymogram analysis on native PAGE as described by Nisha and Satyanarayana [27]. The
molecular mass of the purified protein was estimated from its relative position to those of a set
of protein markers with known molecular weight standards according to Nisha and
Satyanarayana [27]. Different molecular weight standards such as cytochrome ¢ (12.4 kDa),
carbonic anhydrous (29 kDa), bovine serum albumin (66 kDa), yeast alcohol dehydrogenase
(150 kDa), and sweet potato 3-amylase (200 kDa) were used to determine the molecular mass
of the enzyme on a semi-log graph plotted by taking V./V,, values on x-axis and molecular
weight on y-axis.

Effect of pH and Temperature on the Activity and Stability

Effect of pH on the activity of amylase was determined at different pH values (5.0-10.0) using
0.1 M acetate buffer (4.0-5.0), phosphate buffer (6.0-8.0), and glycine-NaOH (9.0-10.0). The
pH stability of the enzyme was studied by incubating the enzyme in buffers of pH 6.0, 7.0, 8.0,
and 9.0 at room temperature for 6 h. The residual activity was then determined. The effect of
temperature was studied in the range 20—70 °C. The thermostability of the enzyme was studied
by pre-incubating the enzyme at temperature ranging from 40 to 60 °C in the presence and
absence of 10 mM CaCl, and determining the residual activity.

Substrate Specificity and Enzyme Kinetics

To determine the substrate specificity of a-amylase, it was incubated in the presence of (0.5 %
(w/v)) soluble starch, wheat flour, rice flour, water chestnut, corn and sago starch powder (raw
starches), pullulan, amylose, amylopectin, x-cyclodextrin, 3-cyclodextrin, and y-cyclodextrin,
and «-amylase activity was determined. The K, Vinax and K., values were graphically
determined from the Lineweaver-Burk plot.
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Effect of Metal Ions and Other Modulators

The effect of different cations in the form of chloride/sulfate salts (CuSO,4, CoCl,, CaCl,,
MgS0O,, HgCl,, BaCl,, PbCl,, MnCl,, ZnCl,, and FeSO,4) and various modulators like
ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-
tetraacetic acid (EGTA), Woodward’s reagent K (WRK), dithiothreitol (DTT),
phenylmethylsulfonyl fluoride (PMSF), iodoacetate (IAA), and N-bromosuccinimide (NBS)
was studied at 1 and 5 mM. The effect of various detergents such as SDS (0.1 and 1.0 %) and
Triton-X-100 (0.1-0.2 %) were incorporated into the reaction mixtures and incubated for
30 min in 0.1 M sodium phosphate buffer at room temperature. The residual o-amylase was
determined under optimal conditions.

Analysis of Enzyme Action Pattern on Soluble Starch and Raw Starches

The types of sugars formed were analyzed on pre-activated silica gel plates (TLC Silica gel
60F,s4, Merck, Germany). The reaction mixture comprising 0.5 mL soluble starch solution or
wheat starch or sago starch powder (0.5 % (w/v) prepared in phosphate buffer (0.1 M, pH 6.0))
and 0.5 mL of a suitably diluted enzyme sample was incubated in a water bath at 50 °C for 20
and 60 min. One microliter from the 10-mg mL ™" stocks of standard sugars (glucose, maltose,
maltotriose, maltotetraose, and maltopentaose) and samples drawn at different time intervals
from amylase-starch reaction mixtures were spotted on TLC plates. Chromatograms were
developed using butanol/ethanol/water (5:3:2) as the solvent phase. The plates were dried at
37 °C for 2 h and sprayed with aniline-diphenylamine reagent [28]. The plates were kept in an
oven at 100 °C for an hour and observed for individual sugars appeared as dark blue spots on a
white background.

Analysis of End Products Formed on the Hydrolysis of Soluble Starch and Raw
Starches

The hydrolysis products of the enzyme-substrate reaction containing suitably diluted amylase
and 0.5 % substrate were assessed by high-performance liquid chromatography (HPLC;
Shimadzu) using an Aminex HPX-87P column (Biorad, USA) with acetonitrile/water
(70:30, v/v) as the mobile phase. Elution was conducted at 0.6 mL min! flow rate and sugars
were detected by a refractive index detector (RID).

Transglycosylation Activity of x-Amylase

Maltooligosaccharides such as maltose, maltotriose, maltotetraose, and maltopentaose were
used as substrate and incubated with pure enzyme for 2 h. The samples were drawn at 20 min,
1 h and 2 h and analyzed by TLC.

Application of x-Amylase in Starch Saccharification

The efficacy of purified enzyme in starch saccharification was assessed as described by Nisha
and Satyanarayana [27]. Different starches (raw wheat starch and sago starch powder (20 %,

w/v) prepared in sodium phosphate buffer (0.1 M, pH 6.0) were subjected to gelatinization at
105 °C for 10 min. Thereafter, the starch slurry was cooled to 50 °C and incubated with the
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amylase for 4 h. Aliquots were drawn at intervals of 2 h, and the reducing sugars liberated were
determined. The percent saccharification of starch was computed using the formula:

Reducing sugars mL™") as maltose x 0.95 x 100
%Starch saccharification = £ S8 (Mg )

Initial weight of starch (,ug mLfl)

The factor 0.95 normalizes the conversion for the weight gain caused by addition of water
molecule to glycosyl moiety on hydrolysis [29].

Application of x-Amylase in Bread Making

Wheat flour (300 g) was mixed with dry yeast (10 g), NaCl (4.0 g), and 60 % (w/v) water. «-
Amylase (5.0 U g ') was added and mixed mechanically for 30 min to produce the dough,
which was kept undisturbed for proofing followed by fermentation for 1 h and baked at 240 °C
for 20 min. Bread making was performed in the presence of x-amylase of S. badius DB-1
(test) and with the commercial -amylase (control). The amount of reducing sugars of test and
control bread were determined by the following the method of Miller [23]. The protein
concentration was quantified according to Bradford [24]. The moisture content percentage
was calculated from wet and dry weight of the bread. The shelf life of both test and control was
checked by keeping them at room temperature till they become dry and hard. The bread made
were then checked for moisture contents, softness, reducing sugars, protein, and shelf life. The
test and control bread were suspended in deionized water (1 mg mL ') and the supernatants
after centrifugation were analyzed for sugars formed by the action of S. badius DB-1 «-
amylase on wheat flour in the bread by thin layer chromatography (TLC).

Results and Discussions
Screening of Amylase-Producing Actinobacteria and Identification of Strain DB-1

On the basis of halo-amylase assay, 21 among 30 actinobacterial cultures displayed zones of
clearance surrounding the growing colonies on starch peptone medium. Among the tested 21
amylolytic actinobacterial isolates, a strain DB-1 produced a high amylolytic activity
(9.47 U mL ") under unoptimized cultural conditions (Table S1) and formed a relatively
higher amount of reducing sugars (data not shown). It grew as rough velvety colonies on the
agar plate (Fig. S1a). Microscopic morphological observation of a 3-day culture of strain DB-1
grown on malt extract yeast extract agar (International Streptomyces Project medium 2)
revealed well-developed aerial mycelium without fragmentation specifying that strain DB-1
has a typical characteristic of the genus Streptomyces (Fig. S1b). In general, cellular fatty acid
profile cannot be used to define Streptomyces species [30], since the genus Streptomyces
encompasses a large number of species with varied cellular fatty acid profile, but are still being
used for the rapid characterization of large numbers of Streptomycetes isolated from the
environment [31]. The major cellular fatty acids of the strain DB-1 are shown in Table S2.
Like other species of Streptomyces, the strain DB-1 contained 15:0 anteiso fatty acids in higher
proportion [32]. The 16S rDNA gene analysis revealed that the strain DB-1 shows 99.0 %
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homology to that of S. badius strain G4-3 (Fig. S2). The 16S rDNA gene sequence was
submitted to NCBI (accession no. KU886090). In MALDI-TOF-MS-based identification
method, the strain shows >1.7 log value in database, which confirms that strain belongs to
the particular genus, and the strain that shows >2.0 log value confirms to particular species.
Based on the protein spectra obtained for the isolate DB-1, a dendrogram was constructed
using MALDI biotyper software 3.0 (Briker Daltonik). It showed 2.023 score with S. badius
and 1.74 score with Streptomyces griseus.

Process Optimization Using OVAT and Statistical Methods (PB and RSM)
and Batch Fermentation

Among 14 media tested, medium 5 supported luxurious growth of the actinobacterium and
high amylase titer. The strain DB-1 exhibited high amylase activity after 3 days of incubation.
Actinobacterial cultures have been reported to secrete extracellular amylase in 48 to 96 h [10,
33]. Streptomyces cheonanensis VUK-A has been reported to produce high enzyme titer in
72 h [34]. Among physiological parameters, the pH plays a critical role in morphological
changes of microorganisms and enzyme production. Likewise, the effect of temperature is
directly associated with microbial cell growth, therefore, influences the enzyme yield [12]. The
pH 7.0 was found to be suitable for amylase production by actinobacterial species [34]. It has
been reported earlier that mesophilic actinobacteria produce good amylase titres at 30 °C [33,
34]. Agitation and aeration plays a critical role in supporting the growth of aerobes, therefore,
directly affecting growth and enzyme production [35]. In this investigation, maximum amylase
production of the strain DB-1 was recorded at 200 rpm.

Among carbon sources, soluble starch (17.50 U mL "), maltodextrin (17.02 U mL ™),
and maltose (16.31 U mL™") supported a high amylase production. This is consistent
with the earlier report, where the use of soluble starch was shown to enhance amylase
production by Streptomyces albidoflavus [36]. In another report, 2.0 % maltose enhanced
enzyme yield [6]. D-inositol and sorbitol have been reported to induce a high x-amylase
production in a Streptomyces sp. [10]. In some reports, monosaccharides such as glucose
[33] and mannose [37] had been found to be a suitable carbon source for amylase
production in actinobacteria. The use of soluble starch as the carbon source is more
economical than using maltodextrin and maltose in terms of low cost, therefore, soluble
starch was chosen for further optimization process. The amylase synthesis by S. badius
DB-1 is higher in the presence of starch, maltose, and maltodextrin, suggesting that the
enzyme synthesis is inducible. Among nitrogen sources tested, peptone (17.03 U mL™"),
casein hydrolysate (16.901 U mL™"), and ammonium chloride (17.19 U mL™") supported
comparatively higher enzyme titres than in others.

The results of PB design for amylase production by S. badius are presented along with
predicted responses in Table S3. Analysis of data obtained from Plackett and Burman design
revealed that three variables (starch, yeast extract, and MgSQ,) significantly affect enzyme
production. The F values of starch, yeast extract, and MgSO, were 205.6, 13.29, and 17.08,
respectively. The most influential factor was starch (p value, 0.0001) while less effect of
phosphate strength (p value, 0.9936) was observed, therefore, low level of phosphate strength
was further used. Increased concentration of yeast extract (p value, 0.0219) showed positive
response on amylase production as it has trace minerals and ions that enhance the enzyme
yield. Narayana and Vijayalaxmi [36] observed the inclusion of 0.5 % yeast extract in the
medium exerted positive effect. Metal ions often influence the activity of amylases [38]. In our
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study, MgSOy, (p value, 0.0145) was showing positive response to improve enzyme yield.
NH,4CI (p value, 0.1471) and inoculum size (p value, 0.2471) exerted negative effect on
amylase production at higher concentration. The size of inoculum played an important role in
the amylase production by Aspergillus oryzae [39]. Gangadharan et al. [40] reported that a
high inoculum size did not show any significant effect on amylase production. In PB data
analysis, the /" value of 35.08 and the values of “Prob > F are less than 0.05 indicated that the
model terms are significant. The dummy variable included in the design had no impact on x-
amylase production, implying that the model is significant. Based on regression analysis of the
model, the coefficient of determination (R?) of the model was 0.9840 which suggested that up
to 98.40 % variability in the data can be explained by the model. The predicted R* of 0.8557
and adjusted R* of 0.9559 are in good agreement with each other.

RSM is a collection of statistical techniques used to design experiments, build models, and
investigate the effect of main process parameters. It searches optimum condition of each factor
for desirable response. The optimum levels of significant variables and effect of their interac-
tions on amylase production were further studied by RSM using CCD design (Table S4). The
second-order regression equation for the amylase production as a function of starch (%; A),
yeast extract (%; B), and MgSO, (%; C) is given below:

Amylase production= +45.55+2.36* A+0.35* B—0.098 * C—9.09 * A>—9.20 * B> —
9.50* C*—0.39*%A*B—0.41*A*C—0.83*B* CThe F value of the model was 49.92
and the Prob > F' value was 0.0001, indicating that the model is highly significant. Coefficients
A of the three linear A, B, and C squared model terms A2, B?, and C? are significant. The
coefficient of determination (R was 0.9782 for amylase production. The predicted R
(0.8559) and adjusted R? (0.9586) are in reasonable agreement between experimental and
predicted values for amylase production. The adjusted R? corrects the R* value for the sample
size and for the number of terms in the model. Adequate precision is a measure of the signal to
noise ratio and a value greater than 4.0 is desirable. The adequate precision value of 17.023
indicated an adequate signal and suggested that the model can be used to navigate the design
space. ANOVA study of amylase production showed a satisfactory adjustment of the statistical
model with the experimental data (Table S5).

The response surface is used essentially to find out the optimum values of the variables for
which the response is maximized and to find a desirable location in the design space [41]. The
effect of interaction of various physiochemical parameters on amylase production (z-axis) was
studied by plotting three-dimensional response surface curves against any two independent
variables. Amylase production was maximum when mid-values (0) of three components
(starch, yeast extract, and MgSO,) were taken, while decreasing or increasing concentration
led to a decline in enzyme production as indicated by the response surface curve (Fig. S3).
Starch (2.25 %), yeast extract (0.55 %), and MgSO, (0.26 %) supported a high enzyme titer
(48230 UL™).

The enzyme production enhanced up to ~5.1-fold after optimization using classical and
statistical approaches (Table 3). The experimental model and regression equation were vali-
dated by quantitating amylase production in a set of experiments predicted by the software.
The enzyme production predicted by the quadratic model and that recorded experimentally are
in good agreement, thus proving the validity. A peak in enzyme production was attained in
39 h in the fermenter as compared with that of 72 h in shake flasks (Fig. S4). The production of
amylase and biomass of S. badius DB-1 at different time intervals during fermentation were
represented in Table S6. A reduction in fermentation time for sustained enzyme production
was due to better control of process conditions as reported in xylanase production by Bacillus
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Table 3 Optimization of amylase production by different approaches

Amylase production (U mL™") Fold improvement
Unoptimized medium 9.47 -
OVAT 17.19 1.8
Statistical approach 48.23 5.1

halodurans TSEV1 [42]. The profile of extracellular enzyme production during fermentation
was shown in Fig. S5.

Purification and Molecular Mass Determination of x-Amylase

When grown on starch-containing medium (M5), S. badius DB-1 secreted amylases into the
culture medium (approximately 48.23 U mL ™). The crude enzyme of the strain DB-1 showed
multiple starch hydrolysis bands on the native gel (zymogram, not shown), indicating the
presence of more than one starch-hydrolyzing enzymes. Streptomyces sp. IMD 2679 produced
three «-amylases with similar starch hydrolysis pattern [43]. The a-amylase of strain DB-1was
purified to apparent homogeneity by using ultrafiltration, fraction acetone precipitation, and
hydrophobic interaction chromatography. A summary of the alpha amylase purification is
presented in Table 4. Overall, the specific activity increased to 246.9 U mg ', this corresponds
to 8.83-fold purification. SDS-PAGE analysis showed a single band of approximately 57 kDa
and native PAGE zymogram revealed a single band of starch hydrolysis (Fig. 1). In gel
filtration chromatography, molecular mass of purified protein was approximately 57 kDa,
confirming monomeric nature of amylase (Fig. S6); this is similar to that produced by
Kitasatospora sp. MK-1785 (57 kDa) [20].

Effect of pH and Temperature on the Activity and Stability

The activity of «-amylase was stable in the pH range of 6.0-9.0 with optimum at pH 6.0
(Fig. 2a) and retained more than 85 % activity after 4 h of incubation (Fig. 2b). The enzyme
was optimally active at 50 °C (Fig. 3a) and ¢, » has increased from 17 to 40 min in the presence
of CaCl, indicating that amylase is calcium dependent (Fig. 3b, c). Goldberg and Edward [44]
reported that 50 % of amylase activity of Streptomyces thermoviolaceus subsp. apingens was
lost in the absence of calcium ions at 60 °C even after 13 min of incubation, while only 28 %
of its activity was lost after 30 min incubation under similar conditions in the presence of

Table 4 Summary of purification of x-amylase of S. badius DB-1

Step Volume  Total Total protein ~ Specific activity Yield Purification
(ml) activity (U)  (mg) [(e] mgfl) (%) fold

Culture filtrate 1000 48,560 1737.0 27.956 100 1

Ultrafiltration 100 44,020 1008.2 43.66 90.65 1.56

Acetone precipitated 10 19,036 219.5 86.72 3920 3.10
fraction (80 %)

Phenyl sepharose 2 518.49 2.1 246.9 1.067 8.83
chromatography

@ Springer



Appl Biochem Biotechnol (2017) 181:1283-1303 1295

Fig. 1 Purification of amylase. a a b C
M, standard molecular weight M L1 L2 L3
marker; LI, retentate fraction of
ultrafiltration; L2, fraction of
acetone precipitation (80 %); and
L3, purified amylase. b Purified x-  ~1g0
amylase in native PAGE. ¢ Zymo- ~135
gram of x-amylase activity using
starch as a substrate in native ~100
PAGE

~75

~63

~48

~35

~25

10 mM calcium chloride. Amylases of actinobacteria require calcium ions for their activity and
stability [11, 20], while a calcium-independent amylase has also been reported from marine
Streptomyces sp. [6]. Maltotriose forming exo-x-amylase of Kitasatospora sp. MK-1785 was
optimally active at pH 6.5 and 55 °C [20]. A maltotriose-forming amylase of Microbacterium
imperiale showed optimum activity at pH 6.5-7.0 and 50 °C [45].

Enzyme Kinetics and Substrate Specificity

The enzyme exhibited K, (1.12 mg mL ™), Vipax (454 pmol mg_1 min 1), and K., (1472 s7H).
Maltotriose-forming amylase of 7. fisca exhibited Ky, value (0.88 mg mL™") [19]. When
different types of starches were used as substrates, the highest enzyme activity was observed
on soluble starch. A comparable enzyme activity was also observed on wheat and sago starch
powders and amylose (Table 5). There was no activity on «,[3,y-cyclodextrin and pullulan.

120 105
100 4 100
% 95
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E 60 .
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H S 85
2w 2
£ £ 80
° ©
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Fig. 2 Effect of pH on the activity (a) and stability (b) of x-amylase
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Fig. 3 Effect of temperature on enzyme activity (a) and thermostability of a-amylase in the presence (b) and
absence (¢) of 10 mM CaCl,, respectively

Maltogenic amylases with transglycosylation activity have been reported to efficiently hydro-
lyze cyclodextrins [46]. a-Amylase of an actinobacterium, Kitasatospora sp. MK-1785 with

Table 5 Action of x-amylase on various substrates

Substrate Relative enzyme activity (%)
Soluble potato starch 100
Amylose 85.7+12
Amylopectin 4324095
Pullulan 0.0
-Cyclodextrin 0.0
3-Cyclodextrin 0.0
y-Cyclodextrin 0.0

Wheat flour 86.3 +0.38
Rice flour 634+12
Water chestnut 672+24
Corn flour 60.3 +1.23
Sago starch powder 83.1+£0.92

The values of individual parameter were determined in triplicates and the final values have been presented as
mean + standard deviation
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Table 6 Effect of various metal ions and modulators on x-amylase activity

Metal ions Final concentration Residual activity (%)
«-amylase
cu** 1 mM 8.0+0.12
5 mM 0
Co** 1 mM 98.1 +0.27
5 mM 98.0 +0.18
Ca** 1 mM 129.5 £ 1.0
5mM 158.9 + 0.91
Mg 1 mM 104.2 £ 0.48
5 mM 105.8 + 1.2
Hg** 1 mM 0
5 mM 0
Ba®* 1 mM 60.12 +0.85
5mM 454+12
Pb** 1 mM 31315
5 mM 17.0 +2.15
Mn?* 1 mM 95.15+1.7
5mM 942 +0.9
Zn** 1 mM 73+0.25
5 mM 0
Fe** 1 mM 60.12 £2.5
5 mM 382+12
EDTA 1 mM 22109
5mM 85+ 1.1
EGTA 1 mM 20.5 +0.39
5 mM 52+0.7
Woodward’s reagent K 1 mM 39.2+0.8
5 mM 215+19
DTT 1 mM 99.0 + 1.25
5mM 96.1 +0.53
PMSF 1 mM 99.4 +0.32
5 mM 982 +0.8
Todoacetate 1 mM 99.1 £0.71
5mM 98.1 +0.26
N-bromosuccinimide 1 mM 0
5 mM 0
Triton-X-100 0.1% 252+0.8
02 % 124 +0.10
SDS 0.1% 16.8 + 0.49
1% 0.0

The values of individual parameter were determined in triplicates and the final values have been presented as

mean =+ standard deviation
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Fig. 4 TLC analysis of end M L1 12131415 1Le
products formed on hydrolysis of

soluble starch, wheat starch, and

sago starch powder. Lane M

represents a standard mixture of

glucose (G1), maltose (G2) and Gl ‘
maltooligosaccharides, maltotriose ® - ‘ ¢

(G3), maltotetraose (G4), and GZ v - 2 ~ « Fa
maltopentaose (G5). Lanes 1, 2,

and 3 represent end products of G3 & ¥ & .
hydrolysis of soluble starch, wheat

flour, and sago starch powder, G4 . . - . . ‘
respectively. The samples were G5

taken after 10 min. Lanes 4, 5, and
6, samples drawn after 60 min of
reaction on soluble starch, wheat
flour, and sago starch powder,
respectively

transglycosylation showed very low activity on - and (-cylodextrin, but a little higher
activity (14.4 U mg ") on y-cyclodextrin [20].

Effect of Metal Ions and Modulators on the x-Amylase Activity

Calcium ion enhanced the enzyme activity (Table 6). The amylase activity was moderately
stimulated by Mg®*, while Cu®*, Hg®*, and Zn”* ions strongly inhibited x-amylase, as
reported earlier [20]. The chelating agents (EDTA and EGTA) affected o-amylase activity

Table 7 End product analysis of starch hydrolysis by a-amylase of S. badius DB-1 by HPLC

Incubation time (min) Reducing sugars (%)

Gl G2 G3 G4 G5 G6

Soluble starch

10 21 194 24.5 35.1 - -

60 10 18.59 29.21 422 - -
Wheat flour

10 18.12 21.7 22.18 38.0 - -

60 12.25 21.42 249 41.43 - -
Sago starch

10 21 20.1 26.31 32.59 - -

60 15 17.01 27.0 40.99 - -

G1 glucose, G2 maltose, G3 maltotriose, G4 maltotetraose, G5 maltopentaose, G6 maltohexaose
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Fig. 5 TLC analysis of transglycosylation activity of amylase. a Lane M represents a standard mixture of
glucose (G1), maltose (G2) and maltooligosaccharides, maltotriose (G3), maltotetraose (G4), and maltopentaose
(G95). Lanes 1, 2, 3, and 4 represent end products of hydrolysis of maltose, maltotriose, maltotetraose, and
maltopentaose, respectively. The samples were drawn after 20 min incubation. Lanes 5, 6, 7, and 8 represent end
products of hydrolysis of maltose, maltotriose, maltotetraose, and maltopentaose after 60 min of incubation. b
Lane M represents a standard mixture of glucose (G1), maltose (G2) and maltooligosaccharides maltotriose (G3),
maltotetraose (G4), and maltopentaose (G5). Lanes 1, 2, 3, and 4 represent the hydrolytic products of maltose,
maltotriose, maltotetraose, and maltopentaose after 2 h

suggesting that the enzyme requires Ca®* and some other cations for its activity. Exo-«-
amylase activity of Kitasatospora sp. MK-1785 was also inhibited by EDTA [20]. NBS

b

M 1L

Fig. 6 Test and control bread made with and without x-amylase of the strain DB-1. a Test bread supplemented
with the o-amylase of S. badius DB-1 has improved texture of bread as compared with that of the control and b
TLC plate analysis of sugars formed in test and control bread. Lane M represents a standard mixture of glucose
(G1), maltose (G2) and maltooligosaccharides maltotriose (G3), maltotetraose (G4), and maltopentaose (G5). L/
and L2 represent sugars formed in test and control bread, respectively
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Table 8 Comparison of the properties of test bread (supplemented with x-amylase of S. badius DB-1) and
control bread

Parameters Test” Control®
Weight of dough (g) 500+ 1.5 501+ 0.9
Dough rise (cm) 5.05+0.29 45+0.72
Weight of bread (g) 470 £ 1.1 476 £ 2.5
Bread moisture (%) 32.5+0.6 29+1.12
Reducing sugars (mg g ') 40.25 £ 0.45 3595+0.8
Soluble protein (mg g ') 379+0.2 3.01+0.18
Shelf life (days) 5 4

The values of individual parameter were determined in triplicates and the final values have been presented as
mean + standard deviation

?Bread made of dough supplemented with «-amylase of S. badius DB-1
® Bread made by supplementing the dough with commercial x-amylase

strongly inhibited the enzyme activity indicating the role of tryptophan residue(s) on amylase
activity. The sulfhydryl inhibitors like DDT, (-mercaptoethanol, N-ethylmaleimide, and
iodoacetate did not inhibit the enzyme activity suggesting that thiol group is not involved in
the enzyme catalysis. Woodward’s reagent K inhibited enzyme activity, suggesting the role of
carboxyl group(s) in the catalytic activity [47].

Analysis of Hydrolysis Products

TLC analysis of the end products of hydrolysis of soluble starch, wheat starch, and sago starch
powders were glucose, maltose, maltotriose, and maltotetraose, confirming that the amylase
produced by S. badius is an o-amylase (Fig. 4). The amounts of maltotriose and maltotetraose
increased with increase in reaction time (Table 7). Kaneko et al. [18] observed the formation of
all sugars with higher amount of maltose from the raw starches. Whereas, Primarini and Ohta
[17] reported all sugars except glucose from raw starch hydrolysis by the amylase-1 of
Streptomyces sp. no. 4.

Transglycosylation Activity

The enzyme hydrolyzed all maltooligosaccharides tested and formed glucose, maltose,
maltotriose, and maltotetraose within 20 min (Fig. 5a, b). The formation of low level of higher
maltooligosaccharides such as maltopentaose and maltohexaose were observed, indicating that
x-amylase exhibits transglycosylation activity. Transglycosylation activity is useful in improving
the solubility and stability of many compounds [21]. Glycosylation is also used in the synthesis of
maltooligosyl glycosides, which have been used in functional foods.

Application of x-Amylase in Starch Saccharification and Bread Making

Wheat and sago starches were saccharified to the extent of 22.6 and 25.2 %, respectively, in
2 h. The saccharification of both raw starches further increased to 35.09 and 31.1 % when
treated with amylase for 4 h. Nisha and Satyanarayana [47] reported that 39.8 + 0.5 and
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44.2 + 1.1 % saccharification of raw wheat and corn starches were attained when treated with
amylopullulanase followed by glucoamylase.

The supplementation of wheat flour with amylase of S. badius has ameliorated the
texture, softness, and sweetness of bread (Fig. 6a). The bread made by supplementing the
dough with amylase of S. badius DB-1 (test) was soft with higher moisture content,
soluble protein, and reducing sugars (Fig. 6b) than that made using the commercial
fungal «-amylase (control) (Table 8). The shelf life of test bread increased to 5 days as
compared with 4 days of the control bread at room temperature due to antistaling effect.
The formation of high quantity of maltooligosaccharides eliminates the increased gum-
miness of a-amylase-treated bread. Maltooligosaccharides exhibit high water-holding
capacity, antistaling effect on bread, and prevention of sucrose crystallization. Staling
of baked foods is generally defined as undesirable qualities including chewy crust and a
loss of flavor. Starch retrogradation is a major factor for staling of baked goods.
Amylase-producing residual dextrins (maltotriose-maltononaose) function as antistaling
agents in reducing bread firming and in increasing the shelf life of bread [48].

Conclusions

The use of OVAT and statistical approaches enabled us to formulate the amylase-
production medium that supported 5.1-fold higher amylase production than that attained
under unoptimized cultural conditions. The amylase production was 48.2 U mL ™', which
is comparable with those reported in the literature. The pure enzyme showed affinity for
raw starch and hydrolyzed it into glucose, maltose, maltotriose, and maltotetraose,
suggesting its applicability in bread making. The enzyme also exhibits transglycosylation
activity, thus, forms maltopentaose and maltohexaose from maltotriose, maltotetraose
and maltopentaose, confirming its utility in synthesizing maltooligosaccharides that are
useful in functional foods. Our efforts are underway to clone and over express the
enzyme in heterologous hosts such as Escherichia coli for enhancing enzyme production.
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