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Abstract

a-Galactosidase is an important exoglycosidase belonging to the hydrolase class of enzymes, which has therapeutic and indus-
trial potential. It plays a crucial role in hydrolyzing o-1,6 linked terminal galacto-oligosaccharide residues such as melibiose,
raffinose, and branched polysaccharides such as galacto-glucomannans and galactomannans. In this study, Actinoplanes uta-
hensis B1 was explored for a-galactosidase production, yield improvement, and activity enhancement by purification. Initially,
nine media components were screened using the Plackett—-Burman design (PBD). Among these components, sucrose, soya
bean flour, and sodium glutamate were identified as the best-supporting nutrients for the highest enzyme secretion by A. Uta-
hensis B1. Later, the Central Composite Design (CCD) was implemented to fine-tune the optimization of these components.
Based on sequential statistical optimization methodologies, a significant, 3.64-fold increase in a-galactosidase production,
from 16 to 58.37 U/mL was achieved. The enzyme was purified by ultrafiltration-I followed by multimode chromatography
and ultrafiltration-1I. The purity of the enzyme was confirmed by Sodium Dodecyl Sulphate—Polyacrylamide Agarose Gel
Electrophoresis (SDS-PAGE) which revealed a single distinctive band with a molecular weight of approximately 72 kDa.
Additionally, it was determined that this process resulted in a 2.03-fold increase in purity. The purified a-galactosidase
showed an activity of 2304 U/mL with a specific activity of 288 U/mg. This study demonstrates the isolation of Actinoplanes
utahensis B1 and optimization of the process for the a-galactosidase production as well as single-step purification.
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Introduction

a-Galactosidase (a-D-galactoside galactohydrolase, EC
3.2.1.22) (a-GAL) is a class of hydrolase that liberates
galactose from the galacto-oligosaccharides and synthetic
substrates like p-nitrophenyl-a-D-galactopyranoside (Dey
and Pridham 1972). a- GAL is also known to be meli-
biase, which breaks the a-1,6 glycosidic bond between
glucose and galactose in melibiose. Moreover, it has
potential applications in biotechnological and medical
industries. a-GALSs are used in the animal feed industry
to enhance its nutritional value (Naganagouda and Muli-
mani 2006; Weignerova et al. 2009) and in the paper
industry, to enhance the bleaching effect in softwood pulp
(Clarke et al. 2000). a-GALSs are used in cane industry,
for enhancement of crystallization of beet sugar and to
improve the yield of sucrose (Shibuya et al. 1997; Thip-
peswamy and Mulimani 2002). a-GAL is employed to
enhance the gelling characteristics of galactomannans,
which are utilized as thickeners in food applications (Chen
and Mustapha 2012). Therapeutically a-GAL is used in
the treatment of Fabry disease (Kang et al. 2019) and in
xenotransplantation (Liu et al. 2007; Zeyland et al. 2014).
Further, trials are underway for the use of a-GAL in the
conversion of ‘B’ blood group to ‘O’ blood group (Uni-
versal donor) by hydrolyzing the terminal galactose resi-
dues on the surface of B red blood cells (Balabanova et al.
2010; Liu et al. 2007).

According to the global business index, the global mar-
ket for galactosidase (GAL) will increase from 1.5 to 2.35
billion USD from 2021 to 2028, with a 6.6% annual incre-
ment. (https://dataintelo.com/report/global-galactosidase-
market/). This growth is attributed to the rapid expansion
of the a-GAL market, which requires the latest innovations
in the production and application of the enzyme. The need
for novel, robust enzymes with industrial important ele-
ments such as stability and high activity under industrial
processing conditions is becoming increasingly important.
Further, much of the a-GAL area remains largely unex-
plored and there is considerable potential to develop new
a-GAL with unique characteristics for industrial applica-
tions. Moreover, microbial a-GAL has gained attention
from industries due to ease of cultivation, extracellular
secretion, high expression levels, stability over wide range
of pH and temperature, broad substrate specificity, and
scope for yield improvement by molecular cloning (Alek-
sieva et al. 2010; Bhatia et al. 2020; Chauhan et al. 2015;
Schroder et al. 2017; Stratilova et al. 2018).

The traditional approach for optimization of the
medium involves altering a single independent variable
while keeping all others at a fixed level which is known to
be easy and simple. However, it is highly time-consuming
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and expensive, especially for conducting numerous
experiments to determine the optimal levels. In addition,
it fails to consider the interactive effects between vari-
ables (Panda et al. 2007). Statistical optimization is the
preferred method as it allows for the evaluation of inter-
actions among potential influencing factors with a limited
number of experiments (Cazetta et al. 2007; Francis et al.
2003; Kennedy and Krouse 1999). This approach utilizes
a specialized experimental design that minimizes errors
when determining parameter effects, all while achieving
cost-effectiveness. Plackett—-Burman design (PBD) and
response surface methodology (RSM) are two commonly
employed statistical techniques for optimizing biological
processes. Initially, PBD is used for screening purposes,
and after finding the significant variables in this initial
screening, they can be further improved using a central
composite design (CCD) in RSM (Gajdhane et al. 2016;
Sathish et al. 2018).

The current study deals with the isolation of high amounts
of a-GAL producing Actinoplanes utahensis B1, followed
by enhancement of yield by sequential optimization methods
and purification of the produced enzyme. To date, there have
been no reports on the use of statistical methods to opti-
mize a-GAL production in submerged fermentation using
A. utahensisB1.

Materials and methods
Chemicals and media components

Para-nitrophenyl a-D-galactopyranoside (pNPG), Para-
nitrophenol and Sodium Glutamate were obtained from
Sigma-Aldrich (India). Sucrose, Maltose, Glucose and
galactose were purchased from Merck. Soybean meal and
other chemicals were procured from commercial sources.

Bacterial isolation and growth conditions

A water sample from Shamirpet Lake, Hyderabad, Telan-
gana, India was collected in a sterile container for the isola-
tion of bacterial strain-producing a-GAL enzyme. From the
collected water, the bacteria were isolated by serial dilution
followed by spread plate technique on starch casein agar
(SCA) plates (Kuster and Williams 1964) (Starch-10 g/L,
Casein-0.3 g/L, K,HPO,-2 g/L, FeSO,-7H,0-0.01 g/L,
MgS0O,-7H,0-0.5 g/L, ZnSO,-7H,0-0.001 g/L, agar-20 g/L,
pH-7.0) supplemented with raffinose 2 g/L as an inducer.
The cycloheximide (40 pg/ml) was added to SCA plates to
prevent the growth of fungal contaminants. The SCA plates
that have been inoculated were subjected to incubation
at a temperature of 28 °C for 72 h. The colonies showing
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Table 1 Growth and cultural characteristics of the B1 strain

Attribute Results Attribute Results

Utilization of carbon Source Biochemical tests
D-Fructose + H,S production +
D-Glucose + Nitrate reduction +
D-Galactose + Melanin formation +
D-Lactose - Coagulation of milk —
D-Maltose + Peptonization of -

milk

Sucrose + Urease Production +
D-Xylose + Starch degradation ~ +

Enzymatic activities Citrate utilization -
Urease + Casein degradation ~ +
a-Galactosidase + Gelatin degradation  +
Beta-mannosidase + Tolerance to NaCl (%)
Beta-xylanase + NaCl (0.5 to 2) +
Alpha-L-rhamnosidase + NaCl (3) -
Lipase +

maximum zone of clearance were selected and used for fur-
ther experiments.

Identification of isolates by phenotypic
and biochemical characterization

The colony morphology of the isolated strain, such as the
shape of sporangia, mycelium color, gram staining test, mar-
gin, and elevation was determined as per Bergey’s manual of
determinative bacteriology. Further, various physiochemical
parameters such as temperature, sodium chloride (NaCl) and
pH were also studied (Buchanan and Gibbons 1974). Bio-
chemical identification tests such as nitrate reduction test,
starch degradation test, citrate utilization test, hydrogen
sulfide production, melanin formation, urease production,
casein and gelatin degradation, coagulation and peptonisa-
tion of milk were conducted (Al-Dhabaan 2019; Holt 1994).
Additionally, carbohydrate fermentation tests were also per-
formed using seven carbohydrate sources for the isolated
strain. Furthermore, enzymatic activities for the urease,
a-GAL, p-mannosidase, f-xylanase, a-L-rhamnosidase, and
lipase were studied for this strain (Table 1).

Identification of molecular methods (16 s rRNA)

The extraction of genomic DNA was carried out through
the utilization of a spin column kit (HiMedia). The ampli-
fication of bacterial 16S rRNA gene (1500 bp) (Clarridge
2004) was accomplished via polymerase chain reaction and
subsequently purified using Exonuclease I-Shrimp Alka-
line Phosphatase (Exo-SAP) (Darby et al. 2005). The puri-
fied amplicons were subjected to sequencing through the

Sanger method utilizing an ABI 3500xL genetic analyzer
(Life Technologies, USA). From the obtained 16S rRNA
gene sequence, the isolate was identified by the Basic Local
Alignment Search Tool (BLAST) (Altschul et al. 1990).

A phylogenetic tree was reconstructed utilizing 16S
rRNA gene sequences to illustrate the correlation between
the isolate and related species. Multiple sequence alignment
and the phylogenetic tree were constructed by using the soft-
ware MEGAI1.

Inoculum preparation and cultivation
of microorganisms

The isolated culture was cultivated in a 500 mL conical
flask containing inoculum media which consists of glu-
cose-4.0 g/L; malt extract-10.0 g/L; yeast extract-4.0 g/L and
CaC0;-2.0 g/L and incubated in an orbital shaker at 28 °C,
200 rpm for 60 h. ISP 9 medium having the composition of
sucrose- 1.0 g/L; ammonium Sulphate- 2.64 g/L; KH,PO,-
2.38 g/L; K,HPO,.3H,0- 5.64 g/L; MgS0O,.7H,0- 1.0 g/L
and trace elements- 1 mL was used as a production medium
(Shirling 1966). The trace elements considered in the pro-
duction media are CuSO,.5H,0-6.4 g/L; FeSO,.7H,0-
1.1 g/L; MnCl,.4H,0- 7.9 g/L; ZnSO,.7H,0- 1.5 g/L and
pH of the media was adjusted to 7.0. The sterile flasks
containing media are inoculated with 5% of inoculum and
incubated in an orbital shaker at 28 °C, 200 rpm for 240 h.
After every 24 h, samples were withdrawn and estimated for
enzyme activity.

Screening of media components using Plackett-
Burman design

Various carbon and nitrogen sources such as sucrose, malt-
ose, galactose, glucose, fructose, soybean flour, yeast extract,
corn steep liquor and sodium glutamate were selected for
identifying the critical media components that affect the
a-GAL production by isolated A. utahensis B1 strain. PBD
design with twelve experiments was employed to screen
the nutrients. All nine nutrients were tested at two levels.
Table 2 depicts the employed PBD along with the nutrients
invarious combinations.

The obtained data was analysed by a first-order regression
model and the regression equation is

Y= fo+ ) BXg (i=1,2.3... k), )

where Y represents the activity of a-GAL; f, denotes
the intercept; f; signifies the linear coefficient and X is
the selected component. Triplet experiments were carried
out and the average activity value was considered as the
response variable (Y). Variables possessing confidence
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Sodium gluta- «a-Galactosidase
yield (U/mL)

mate (g/L)

Yeast
extract
(g/L)

Corn steep
liquor (g/L)

SoyBean
flour (g/L)

Maltose (g/L) Glucose (g/L) Galactose (g/L) Fructose (g/L)

Sucrose (g/L)

Level

Table 2 Plackett-Burman design along with obtained a-GAL production by A. utahensis B1

Trial No.

@ Springer

0.1

1.5

“_1”

“p17

0.5

4

40.0

39.5

29.0

41.5

34.0

41.0

39.0

28.0

38.0

45.0

10

11

34.0

22.0

12

levels of greater than 95% were treated as significant com-
ponents for a-GAL production by isolated bacteria.

Optimization of critical media components by CCD

The PBD-screened nutrients were optimized using the CCD
by employing a 3-factor 5-level model. Table 3 depicts the
actual and coded values of variables and the matrix of CCD
with their responses of each run. The response was fitted
to the second-order polynomial model to understand the
relationship between the selected parameters and obtained
enzyme activity. The overall polynomial equation is

k k i
Y=o+ D B+ DB+ D ) B e, )
i=1 i=1 T

where Y; represents the predicted a-GAL activity, x; and x;
denote selected variables that influence the enzyme produc-
tion by A. utahensis B1 strain; §; denotes the offset term;
B, represents the i™ linear coefficient andp; denotes the ith
quadratic coefficient. The term ‘e’ refers to the error.

Analysis of variance (ANOVA) was performed to evalu-
ate the statistical significance of the model and model terms.
The correlation coefficient (R?) was utilized to comprehend
the proportion of variability of the optimization parameter
that could be elucidated by the model. 3D surface plots and
2D contour plots were generated to depict the main and
interactive effects of selected parameters on the production
of enzyme by isolated bacteria. A statistical software Sta-
tistica version 7.0 (TIBCO Software Inc.) was used for this
study.

Purification of a-GAL by chromatographic methods

The harvest culture was centrifuged at 7000 revolutions per
minute (rpm) for 30 min at 4-8 °C. After centrifugation,
the supernatant was collected and concentrated using a tan-
gential flow filtration (TFF) system. A Sartocon Slice PES
50 kDa Cassette with a filter area of 0.5 m* was used for
ultrafiltration followed by diafiltration with 10 mM potas-
sium phosphate buffer, 0.25 mM EDTA, and 3 mM NaCl for
5 diafiltration volumes (DVs). The column was pre-equili-
brated with 10 mM potassium phosphate buffer, 0.25 mM
EDTA, and 250 mM NaCl buffer before loading the retentate
sample. The ultrafiltration and diafiltration (UFDF) retentate
sample was loaded onto the Ceramic Hydroxyapatite (CHT)
type II column with a flow rate of 10 mL/min. The column
was washed with 8 column volumes (CVs) of wash buffer
(10 mM potassium phosphate buffer, 0.25 mM EDTA, and
3 mM NaCl) to remove the unbounded protein. The enzyme
bound to the column was eluted by using 8 CVs of elution
buffer (50 mM potassium phosphate buffer, 0.25 mM EDTA,
and 250 mM NaCl) in a step gradient manner. The elution
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Table 3 Central composite

. . . S. No Sucrose concentra-  Soybean flour concen- ~ Sodium glutamate con- a-Galactosidase
design along with obtained tion (g/L) tration (g/L) centration (g/L) yield (U/mL)
o-GAL produced by A.
utahensis B1 at different 1 25.00 20.00 2.00 37.00
experimental conditions 2 50.00 20.00 2.00 42.00

3 25.00 40.00 2.00 39.00
4 50.00 40.00 2.00 48.00
5 25.00 20.00 6.00 36.00
6 50.00 20.00 6.00 38.50
7 25.00 40.00 6.00 34.50
8 50.00 40.00 6.00 34.00
9 16.48 30.00 4.00 42.50
10 58.53 30.00 4.00 56.10
11 37.50 13.18 4.00 34.00
12 37.50 46.82 4.00 40.00
13 37.50 30.00 0.64 38.00
14 37.50 30.00 7.36 32.50
15 37.50 30.00 4.00 56.50
16 37.50 30.00 4.00 54.50
17 37.50 30.00 4.00 55.80
18 37.50 30.00 4.00 55.95
19 37.50 30.00 4.00 56.20
20 37.50 30.00 4.00 56.00

fractions were collected and checked for a-GAL activity.
Fractions having maximum activity were pooled and con-
centrated by ultrafiltration.

A VivaFlow 200 cassette having a pore size of 50 kDa
MWCO with a membrane area of 200 cm? was used for the
UFDF experiment with a flow rate of 25 ml/min and 75 mL
of fraction elute was concentrated to 25 mL to estimate the
enzyme activity. In addition, the retentate samples were
loaded on SDS-PAGE gel to confirm the molecular weight
of the protein (Laemmli 1970).

Estimation of a-GAL activity

a-GALs activity was determined by the modified Dey and
Pridham method (1969). The hydrolyzing activity of p-NPG
was measured as a-GALs activity. A 50 pl of 5 mM pNPG
substrate was incubated with 100 pl of enzyme sample and
850 ul of 0.1 M citrate phosphate buffer of pH 7.0 at 50 °C
for 10 min. After incubation, the reaction was arrested by the
addition of 2 mL of 0.5 M sodium bicarbonate. The quantity
of p-nitrophenol which was released was measured using a
spectrophotometer at an absorption wavelength of 405 nm.
The enzyme activity was calculated by using Eq. (3) where
a single unit of a-GAL activity is defined as the quantity of
enzyme necessary to release 1 uMole of p-nitrophenol per
minute under the assay conditions.

Enzyme activity (U/mL) = (AbSpe, — Absgjy ) (total volume)
(Dilution Factor)/ (18.5) (10) (0.1),

where Absr.,—Absorbance of the test sample at
400 nm, Absg),,«—Absorbance of blank sample at
400 nm, 18.5—Millimolar coefficient of p-nitrophenol at
405 nm, 10—Incubation minutes, 0.1—Volume of enzyme
used

Specific activity

The specific activity (U/mg protein) was determined by
measuring the total protein concentration of the supernatant
using the Folin Lowry method, with Bovine Serum Albumin
(BSA) as a reference (Waterborg et al. 2009).

SDS-PAGE(sodium dodecyl
sulphate-polyacrylamide gel
electrophoresis)

The Laemmli method (1970) was used to determine the
molecular weight and purity of the sample through SDS-
PAGE, utilizing a 3% stacking gel and 10% resolving gel.
A sample buffer was prepared with 2% SDS, 10% glycerol,
0.001% bromophenol blue (dye), and 2-mercaptoethanol as
areducing agent. The protein sample and sample buffer were
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Fig. 1 Phylogenetic tree for
Actinoplanes utahensisB1 strain

Actinoplanes tahensis strain IFO 13244 (NR112105/)

Actinoplanes utahensis strain B1 (0Q266884)

Actinoplanes utahensis strain IMSNU 20044 (NR042017)

95% L Actinoplanes utahensis ATCC 31044 (X80823)

AJ277580.1 Actinoplanes penicillatus IMSNU 22129 (AJ277580)
Actinoplanes sp. IFO 13944 (AB047507)

Actinoplanes missouriensis NBRC 102363 (NR114332)

Actinoplanes italicus IFO 13911 (NR024744)

Pio L|j|: NR 115632.1 Actinoplanes philippinensis strain IFO 13878 (NR115632)

97%

B4%
93%

Actinoplanes capillaceus K95-5561 (NR024681)
Actinoplanes sp. IFO 14460 (AB047512)
Actinoplanes kinshanensis IMSNU 20034 (AJ277577)
Actinoplanes sp. TRM88002 (OM112207)
AJ488566.1 Actinoplanes sp. 46 (AJ488566

L Actinoplanes friuliensis HAG 010964 (NR104746)

97%

97%

97%

mixed in a 1:2 ratio and incubated at 100 °C for 90 s. The
10 pL of protein sample buffer was loaded onto the wells
with the protein ladder to determine the molecular weight.
Electrophoresis was conducted at 120 V power until the
bromophenol marker reached the bottom of the gel. The gel
was then stained with 0.1% Coomassie Brilliant Blue R-250
for an hour to stain the proteins, followed by destaining for
2 h in a solution of acetic acid (10%) and methanol (40%) to
visualize the proteins.

Results
Bacterial strain isolation

The SCA plates supplemented with raffinose were examined
after 72 h for the zone of clearance. The size of the zone
of clearance corresponds to the degradation of raffinose in
SCA medium by the extracellular a-GAL enzyme produced
by the isolates. The strain with the maximum zone of clear-
ance was selected as a potential strain for a-GAL production
and it was designated as B1 strain. Mycelial suspensions of
isolated B1 strain were preserved in glycerol solution (20%)
and stored at — 80 °C.

Phenotypic and biochemical characterization

The colony morphology of the isolated B1 strain was found
to be aerobic, motile and gram-positive filamentous bacteria.
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Micromanospora sp. KC723 (MG770682)
Micromaonospora sp. KC606 (MG770672)
5% LI: Micromonospora radicis AZ1-13 (MH918064)
Micromonospora sp. UTJ3 (MT312832)
Bacillus subtilis RSP-GLU (AM990996)

The mycelium colour of the B1 strain is orange and the spo-
rangia are irregular in shape and digitate. The favourable
temperature for the growth of the strain was observed to be
between 20 to 35 °C and there was no growth above 40 °C
which shows that the bacteria are not thermophilic. The B1
strain was found to grow at a neutral pH of 6 to 8 and it can
withstand the salt concentration of up to 2% and showed no
growth above 2%.

The biochemical tests performed for the B1 strain showed
positive results for the hydrogen sulfide (H,S) gas produc-
tion, nitrate reduction, melanin formation, urease produc-
tion, and degradation of starch, casein and gelatin. The B1
strain also can produce enzymes such as urease, beta-man-
nosidase, bet-xylanase, a-Galactosidase, alpha-L-rhamnosi-
dase and lipase. The isolated B1 strain has shown positive
results for acid production by utilizing carbon sources such
as fructose, galactose, glucose, maltose, sucrose, and xylose.
Conversely, it has exhibited negative results concerning lac-
tose (Table 1). Based on phenotypic and biochemical charac-
terization it has been determined that the isolated B1 strain
belongs to Actinoplanes sp.

Identification by Molecular methods (16 s rRNA)

The complete 16 s rRNA gene sequence was acquired for
the isolated B1 strain. The strain showed the highest simi-
larity with the taxon name Actinoplanes utahensis with a
sequence ID of NR112105 showing a similarity of 99.86%.
Figure 1 shows the phylogenetic analysis of the isolate with
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Table 4 Effects and ANOVA

Factor Effects  Coefficients SS DF MS t-value  F-value p-value
of PBD
Mean/Intercept 35917 35917 169.052 0.000
Sucrose 8.500 4.250 216.750 1 216.750  20.004 400.154 0.002
Maltose 0.333 0.167 0333 1 0.333 0.784 0.615 0.515
Glucose 1.000 0.500 3.000 1 3.000 2.353 5.538 0.143
Galactose 1.500 0.750 6.750 1 6.750 3.530 12462 0.072
Fructose -0.167 —0.083 0.083 1 0.083 -0.392 0.154 0.733
Soybean Flour 7.667 3.833 176333 1 176.333 18.043 325.538 0.003
Corn Steep Liquor 1.500 0.750 6.750 1 6.750 3.530 12462 0.072
Yeast Extract 1.667 0.833 8333 1 8.333 3922 15385 0.059
Sodium Glutamate 5.000 2.500 75.000 1 75.000  11.767 138.462 0.007
Error 1.083 2 0.542
Total SS 494417 11

other Actinoplanes sps. The isolate closely relates with the
Actinoplanes utahensis strains. So based on the phenotypic,
biochemical and molecular methods the isolated strain was
identified as Actinoplanes utahensis and it was designated
as Actinoplanes utahensis B1. The 16 s rRNA sequence of
the isolate has been deposited in GenBank and has been
assigned the accession number 0Q266884.1.

Optimization of media components

Based on preliminary studies (data not shown) on 10th day
the highest titers of a-GAL production were noticed. There-
fore, the fermentation time was set as 240 h. Initially, 16 U/
mL of a-GAL was produced by A. utahensisB1 strain in
the ISP 9 basal medium (data not shown) and found that
the yields were less. To increase enzyme production, media
components should be replaced or optimized for their con-
centrations. For this purpose, a sequential optimization pro-
cess was employed to enhance the a-GAL production. Ini-
tially, PBD was used to screen the nutrients and their levels
followed by CCD was employed to optimize the concentra-
tion of selected nutrients.

PBD for screening of media components

Different carbon and nitrogen sources such as sucrose,
galactose, glucose, galactose, fructose, soya bean flour, corn
steep liquor, yeast extract and sodium glutamate which influ-
ences a-GAL production were selected for testing. Table 2
shows PBD along with the observed enzyme produced by
the A. utahensis B1.

From Table 2 it was noticed that the a-GAL production
varied from 22 to 45 U/ml which indicates that the selected
nutrients and their concentrations have a significant effect
on the production of enzyme from A. utahensis B1. Fur-
ther, the data was analyzed by regression method and each

selected nutrient effect on the enzyme production was also
calculated.

The regression coefficients were computed by taking the
a-GAL as a response. The derived regression coefficients,
effects and their corresponding p-values are depicted in
Table 4. The correlation coefficient (R?) value of 0.99 des-
ignates the goodness of fit and a higher adjusted R? value
of 0.98 indicates that obtained data is flawless. The close
agreement between R? and adjusted R? values signify to con-
struct an equation to predict enzyme production. Equation 4,
a first-order polynomial equation was constructed utilizing
the computed coefficients.

a — Galactosidase Yield (U/mL) = 35917 + 4.250 Sucrose
+ 0.167 Maltose + 0.500 Glucose
+ 0.750 Galactose + 0.083 Fructose
+ 3.833 SoyBean Flour
+ 0.750 Corn Steep Liquor
+ 0.833 Yeast Extract

+ 2.500 Sodium Glutamate

“

The variable coefficients that have higher p-values
(p>0.05) were considered insignificant terms and the
remaining were considered as significant terms. Based on
coefficients p-values sucrose, soybean flour and sodium
glutamate are found to be significant variables remaining
all are insignificant variables. Among the three significant
variables, sucrose has the highest effect (8.50) followed by
soybean flour (7.66) and sodium glutamate (5.00) indicating
that sucrose was an important carbon source for the produc-
tion of a-GAL from the A. utahensis B1. From this data,
it was observed that A. utahensis B1 strain needs sucrose
a hetero disaccharide to produce a higher titer of a-GAL.
Monosaccharides such as glucose, fructose, galactose, and
homo disaccharide maltose were found to be insignificant.
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Table 5 Coefficients and ANOVA of CCD

Factor Coefficients DF Adj SS Adj MS F-Value P-Value
Model/Constant 55.86 9 1612.10 179.12 46.88 0.00
Sucrose conc (g/L) 4.79 1 110.64 110.65 28.96 0.00
Soybean flour conc (g/L) 1.49 1 10.70 10.70 2.80 0.12
Sodium glutamate (g/L) -3.97 1 76.16 76.16 19.93 0.00
Sucrose conc (g/L) X Sucrose Conc (g/L) —-17.10 1 90.80 90.81 23.76 0.00
Soybean flour Conc (g/L) X Soybean flour conc (g/L) -19.40 1 677.97 677.97 177.43 0.00
Sodium glutamate (g/L) X Sodium glutamate (g/L) —-21.15 1 805.80 805.80 210.88 0.00
Sucrose conc (g/L) X Soybean flour conc (g/L) 0.35 1 0.13 0.13 0.03 0.86
Sucrose conc (g/L) X Sodium glutamate (g/L) —4.24 1 18.00 18.00 4.71 0.05
Soybean flour conc (g/L) X Sodium glutamate (g/L) —4.95 1 24.50 24.50 6.41 0.03
Error 10 38.21 3.82

Lack-of-fit 35.81 7.16 14.93 0.005
Pure error 5 2.40 0.48

Total 19 1650.31

The probable reason may be mono and homo disaccharides
enhance the growth of organisms rather than the produc-
tion of desired enzymes. A similar type of observation was
reported by Boje et al. (2011) fora-GAL production from
Enterobacter dissolvens. It was also observed that with the
supplement of glucose in media, the enzyme production was
decreased and biomass production was increased.

Further, the levels of significant variables were deter-
mined based on the sign of the coefficient. All three sig-
nificant variables have a positive sign coefficient, which
indicates that for higher production of «-GAL by A. uta-
hensis B1 needs higher amounts of sucrose, soybean flour
and sodium glutamate.

Optimization of medium components by CCD
method

From PBD it was observed that sucrose, soybean flour and
sodium glutamate were the prominent nutrients for a-GAL
production from the A. utahensis B1. Further, these com-
ponents were optimized by using the CCD method, Table 3
depicts the 20 experimental designs along with the obtained
a-GAL yields. From Table 3, it was observed that the a-GAL
production varied from 32.5 U/ml to 56.5 U/ml, indicating
the selected components and their concentrations play vital
roles in the a-GAL production from the isolated A. utahensis
B1 strain. The data was analyzed using the second-order
polynomial regression.

The regression fit was measured by calculating the cor-
relation coefficient (R?). In this study, the higher R? value of
0.97, signifies the accuracy of experimental data and suit-
ability for analysis. The adjusted R? value of 0.95 is closer
to the predicted R? value indicating the acceptance of the
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constructed model (Chiranjeevi et al. 2014; Sathish et al.
2018). The lesser CV (coefficient of variation) value of
4.41% indicates that the experiments were conducted with
greater precision and reliability (Mohan et al. 2014; Usman
et al. 2019). To understand the relationship between the
a-GAL production by A. utahensis B1 and selected nutri-
ents, an empirical equation was constructed based on the
obtained regression coefficients. Equation 5 represents the
constructed polynomial regression model. This equation
helps to forecast the a-GAL yields at the desired concentra-
tion of selected nutrients.

a — Galactosidase yield = —83.2 4+ 1.643 Sucrose
+ 4.516 Soybean Flour
+ 18.65 Sodium Glutamate
— 0.0160 Sucrose
X Sucrose — 0.06859 Soybean Flour
X Soybean Flour
— 1.869 Sodium Glutamate
% Sodium Glutamate
+ 0.0010 Sucrose X Soybean Flour
—0.060 Sucrose X Sodium Glutamate
— 0.0875 Soybean Flour X Sodium Glutamate
®)
Table 5 depicts the Analysis of Variance (ANOVA) data
which shows the selected three nutrients t, F and p- values.
The terms that have less p-value and higher F value were
considered statistically significant terms. The linear terms

of soybean flour concentration and sucrose with other nutri-
ents are not significant. The linear term of soybean flour
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Fig.2 Surface plots of selected factors and their interaction (left
side) A Sucrose vs Soybean flour C Sucrose vs Sodium Glutamate
E Soybean flour vs Sodium Glutamate. Contour plots of selected

concentration is not significant at linear term however the
square term is the second highest significant, which indicates
that this nutrient is highly important for a-GAL produc-
tion by isolated bacteria. The interactions of nutrients were
depicted as surface and contour plots. The interaction of
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factors and their interaction (right side) B Sucrose vs Soybean flour
D Sucrose vs Sodium Glutamate F Soybean flour vs Sodium Gluta-
mate

sucrose with soybean flour and sodium glutamate is depicted
in Fig. 2a—d. Both contours are circular which indicates that
sucrose concentration is independent of all other nutrients. A
similar trend was also noticed in soybean flour with sodium
glutamate (Fig. 2e—f).
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Table 6 Recovery of specific proteins at different stages of purification

Purification steps Volume (mL) Protein conc. by  Total Protein a-Galactosidase  Total Specific Purifica-
bradford (mg/ protein  recovery  activity (U/mL) «a-galactosidase activity (U/ tion fold
mL) (mg) (%) activity mg)
Centrifuged supernatant 1500 0.41 618 100 58.4 87,555 141.7 0.0
UFDF-I 150 3.22 483 78 432.0 64,800 1342 0.9
CHT Type-1I 75 2.86 215 35 778.0 58,350 272.0 1.9
UFDF-1I 25 8.00 200 32 2304.0 57,600 288.0 2.0
Fea——— Based on Eq. 5, the optimum concentrations were

4

csiitisss s RERREARRANIRAN,

¥
i
§
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Fig.3 Chromatogram profile of purified protein on an AKTA Avant
system using a CHT type-II column (Bio-rad)

forecasted as sucrose was 45.35 g/L, soybean flour was
30.84 g/L and sodium glutamate was 3.56 g/L, and at these
concentrations the a-GAL yield predicted as 57.08 U/ml.
By conducting the experiments at these conditions, 58.12
U/ml of a-GAL was obtained which indicates that the built
empirical model is useful to predict the a-GAL production
by A. utahensis B1.

Purification of a-GAL enzyme

The protocol for the purification of the enzyme is presented
in Table 6. The a-GAL enzyme was purified to a 2.03-fold
increase in activity with a yield of 32% from the initial
crude enzyme extract. Initially, proteins present in the crude
extract were subjected to concentration using an MWCO

Fig.4 SDS-PAGE analysis. The flowthrough and the elutions from the CHT type-II column were loaded on SDS-PAGE gel (Left side). The
eluted samples were concentrated using the TFF system and the Retentate and permeate samples were loaded on the SDS-PAGE gel (Right Side)
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membrane, whereby the desired protein was retained at a
50 kDa MWCO membrane. This particular step resulted in
a 0.94-fold enzyme purification, with 74% of the enzyme
being recoverable. Subsequently, the retentate samples were
fractionated through mixed-mode chromatography utiliz-
ing a CHT type-II column, wherein the enzyme was eluted
with a step gradient of elution buffer (50 mM potassium
phosphate buffer, 0.25 mM EDTA, and 250 mM NaCl). The
elution profile of the purified protein is depicted in Fig. 3.
The SDS-PAGE technique was executed on the eluted frac-
tions, and the fractions that exhibited positive outcomes on
SDS-PAGE (as depicted in Fig. 4) were pooled (specifically,
fractions 2, 3, and 4) and concentrated to a volume of 25 mL
via utilization of a 50 kDa MWCO membrane. This ultimate
stage of the process yielded a 2.03-fold increase in enzyme
purification, with 32% of the enzyme being retrievable.

Discussion

Several a-GAL producing microbes have been isolated,
reported, and characterized over the last several decades
(Bhatia et al. 2020). However, this study represents the first
report of a-GAL production from A. utahensis B1 strain
in submerged fermentation. Different nitrogen and carbon
sources were amended in the production medium to deter-
mine their impact on a-GAL production. A PBD design was
used to establish a relationship between media components
and their responses to a-GAL activity. CCD was utilized
to evaluate the optimum concentrations of critical media
components and their interactions. Sucrose (4.53%), soybean
flour (3.08%), and sodium glutamate (0.35%) were found
to be the most significant variables and enhanced the yield
from 16 to 58.37 U/mL. Similar studies were performed
by Gajdhane et al. (2016), where they observed the high-
est enzyme yield from Fusarium moniliforme NCIM 1099
through the utilization of sequential statistical optimization
techniques such as PBD and CCD. Similarly, Anisha et al.
(2008) conducted a study on a-GAL production in Strepto-
myces griseoloalbus and were able to achieve a maximum
yield of 50 U/mL through the implementation of PBD and
BBD methods. Alvarez-Cao et al. (2019) reported the use
of CCD to optimize the critical components and achieved
a yield of 66 U/mL (an increase 11-fold) at 190 h of cul-
tivation. The sequential statistical optimization of a-GAL
production by A.utahensis B1 yielded a 3.64-fold increase
in comparison to the unoptimized medium.

The optimum a-GAL activity and the specific activity of
the purified enzyme were found to be 2304 U/mL and 288
U/mg with a purification fold of 2.03. Pure and efficient
enzyme activity of a-GAL could be obtained using a single-
column chromatography purification step. Previously, the

purification of a-GAL was accomplished through a series of
multistep purification procedures which were both laborious
and time-intensive (Garro et al. 1996; Saishin et al. 2010;
Sirisha et al. 2015). Nevertheless, the purification methodol-
ogy utilized in this context is comparatively uncomplicated
and remarkably replicable. Patil et al. (2021) achieved the
purification of a-GAL from Bacillus megaterium VHM1 to
homogeneity through a three-step process involving etha-
nol precipitation, anionic exchange chromatography, and gel
filtration using G75. The yield obtained was 42.2%, with
a purification fold of 94.2%. Similarly, Gote et al. (2006)
employed a three-step methodology comprising ultrafil-
tration, alcohol precipitation and hydrophobic interaction
chromatography to purify a-GAL from Bacillus stearother-
mophilus. The resultant yield was 44.6% and the purification
fold was 369%.

The current purification study showed a discernible band
that has a molecular weight of approximately 72.0 kDa, with
no discernible evidence of contamination. It was observed
that the molecular weight of a-GAL exhibited variation
based on the origin of the enzyme. a-GALs purified from
various sources such as Bacillus megaterium VHM1 (Patil
et al. 2021), Bacillus stearothermophilus (Gote et al. 2006),
Aspergillus fumigatus (Rezende et al. 2005), Sulfolobus sol-
fataricusis (Brouns et al. 2006) exhibited molecular weights
of 66.0, 79.9, 54.7 and 74.7 kDa respectively.

The present study showed that the isolated A. utahensis
B1 strain is a potential source for a-GAL production and
provided a significant scope for further studies regarding
large-scale production for industrial applications.
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