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HIGHLIGHTS

e First report showing optimization study of arginase production by Lactobacillus acidophilus.
¢ Optimization by OVAT approach resulted in four-fold enhanced arginase production.

e Response surface methodology resulted in six-fold enhanced arginase production with 15 mM
arginine, 1% Yeast extract and medium pH 5.5.

Abstract: Arginase plays an imperative role in the cell growth and proliferation of healthy cells under normal
physiological conditions. Recently arginase has gained the sight of many researchers as it has emerged as
a potential candidate for auxotrophic cancer treatment. Through one variable at a time approach (OVAT), 4-
fold enhanced arginase production was observed compared to unoptimized cultural conditions. The highest
arginase production (2 U/mL) was achieved when a 1% 10 h old inoculum was used to carry out submerged
fermentation for 24 h. Further additional supplementation of media with arginine (15 mM), sucrose (1%),
yeast extract (0.3%) and pH (6) also resulted in improved arginase production. Further optimization of cultural
conditions by response surface methodology (3.3 U/mL) resulted in 6.6-fold improved arginase yield
compared to unoptimized physiochemical cultural conditions. The present work is the first report regarding
optimization of arginase production by Lactobacillus acidophilus by OVAT and the statistical approach using
central composite design under submerged conditions. This study can further be extended to explore the
anti-carcinoma properties of arginase produced by Lactobacillus, followed by its scaling up.

Keywords: Lactobacillus acidophilus; Submerged Fermentation; Arginase Production; Optimization;
Response Surface Methodology.
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GRAPHICAL ABSTRACT

Overall 4 fold enhanced arginase production
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INTRODUCTION

Arginase is a metalloenzyme, which requires manganese to catalyze the terminal step of the urea cycle
by hydrolyzing L-arginine to non-amino acids L-ornithine and urea [1,2]. Arginase enzyme is widely present
in lower organisms such as bacteria, fungi, and yeasts to higher complex organisms [3-5]. Among arginase-
producing microbes, bacteria are the prominent ones, including bacilli like Bacillus subtilis [6], Bacillus
caldovelox [7], Rummeliibacillus pycnus SK32.001 [8], Mycobacteria [9] and many others.

Various in vitro and in vivo studies have suggested that arginine depletion can be effective in treating
tumors like hepatocellular carcinomas (HCCs) and melanomas [1,10,11]. The major mechanism behind the
effectiveness of arginase therapy is the lack of expression of argininosuccinate synthetase-1 (ASS1) in
arginine auxotrophic cancers due to which they need arginine from a nutritional pool of normal healthy cells.
With the administration of arginase, these cancer cells will expose to deficient arginine concentration, which
ultimately halts its growth and metastasis, while the normal cells remain unaffected [1,12-14]. Well-
established previous studies have already shown the therapeutic effects of arginase in cancer therapy against
hepatocellular carcinoma [15,16], leukemia [17], human prostate cancer cells [18], pancreatic cancer [19],
and breast cancer [20]. Hence, its commercial production should be emphasized for its curative properties
against cancers.

L-ornithine, a precursor for glutamate and several other polyamines required for cell growth, the product
of arginase reaction, makes arginase commercialization more significant [7,21]. Previous studies were also
evident that arginases can be provided extracellularly as neuroprotective [22]. It has also been identified as
involved in cardiovascular and neural diseases [22,23]. In the present report, Lactobacillus acidophilus is
being studied for its ability to produce arginase by optimizing the cultural conditions and media components.
For the economic production of the therapeutic enzyme, media components should be optimized for higher
production.

Optimization through one variable at a time (OVAT) approach provides a central idea about significant
parameters of medium components. But this approach is laborious, time-consuming, and does not include
the interactive studies between various parameters under study. Response surface methodology (RSM) is a
popular mathematical and statistical model that helps identify a relationship between a response of interest
and other control variables [24]. It is a method for designing a process model in the form of a non-linear
regression equation by keeping in mind the effect of individual, square, and interactive terms of process
variables on the output [25]. The present study utilizes RSM for modeling and optimization of arginase
production by Lactobacillus acidophilus through submerged fermentation using arginine as an inducer.

MATERIAL AND METHODS

Chemicals and Microbial culture

The chemicals and reagents used in the present study were purchased from Himedia (Mumbai, India)
and were of analytical grade. The culture of Lactobacillus acidophilus was procured from National Dairy
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Research Institute, Karnal (Haryana). The culture was maintained on the MRS agar medium and stored at
4 °C for further application.

Production of the arginase enzyme

The culture of Lactobacillus acidophilus was revived in a sterile MRS broth. Minimal media composed of
arginine (10 mM) along with 13.6 g/L Potassium dihydrogen phosphate (KH2POg4), 2 g/L Ammonium sulphate
(NH4)2S04, 10 mg/L Calcium chloride (CaClz.2H20), 0.5 mg/L Ferrous sulphate (FeS0O,4.7H.0) and 0.5 g/L
Sucrose was used for the production of arginase enzyme. The (1%) pre-cultivated culture was seeded in
minimal media and incubated for 24 h at 37 °C with continuous shaking. An aliquot of fermentation broth
withdrawn from the flask was centrifuged at 4 °C at 6000 rpm for 15 min. The pellet after centrifugation was
suspended in the lysis buffer containing lysozyme and additionally, the cells were sonically disrupted at 4 °C
to extract the enzyme. The lysate after sonication was centrifuged again at 4°C at 8000 rpm for 15 min to
remove the cell debris and was then used for measuring arginase activity. Both pellet (after sonication) and
the supernatant collected after centrifugation were further assayed for arginase activity.

Arginase enzyme assay

The crude arginase activity was estimated spectrophotometrically by measuring the amount of ornithine
released at the end of the reaction. One unit of arginase activity was defined as the amount of enzyme that
releases one micromole of ornithine per minute under standard reaction conditions [21,26].

Optimization of Arginase production using one variable at a time (OVAT) approach

Initially, various enzyme production parameters such as inoculum age (4-12 h with 1 h interval), inoculum
size (0.5%-5%), incubation time (4 h-24 h), incubation temperature (20-40 °C), and arginine concentration
(inducer 5-25 mM) were studied. Carbon source (glycerol, glucose, sucrose with one control having no carbon
source), optimum sucrose concentration (0.5% to 3%), nitrogen sources (yeast extract, peptone and di-
ammonium sulphate with one control), optimum yeast extract concentration (0.1% to 0.8%) and pH (4-7) was
optimized in a stepwise manner to maximize the arginase production.

Modeling and optimization studies

The three variables and their values for the Central Composite Design of Response Surface Methodology
were selected based on OVAT optimization data. The experiments for arginase production optimization were
designed through the statistical software package 'Design-Expert version 10' Stat-Ease. In the present study,
the response was measured in terms of arginase activity (U/mL), a dependent variable. Each independent
variable in the design at three different levels, i.e., higher (+1), middle (0), and lower (-1), were used in this
study as tabulated in Table 1.

Table 1. Experimental (low, mid, and high) range of variables for the central composite design in
terms of actual and coded factors.

Variables Symbol coded Range of variables

Low (-) Mid (0) High (+)
Arginine (mM) A 5 15 25
Yeast extract (%) B 0.1 0.45 0.8
pH C 4 5.5 7

Further, validation of the model was done by performing the sets of experiments under optimal
conditions. 20 experimental sets based on the CCD (shown in Table 2) were implemented in triplicate runs
and both experimental and predicted values were compared. The individual, square and interactive effects
of sets of variables on arginase activity were studied through statistically significant P value and analysis of
variance (ANOVA) tests. The acceptability of the developed model was further confirmed through R? and
adjusted R? values. These statistical values showed the accuracy, aptness, and significance of our model
[27].
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RESULTS AND DISCUSSION

Production of the arginase enzyme

Arginase activity was observed in cell lysate (after sonication of cells; 0.5 U/mL), whereas no arginase
activity was observed in the supernatant. This result demonstrates that arginase is intracellularly located.

Prior studies also revealed that arginase is produced intracellularly by various organisms such as B. subtilis,
B. licheniformis [28,29].

Optimization of production parameters

Effect of Inoculum Age and Inoculum Size

Inoculum age of 10 h (cells in log phase were used as inoculum) (0.79 U/mL) was optimized for arginase
production from L. acidophilus. An increase in arginase production was observed with an increase in inoculum
age and a decrease after 10 h old inoculum (Figure 1a), probably due to older inoculum being metabolically
inactive. In a prior study,18 h old inoculum of Bacillus spp. was used to obtain a maximal intracellular arginase
production [29].

Further, 1% inoculum concentration has shown the highest arginase activity (0.9 U/mL). Further increase
in inoculum size results in a reduction in arginase activity (Figure 1b). This may be due to the addition of a
higher initial concentration of cells leading to nutrient starvation in a shorter period. Even higher inoculum
size, 10%, was reported in Idiomarina sediminum for arginase production [30]. Other studies over the
Streptomyces diastaticus MAM5 observed higher extracellular and intracellular arginase productivity with
2.31% and 1.59% inoculum size [31].
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Figure 1. Effect of a) inoculum age and b) inoculum size on the arginase production

Effect of Incubation Time and Temperature

Enzyme activity was assayed at regular intervals for 30 h to check the optimum incubation period.
Maximum arginase activity (0.92 U/mL) was observed at 24 h, and afterwards, a slight downfall in enzyme
activity was observed (Figure 2a). The slight decline in arginase activity after 24 h may be due to the depletion
of nutrients followed by ceased bacterial growth. Prior studies also observed the same pattern of 24 h
incubation period for arginase production for Bacillus thuringiensis SK 20.001 [26] and
Pseudomonas sp. strain PV1 [32]. Although a higher incubation period, i.e., 36 h, was also reported for
arginase production in Bacillus licheniformis [29].

Incubation temperature is one of the most important parameter which affects enzyme production through
modulating the exponential phase of bacterial growth. The maximum arginase activity was observed at 40 °C
(2.24 U/mL) (Figure 2b). Similar to our finding, 37 °C temperature was used by B. licheniformis [29],
Idiomarina sediminium [30], and Pseudomonas sp. strain PV1 [32] for arginase production. The temperature
is an important consideration because it impacts metabolic activity during the development phase as well as
contributes to the enzyme's stability. Enhancing the temperature beyond 40 °C resulted in a sharp dip in
arginase production owing to denaturation of protein at higher temperatures [32,33].
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Figure 2. Effect of a) incubation time and b) incubation temperature on arginase production

Effect of Arginine concentration

Arginine concentration directly affects the biotransformation of arginine to ornithine. Arginine not only
plays imperative role as the inducer but also acts as carbon and nitrogen source [7]. The effect of different
arginine concentrations supplemented in production medium showed maximum amount of enzyme
production in 15 mM arginine concentration (1.5 U/mL), whereas a further increase in concentration results
in a sudden fall in arginase production (Figure 3). Arginine also supports the arginase production at a 2%
concentration in Idiomarina sediminium [30]. In Streptomyces diastaticus MAMS5, 0.32% arginine
concentration maximizes the extracellular arginase productivity [31].

Arginase activity (U/ml)

> 10 15 20 25

Arginine Concentration {m™M»I)

Figure 3. Effect of varied arginine concentration on arginase production

Selection of Carbon and Nitrogen source

Maximum arginase production was recorded when a medium was supplemented with sucrose (1.72
U/mL) whereas, supplementation of glycerol showed deleterious effects on arginase production. The
previous report suggested that Streptomyces diastaticus MAM5 utilizes soluble starch as a carbon source
[31]. Among different sucrose concentrations, it was observed that optimum arginase production from L.
acidophilus is 1% (1.75 U/mL) sucrose. Further increase in sucrose concentration above 1% showed
inhibitory effects on arginase production probably due to end product inhibition (Figure 4b). Earlier studies
carried out also showed that Pseudomonas sp. strain PV1 utilized sugar alcohol i.e., mannitol for arginase
production [32].

Among various nitrogen sources studied for optimum arginase production, medium supplemented with
yeast extract (0.3%) resulted in higher arginase activity (1.80 U/mL) (Figure 4c). This enhanced production
may be attributed to the complex and wide array of nutritional factors present in yeast extract. A similar finding
showed yeast extract as an optimal nitrogen source in submerged fermentation was reported in
Pseudomonas sp. strain PV1 [32]. Further, yeast extract concentration was varied from 0.1% to 0.8% to
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obtain its optimal concentration. The maximum enzyme production was observed at 0.30% yeast extract (2

U/mL) (Figure 4d).
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Figure 4. Effect of supplementation of a) different carbon sources b) sucrose concentration c) different nitrogen sources
and d) yeast extract concentration on arginase production

Effect of pH

The pH regulates and changes numerous metabolic processes of the organism while also assisting in
the stability of enzymes released in the production medium. Optimum pH for maximum arginase production
was observed at pH 6 (2 U/mL) (Figure 5). A study over the Streptomyces diastaticus MAM5 observed higher
extracellular and intracellular arginase productivity at pH 6.88 and 6.96, respectively [31], whereas the
arginase from B. thuringiensis SK20.001 was procured at pH 7.0 [26].

Arginse activity (U/ml)

pH

Figure 5. Effect of pH on arginase production
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Enhancement of arginase production using Response Surface Methodology (RSM)

The experiment was designed and executed based on the Central Composite Design (CCD) of RSM. 20
experimental sets were tabulated in Table 2. The statistical model was validated by performing these
experimental sets under predicated sets of conditions. The experimental output of arginase activity from the
set of experiments and the predicted values are also tabulated in Table 2. The comparison between predicted
and experimental values and their close values showed the accuracy of the RSM models [24,25]. Considering
the individual, square, and interaction terms of SmF variables on output, the following non-linear regression
equation (uncoded form) was developed for arginase activity.

Table 2. Composition of the various runs of the central composite design, actual and predicted values of the different
parameters and their responses.

S. Arginine concentration Yeast extract concentration pH Response (U/mL) Response (U/mL)
No. (mM) (%) (Exp.) (Predict.)
1 15 0.45 55 2.4 2.41
2 15 1 5.5 3.3 2.42
3 15 0.45 3 0 -0.343
4 25 0.8 4 0.63 1.02
5 15 0.45 5.5 2.4 2.41
6 25 0.1 7 3.1 2.71

7 5 0.1 7 0.2 0.1

8 15 0.45 5.5 2.4 2.42
9 15 0.45 8 0.4 0.467
10 15 0 5.5 1.2 191
11 15 0.45 5.5 2.4 2.41
12 31 0.45 5.5 2.3 2.09
13 5 0.1 4 0 -0.14
14 15 0.45 55 2.4 241
15 5 0.8 7 0.3 0.43
16 0 0.45 5.5 0.52 0.71
17 15 0.45 55 2.4 241
18 25 0.1 4 0.32 0.48
19 5 0.8 4 1.00 1.68
20 25 0.8 7 0.56 0.43

Arginase activity (U/mL) =-13.06104+ 0.084920 * Arginine (mM) + 8.29276* yeast extract (%) + 4.41373 * pH — 0.11893
* Arginine (mM) * yeast extract (%) + 0.026750 * Arginine (mM)* pH — 0.89286 * yeast extract (%) * pH — 4.46114E-003
* Arginine? (mM) -1.21738* yeast extract? (mM) — 0.38841 * pH?2

This equation can be used to make predictions about the response for given levels of each factor.

Lack of fit test

The predictive ability of developed models and results of CCD were further confirmed through statistical
significance tests and ANOVA [27,34,35]. Significance test results for arginase activity are tabulated in Table
3 and ANOVA test results are tabulated in Table 4.

Table 3. Results of significance test on the non-linear model —coefficients and standard error. Std. Dev. = 0.57, R-
squared = 0.8673, Adj R-squared = 0.7478

Factor Coefficient Estimate  DF Standard Error 95% ClI Low 95% CI High VIF
Intercept 2.41 1 0.23 1.90 2.93

A-Arginine 0.45 1 0.15 0.10 0.79 1.00
B-Yeast extract 0.18 1 0.15 -0.17 0.52 1.00
C-pH 0.21 1 0.15 -0.13 0.55 1.00
AB -0.42 1 0.20 -0.86 0.03 1.00
AC 0.40 1 0.20 -0.046 0.85 1.00
C -0.47 1 0.20 -0.92 -0.02 1.00
A? -0.45 1 0.15 -0.78 -0.11 1.02
B2 -0.15 1 0.15 -0.48 0.18 1.02
C? -0.87 1 0.15 -1.21 -0.54 1.02
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Table 4. ANOVA for quadratic model for arginase (U/mL)

Factor Coefficient Estimate DF Standard Error  95% Cl Low  95% CI High VIF
Intercept 241 1 0.23 1.90 2.93

A-Arginine 0.45 1 0.15 0.10 0.79 1.00
B-Yeast extract 0.18 1 0.15 -0.17 0.52 1.00
C-pH 0.21 1 0.15 -0.13 0.55 1.00
AB -0.42 1 0.20 -0.86 0.03 1.00
AC 0.40 1 0.20 -0.046 0.85 1.00
BC -0.47 1 0.20 -0.92 -0.02 1.00
A2 -0.45 1 0.15 -0.78 -0.11 1.02
B2 -0.15 1 0.15 -0.48 0.18 1.02
C? -0.87 1 0.15 -1.21 -0.54 1.02

The regression equation obtained after the analysis of variance (ANOVA) indicated the higher R? value
of 0.867 (a value of R2 0.75 indicates the aptness of the model), which ensured a satisfactory adjustment of
the quadratic model to the experimental data and indicated that 86% of the variability in the response could
be explained by the model [24,25,36]. An adequate precision of 7.782 indicates an adequate signal to
measure the signal-to-noise ratio. This equation proved to be the best fit having a low standard deviation of
0.57 and was used for further analysis.

The model F-value of 7.26 implies that the model is significant [34,37]. In this case, the variables that
seemed to have a significant effect ("Prob>F" is less than 0.0500) were an individual effect of arginine,
interaction effect of yeast extract, and pH and squared effects of arginine and pH. Further, the interaction
effects of variables selected on the production of arginase were studied by plotting three-dimensional surface
curves to determine the optimum level of each variable for maximum enzyme activity [25,27]. These 3-D
response surface plots describe the effect of individual variables and their combined effect upon response
(Figure 6a-6c¢). It shows that increasing yeast extract concentration and decreasing arginine concentration
resulted in a sharp decline in arginase activity (Figure 6a). The interaction between yeast extract and pH also
showed a positive interactive effect, whereas both go down below optimum level; arginase activity gets
declined (Figure 6b). The interaction between arginine concentration and pH showed a bell-shaped graph
that depicts their positive correlation (Figure 6c¢).
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Figure 6. Effect of (a) yeast extract and arginine (b) pH and yeast extract (c) arginine and pH on arginase production
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Validation of the model

The maximum activity was obtained by performing optimization of production parameters found to be 3.3
U/mL compared to the predicted value of 2.42 U/mL calculated by ANOVA analysis. The experiments were
performed under optimum conditions at pH 5.5 with 1% yeast extract and 15 mM arginine in the media,
whereas the optimization through the one variable at a time approach resulted in the maximum activity of 2
U/mL. Comparing data obtained from both approaches results in a 4-fold increase in enzymatic activity
through the OVAT approach and a 6.6-fold increase in arginine activity through the RSM approach. Earlier
studies have also shown that arginase extraction is enhanced by the RSM approach in Bacillus licheniformis
[29]. Other studies revealed that 3.5 and 4.5-fold improved arginase production were observed for intra and
extracellular arginase, respectively, in the Streptomyces diastaticus MAM5 using the RSM approach [31].

CONCLUSION

Despite studying arginase from many bacterial and fungal species in detall, there is no effort seen to
obtain this enzyme from lactic culture. This is the first effort to obtain arginase from a lactic acid bacterium,
Lactobacillus acidophilus and to enhance arginase productivity through OVAT and response surface
methodology. The current study revealed that the concentration of arginine, yeast extract, and pH showed a
major impact on arginine production. Maximum enzyme activity of 2.0 U/mL was obtained by OVAT with pH
6, yeast extract 0.3 %, and 15 mM arginine concentration. While with the RSM, a 6.6-fold increase in arginase
production was observed. Further, these studies can be extended to its potential role as a therapeutic agent
as well as for ornithine production.
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