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Abstract: Recombinantly produced enzymes are applied in many fields, ranging from medicine
to food and nutrition, production of detergents, textile, leather, paper, pulp, and plastics. Thus,
the cost-effectiveness of recombinant enzyme synthesis is an important issue in biotechnological
industry. Isopropyl-p-D-thiogalactoside (IPTG), an analog of lactose, is currently the most widely
used chemical agent for the induction of recombinant enzyme synthesis. However, the use of IPTG
can lead to production of toxic elements and can introduce physiological stress to cells. Thus, this
study aims to find a simpler, cheaper, and safer way to produce recombinant enzymes. In this
study, production of several previously designed recombinant lipolytic enzymes (GDEst-95 esterase,
GD-95RM lipase, fused GDEst-lip lipolytic enzyme, and putative cutinase Cut+SP from Streptomyces
scabiei 87.22) is induced in E. coli BL21 (DE3) using 4 mM milk permeate, a type of waste of the milk
manufacturing process possessing >82% lactose. The SDS-PAGE analysis clearly indicates synthesis
of all target enzymes during a 2-12 h post-induction timeframe. Further investigation of GDEst-95,
GD-95RM, GDEst-lip, and Cut+SP biocatalysts was carried out spectrophotometrically and using
zymography method, confirming production of fully active enzymes.
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1. Introduction

The demand for enzymes, both native, and recombinant, is increasing at a tremendous
pace in various industries (from food, agriculture, chemical to plastic decomposition or
pharmacy). Enzymes reduce the processing time and require low energy input; they are cost
effective, nontoxic, and eco-friendly. It was concluded that the global market for enzymes
in industrial applications should grow from USD 6.4 billion in 2021 to USD 8.7 billion
by 2026, at a compound annual growth rate (CAGR) of 6.3% for the period of 2021-2026.
The global recombinant protein market was estimated at USD 1.65 billion in 2021 and is
predicted to reach USD 3.93 billion by 2030, representing a CAGR of 10.12% throughout
the forecast period of 2021-2030. It has also been calculated that by 2003 approximately
90% of all industrial enzymes were recombinant [1]. Recombinantly produced enzymes are
applied in many fields, ranging from medicine to food and nutrition or the production of
detergents, textile, leather, paper, pulp, and plastics [2,3]. Thus, the cost-effectiveness of
recombinant enzyme production is an important issue in the biotechnological industry.

Escherichia coli-based heterologous systems are the most frequently used hosts for the
production of recombinant enzymes [4-9]. The advantages of E. coli are its relative sim-
plicity, fast growth in chemically defined media, growth independent of oxygen, inability
to form aggregates, well-known genetics, availability of expression vectors and produc-
tion strains, well-developed fermentation technologies, easy manipulation, adaptation to
metabolic stress, several strains being considered biosafety level 1, and cost-effectiveness
in producing recombinant proteins [5,7,9-12]. Nowadays, many proteins of commercial
interest are produced in E. coli. Furthermore, about 30% of therapeutic proteins are pro-
duced using these bacteria [10,13]. The organism can accumulate heterologous proteins
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of up to 50% of its dry cell weight [1]. For lab-scale experiments including structural and
functional studies of recombinant proteins, E. coli is the host of choice for most. Thus, the
improvement of cultivation conditions and target molecule production to reduce process
costs remain among the common research and industry goals.

The most frequently used strain for heterologous protein production in E. coli is the
strain BL21(DE3). It offers a number of advantageous features including the lack of Lon and
OmpT protease genes—resulting in the extended lifetime of recombinant proteins [12,14],
faster growth in minimal medium [15], and production of less acetate during growth
compared to other strains, which leads to improved production of recombinant proteins by
lowering acetate stress [16,17]. The strain BL21(DE3) is mostly used together with the T7
expression system. The T7 expression system is based on the T7 promoter, which features
exceptionally high transcription rates—the target protein is transcribed by the T7 polymerase,
which is faster compared to native E. coli polymerases, leading to a high number of transcripts
and thus a higher production of the target enzyme [6,14,18-20]. The BL21(DE3) strain carries
a copy of the phage T7 RNA polymerase (T/RNAP) gene under the control of the lacUV5
promoter. Genes of interest are cloned under control of a T7 promoter in expression plasmids,
and protein production begins upon the addition of IPTG (isopropyl-p-D-thiogalactoside), a
structural non-metabolizable analogue of allolactose [12,21,22].

IPTG is currently one of the most common chemical agents used for regulating this
promoter’s transcriptional activity [11,23]. IPTG itself is not degradable by [3-galactosidase
and its concentration remains steady throughout the experiment [23,24]. However, limita-
tions have been observed in large-scale, as well as microplate-scale, production, including
the toxicity, high cost, and demanding monitoring of culture growth [3,21,25]. The use
of IPTG produces more toxic elements and can introduce physiological stress to cells in
comparison to natural sugars [25]. Because of its toxicity, IPTG is not used in the production
of therapeutic proteins. Moreover, unwanted production of inclusion bodies is also to be
expected when using this inducer [3,23,26]. Thus, a more effective, safer, and cheaper
alternative to IPTG is required.

Although IPTG is not consumed by cells, it may accumulate in cells and lead to stress.
To avoid the negative effects of IPTG, several alternative inducers have also been suggested.
One of them is lactose. Lactose plays two roles during expression: (1) it acts as an inducer,
and (2) it is a source of carbon [23,27,28]. The application of lactose as an inducer has been
previously reported [28-31]. Khani and Bagheri [23] have previously suggested skimmed
milk as an attractive, cheaper alternative to IPTG for recombinant enzyme production.
Thus, an inexpensive waste product could potentially serve as an inducer replacing the
costly IPTG.

Lipolytic enzymes (lipases, esterases, cutinases, etc.) are attractive biocatalysts in a
variety of different industries. Lipases (EC 3.1.1.3) are versatile enzymes that can catalyze
the hydrolysis of triglycerides, as well as esterification, interesterification, alcoholysis,
and aminolysis reactions. The market for such enzymes is estimated to have been USD
425.0 million in 2018, and it is projected to reach USD 590.2 million by 2023, growing at a
CAGR of 6.8% from 2018 [32]. Lipases are the third-most-used enzyme class after proteases
and amylases and their production has constantly increased throughout the years [1,33,34].
They are widely used in biodiesel, food, nutraceutical production, oil degumming and
detergent manufacturing, bioremediation, agriculture, cosmetics, perfumery, the flavor
industry, stereospecific compound production, esters, amino acid derivatives, fine chem-
ical production, leather and paper, biosensors, pharmaceutical and medical industries,
polyester waste conversion, and wastewater treatment [32,33,35-39]. E. coli represents 50%
of the total heterologous production of lipases by eukaryotic and prokaryotic hosts and,
from an industrial viewpoint, the selection of an efficient expression system and host for
recombinant lipase production is highly important [40].

Another extensively studied group of microbial lipolytic enzymes are carboxylesterases
(EC 3.1.1.1) that cleave carboxylic esters; however, the lengths of the acyl chains of the
substrates are much shorter than the substrates of lipases [41,42]. Esterases display stere-
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ospecificity and regioselectivity, which make them attractive biocatalysts for the production
of optically pure compounds in fine-chemical synthesis [43—47]. Many carboxylesterases
exhibit excellent activity in organic solvents and because of this they have become among
the most-used enzymes in organic compound synthesis [42]. Carboxylesterases have also
gained attention for their wide application in the biodegradation of pesticides (phyrethroid,
organophosphate, and carbamate), as biosensors of toxic materials, and for their ability to
depolymerize plastic [48-53].

Due to their ability to catalyze reactions involving many different soluble esters, insol-
uble triglycerides, and various polyesters, cutinases (EC 3.1.1.74) can also be defined as
lipolytic enzymes, and they are often even misclassified as esterases or lipases. However,
cutinases primarily are hydrolytic enzymes that degrade cutin, the cuticular polymer of
higher plants, which is a polyester composed of hydroxy and epoxy fatty acids [54,55], and
they differ from classical lipases as they do not display or display little interfacial activa-
tion [55]. Cutinases have already seen use in the dairy and textile industries, household
detergents, the oleochemical industry, the synthesis of structured triglycerides, polymers,
and surfactants, and the production of ingredients for personal-care products, pharmaceu-
ticals, and agrochemicals containing one or more chiral centers [54,56]. Moreover, in recent
years, it has been found that cutinases can biodegrade plastic and are the most promising
enzymes for solving issues related to polyester plastic pollution [53,57-61]. Thus, a simpler
and cheaper production of recombinant lipolytic enzymes can be helpful both for industry
and the fundamental investigations of these enzymes.

As models in this study, several previously designed recombinant lipolytic enzymes
were used: GDEst-95 esterase [62], GD-95RM lipase [63], a fused GDEst-lip lipolytic en-
zyme [62], and Cut+SP putative cutinase from Streptomyces scabiei 87.22 [64,65]. A range of
different inducers has been used in this study: IPTG (1 mM), different concentrations of lac-
tose as control (2, 4, 6 mM), and different concentration of milk permeate (MP) (2, 4, 6 mM).
Moreover, the enormous use of antibiotics worldwide has led to a widespread antibiotic
resistance of bacteria and the use of antibiotics in the cultivation medium increases the
overall price of recombinant enzyme production. Thus, lower antibiotic concentrations
in the cultivation medium have also been tested in this work. This study aimed to find
a simpler, cheaper, and safer way to produce recombinant enzymes. MP, a waste of milk
manufacturing, has been revealed to be an attractive alternative to IPTG for the induc-
tion of recombinant enzyme production. This study is beneficial in the following points:
1. the production of industrially attractive biocatalysts in a cheaper way is presented;
2. MP showed great results for recombinant enzyme synthesis induction; and 3. the growth
of recombinant E. coli BL21 (DE3) cells without additional supplementation with antibiotics
in the cultivation medium and successful production of recombinant enzymes has been
shown in this work.

2. Materials and Methods
2.1. Chemicals

Isopropyl-B-D-1-thiogalactopyranoside (IPTG), PageRuler™ Unstained Protein Ladder,
and PageRuler™ Unstained Broad Range Protein Ladder were purchased from Thermo
Fisher Scientific Baltics, Vilnius, Lithuania. PageBlue™ Protein Staining Solution, Pierce™
Unstained Protein MW Marker, and tributyrin were purchased from Thermo Scientific™,
Waltham, MA, USA. Bis-acrylamide was purchased from AppliChem, Darmstadt, Germany.
Tetramethylethylenediamine (TEMED) was purchased from Bio-Rad, Hercules, CA, USA. All
other reagents and chemicals used in this study were purchased from Carl Roth Gmbh &
Co. Kg, Karlsruhe, Germany, unless otherwise specified. All chemical reagents used in this
study were of analytical grade. LACTOPRIMA LAC MPP85 (milk permeate powder MPP85,
https:/ /www.baltmilk.eu/en/products/mpp85, accessed on 4 June 2022), which was used as
an inducer, was obtained from BaltMilk (Company “Pienas LT”, Kaunas, Lithuania).
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2.2. Bacterial Strains and Plasmids

Escherichia coli strain BL21 (DE3) (Thermo Fisher Scientific, Waltham, MA, USA) was
used for recombinant protein expression procedures. The gene of the cutinase family
protein from Streptomyces scabiei 87.22 was synthesized by Invitrogen (part of Thermo
Fisher Scientific) according to a gene sequence in the Streptomyces scabiei 87.22 complete
genome (GenBank Accession no. FN554889) [66]; locus 8717205 bp-8717846 bp (NCBI
Reference Sequence: NC_013929.1).

E. coli BL21 (DE3) cells harboring a pET-21c(+) vector with inserted genes encoding
GDEst-95 esterase [62], GDEst-lip chimeric enzyme [62], GD-95RM lipase [63], and Cut+SP
cutinase [64,65] have also been used in this study.

Electrocompetent E. coli BL21 (DE3) cells were prepared, and transformation via
electroporation has been performed using protocols from Sambrook and Rusell 2001 [67].
Further E. coli BL21 (DE3) transformants were screened on LB agar plates containing
100 pg/mL of ampicillin.

2.3. Culture Conditions

For the cultivation of E. coli BL21 (DE3) transformants, two media were used in this work:
(1) LB (Luria-Bertani) medium and (2) M9 mineral medium with modifications (mM9).
The composition of LB medium was 1% peptone from casein, 0.5% yeasts extract, and
0.5% NaCl. Additionally, 1.5% agar-agar was added to prepare solid medium. mM9 medium
was composed of 20% M9 salt solution (5x): 1.5% KH,POy,; 0.5% NH4ClL 0.25% NaCl;
10% amino acid solution (10x): L-alanine (126 mg/L), L-arginine hydrochloride (522.5 mg/L),
L-asparagine monohydrate (300 mg/L), L-cystine (120 mg/L), L-glutamic acid (294 mg/L),
glycine (150 mg/L), L-histidine hydrochloride monohydrate (155 mg/L), L-isoleucine
(263 mg/L), L-glutamine (294 mg/L), L-leucine (262 mg/L), L-lysine hydrochloride (363 mg/L),
L-methionine (76 mg/L), L-phenylalanine (165 mg/L), L-proline (230 mg/L), L-serine
(210 mg/L), L-threonine (238 mg/L), L-tryptophan (51 mg/L), L-valine (234 mg/L), L-aspartic
acid (266 mg/L); 0.2% yeast extract; 0.05% 1000x vitamin solution: (D(+)-biotin (10 mg/L);
meso-Inositol (100 mg/L); nicotinic acid (100 mg/L); pyridoxine hydrochloride (100 mg/L);
riboflavin (100 mg/L), thiamine hydrochloride (100 mg/L)). After autoclaving mM9 medium
was supplemented with 0.2% 1 M MgSOy and 0.005% 1 M CaCl,. For the cultivation of E. coli
BL21 (DE3) transformants in LB or mMO9, the media were supplemented with 100 ug/mL
(50 pg/mL; 25 pg/mL; 10 ug/mL; 0 pg/mL in optimization experiments) ampicillin. The
cells were cultivated at 37 °C in pH ~7. All growth conditions are presented in Table 1.

Table 1. Conditions used for recombinant E. coli BL21 (DE3) cell cultivation and Cut+SP, GD-95RM,
GDEst-95, and GDEst-lip recombinant enzyme production. IPTG—isopropyl-p-D-thiogalactoside;
MP—milk permeate.

Volume of Culture
Medium (mL)

Final Ampicillin
Concentration in
Cultivation Medium

(ug/mL)

Tested Inducer and Final
Concentration in Cultivation Cultivation Conditions Enzymes Produced
Medium

50

100

37 °C, 150-180 rpm;
IPTG (1 mM), lactose (2, 4, 6 Orbicult IBS-R-25-1 incubator benchtop
mM) shaker (Kisker Biotech GmbH & Co. KG,
Steinfurt, Germany)

Cut+SP, GD-95RM

250

100; 50; 25; 10; 0.5 MP (2, 4, 6 mM) Orbicult IBS-R-25-1 incubator benchtop

37°C, 150-180 rpmy; Cut+SP, GD-95RM, GDEst-lip,

shaker GDEst-95

1000

37 °C, magnetic stirrer at 170 rpm;
the cultivation was performed in 2000 mL
MP (4 mM) Erlenmeyer flasks in an Enviro-Genie
incubator (Scientific Industries, Inc.,
Bohemia, NY, USA)

Cut+SP, GD-95RM, GDEst-95,
GDEst-lip

2000

35-37 °C, magnetic stirrer at 550 rpm;
the cultivation was performed in 5000 mL
MP (4 mM) Erlenmeyer flasks using Wisd23 ViseStir
MSH-D hotplate magnetic stirrer (TQC bv,
Capelle aan den Ijssel, The Netherlands)

Cut+SP, GD-95RM, GDEst-95,
GDEst-lip
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2.4. Induction of Recombinant Enzyme Synthesis

IPTG (1 mM), lactose (2, 4, 6, mM), and MP (2, 4, 6 mM) were used for induction of
recombinant enzyme synthesis. The inoculum for induction was prepared by growing
one colony of a transformant of E. coli BL21(DE3) harboring a pET-21c(+) plasmid with
one of the inserted genes (GD-95RM lipase, Cut+SP putative cutinase, GDEst-lip chimeric
enzyme, and GDEst-95 esterase) at 37 °C overnight with agitation (150/180 rpm) in LB broth
containing 100 pg/mL ampicillin. The culture was then transferred using 1% inoculum to
50/250/1000 and 2000 mL fresh mM9 medium containing the same or lower concentrations
(50 pg/mL, 25 ug/mlL; 10 pg/mL, and 0 pg/mL) of ampicillin to a final ODggg of 0.02-0.03.
The culture was incubated at 37 °C with agitation (Table 1) until ODgq reached 0.4 and
IPTG/ lactose or MP was added to a final tested concentration. All growth and induction
conditions are presented in Table 1.

For protein detection by SDS-PAGE (Section 2.5), cell samples obtained at different
times after induction (2, 4, 6, 8, 12, 24 h after adding the inducer) were adjusted so that
their ODggg value was 0.4, mixed with 80 puL 4X SDS-PAGE sample loading buffer (50 mM
Tris-HCl buffer (pH 6.8), 2% sodium dodecyl sulphate, 10% glycerol, and 0.02% bromphenol
blue) and subjected to glycine or tricine SDS-PAGE analysis. The negative control was
prepared by the same method using cells not subjected to IPTG/lactose/MP induction [68].

2.5. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To evaluate recombinant enzyme production, glycine-SDS-PAGE (for GD-95RM,
GDEst-lip, GDEst-95) and tricine-SDS-PAGE (for Cut+SP) were used. Glycine-SDS-PAGE
was carried out on 10% running gel using Laemmli’s discontinuous tris-glycine buffer
system [69]. The conditions and gel compositions for tricine-SDS-PAGE were adapted
according to Schagger [70] and Haider et al. [71], with minor modifications to the number
of reagents. For SDS-PAGE, the Mini-PROTEAN system (Bio-Rad, Hercules, CA, USA) was
used.

After electrophoresis, gels were stained with PageBlue™ protein-staining solution
following the manufacturer’s recommendations. A broad range of protein standards
PageRuler™ Unstained Broad Range Protein Ladder, Pierce™ Unstained Protein MW
Marker, and PageRuler™ Unstained Protein Ladder were used as molecular mass markers.

2.6. Zymography and Lipolytic Activity Assay

Lipolytic activity was determined on SDS-PAGE gels using tributyrin (TB) as substrate.
The gel renaturation procedure was carried out following Levisson et al. [72] with slight
modification. The part of SDS-PAGE that was used for zymography analysis was washed
twice with renaturation solution (20% isopropanol solution in Tris-HCI (50 mM, pH 8)
buffer) for 15 min and three times using only Tris-HCI (50 mM, pH 8) buffer. The renatured
gel was placed into a Petri dish and 50 mL TB-agar (agar 1.5% (w/v), 0.5% emulsified
TB, and 50 mM Tris—HClI buffer (pH 8)) was poured over them and left to set. The Petri
dish was incubated overnight at 30 °C. The molecular weight of the expressed enzymes
that showed activity was determined by the comparison of stained protein gels and their
zymogram counterpart.

For quantitative activity measurements, target enzymes were purified from the E. coli
BL21 (DE3) cells collected during cultivation with MP. The purification process was carried
out based on the previous reports [62-65,68]. Lipolytic activity was determined spec-
trophotometrically by using p-nitrophenyl (p-NP) dodecanoate as a substrate for GDEst-95,
GD-95RM, and GDEst-lip enzymes, and p-NP butyrate—for Cut+SP cutinase. For the
Cut+SP activity determination, the assay mixture contained 890 uL of KH,PO4 buffer
(50 mM, pH 7), 100 pL of substrate solution (2.5 mM p-NP butyrate in DMSO), and 10 puL of
purified enzyme solution. Before the reaction, the assay mixture was preincubated at 30 °C
temperature for 10 min and then the enzyme solution was added. Other measurement
conditions were used as described in previous works [62,63,68].
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3. Results
3.1. Optimization of Milk Permeate (MP) Concentration

Since the milk permeate powder (LACTOPRIMA LAC MPP85) is composed of >82%
lactose, <2% fat, and <4% protein, first, lactose as an inducer was tested. In this step,
GD-95RM lipase and Cut+SP enzymes were used as models because of their medium
(~43 kDa) and low molecular weight (~25 kDa), respectively. The E. coli BL21 (DE3) cells
harboring plasmids encoding GD-95RM lipase and Cut+SP cutinase were grown in 50 mL
mM9 medium, and lactose to a final concentration of 2, 4, and 6 mM was added at the
point of induction. The results clearly indicated GD-95RM lipase and Cut+SP putative
cutinase production after induction with 2, 4, and 6 mM lactose (Figure 1). The protein
bands corresponding to the size of GD-95RM lipase were detected immediately 2 h post-
induction (Figure 1c), while the accumulation of Cut+SP cutinase in the cells started 4 h
post-induction (Figure 1a).

The obtained results revealed that 2 mM lactose is already a suitable concentration
for production of target recombinant enzymes; however, for the next-stage experiments, a
4 mM concentration was chosen to ensure effective expression of recombinant enzymes.

In the next step, the volume of the media was increased to 250 mL and MP was tested
as an inducer; 2, 4, and 6 mM concentrations of MP was tested for induction of synthesis
of Cut+SP and GD-95RM enzymes to compare MP’s effectiveness with that of lactose.
The SDS-PAGE analysis confirmed target enzyme synthesis after recombinant E. coli BL21
(DE3) treatment with 2, 4, and 6 mM MP at different post-induction time points (Figure 2).
However, the accumulation of Cut+SP was not detected at a 24 h post-induction time point.
It is worth noticing that production of Cut+SP, using both IPTG and lactose as inducers,
also could not be detected using SDS-PAGE analysis after 24 h post-induction. Moreover,
SDS-PAGE analysis of Cut+SP producing recombinant E. coli cells did not show any cellular
proteins either. This suggests a possible toxic effect of cutinase to recombinant host cells
using a larger production scale and this case will be discussed in further detail in the
Discussion section.

Cut+SP cutinase
2hp.i 4 hp.i. 12 h p.i. 24 hp.i.
0—246M—246 - 246M_2456

25kDa | - —

(a) (b)
GD-95RM lipase
2 h p.i. 4 hp.i. 12 h p.i. 24 hp.i.
0=—2 46=M2 46 — 2M46=246
= : L Y
r—! -
As.okDaP- e . — - 50100
"-,--—--—-—-ﬂ - — "
F . =]
(c) (d)

Figure 1. The expression of recombinant Cut+SP cutinase (a,b) and GD-95RM lipase (c,d) using
lactose as an inducer. M—Pierce™ Unstained Protein MW Marker; 2 /4 /6—concentration of lactose as
an inducer (mM); 0—time point when E. coli BL21 (DE3) has been subjected for induction; —control
sample of recombinant E. coli BL21 (DE3) cells growing without induction; p.i.—post-induction time
in hours. The target enzymes are marked with black boxes. Tricine-SDS-PAGE was used for Cut+SP
analysis and glycine-SDS-PAGE for GD-95RM, respectively.
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Cut+SP cutinase
2hpi. 4 hp.i 12hp.i. 24 hp.i.
oM1—IL246—IL24G = MII L 2462 46 =1 L
=1 |
|

] ‘.4

25 kDa

KD:
B = B

(a)

GD-95RM lipase

12 h p.i. 24 hp.i.

2 e =2 —246M=—246

h
0— 2 4 6M2=—2

Ny

m

. . -, -

$0K0a Fﬁbﬁﬁ—kﬁ 450KDa [‘*m

50 KDa W S ——— — - o o 350kDa T T T T - W S . e
A b

- . =S L

(b)

Figure 2. The expression induction of recombinant Cut+SP cutinase (a) and GD-95RM lipase (b) using
MP as an inducer. M1—PageRuler™ Unstained Protein Ladder; M2—Pierce™ Unstained Protein MW
Marker; 2/4/6—concentration of MP as an inducer (mM); 0—time point when E. coli BL21 (DE3) was
subjected for induction; —control sample of recombinant E. coli BL21 (DE3) cells growing without

- —
LN R

v

induction; I—for induction IPTG (1 mM) was used as an inducer; L—for induction lactose (4 mM) was
used as an inducer; p.i—post-induction time in hours. The target enzymes are marked with black boxes.
Tricine-SDS-PAGE was used for Cut+SP analysis and glycine-SDS-PAGE for GD-95RM.

As was the case with lactose, 2 mM MP is an appropriate concentration to induce the
synthesis of recombinant enzymes. In this study, to ensure effective production of recombi-
nant enzymes, a higher concentration (4 mM) of MP was chosen for further experiments.

3.2. Influence of Lower Antibiotic Concentrations on Recombinant Enzyme Production

The enormous use of different antibiotics leads to widespread resistance of bacteria
and also increases production costs of recombinant enzymes. To decrease costs of the
synthesis process, lower concentrations of ampicillin were tested in the cultivation media.
The obtained results suggested that recombinant enzyme production is possible without
additional supplementation of antibiotics (Figure 3). However, some antibiotics from an
overnight inoculum still enter the fresh cultivation medium. It was calculated that the final
concentration of ampicillin in the fresh medium can be ~0.5 pg/mL. It could be the case
that such an amount of antibiotic is suitable to maintain recombinant plasmids within cells.
A significant difference in recombinant enzyme production using a lower concentration
of ampicillin was not detected (Figure 3). The protein bands corresponding to the target
Cut+SP putative cutinase (Figure 3a,b) and GD-95RM lipase (Figure 3c), were clearly
detected in mM9 medium at different time points post-induction with MP (4 mM). The
different post-induction time points for Cut+SP and GD-95RM are presented to illustrate
various analysis periods. The Cut+SP cutinase and GD-95RM lipase was successfully
produced even 12 h and 24 h post-induction (Figure 3b,c). It is important to emphasize
that a similar yield of recombinant enzymes can be achieved using MP instead IPTG as an
inducer (Figures 2 and 3).
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2hp.i Cut+SP cutinase 12 h p.i.
00— IMRRP -—M11ILRRPR

3}

—— ; 25 kDa
20 kDa

(a) (b)
GD-95RM lipase 4hp.i.8hp.i 24hp.i
M20—RR—RR—PR B

Bl vkelopdid g
2

—_
40 kDa =~ v

(c)

Figure 3. Influence of ampicillin concentration in the cultivation medium for recombinant Cut+SP
(a,b) and GD-95RM enzymes (c) synthesis. M1—PageRuler™ Unstained Protein Ladder; M2—
PageRuler™ Unstained Broad Range Protein Ladder; P—for induction MP (4 mM) was used as an

inducer; 100, 25, 10, 0—mark a concentration of ampicillin (ug/ mL) added to the medium; I—for
induction IPTG (1 mM) as an inducer was used as an inducer; L—for induction lactose (4 mM) as an
inducer was used as an inducer; —control sample of recombinant E. coli BL21 (DE3) cells growing
without induction; p.i.—post-induction time in hours. The target enzymes are marked with black
boxes. Tricine-SDS-PAGE was used for Cut+SP analysis and glycine-SDS-PAGE for GD-95RM.

3.3. Synthesis of GDEst-lip and GDEst-95 in Low Scale

MP as an inducer was also tested for production of GDEst-95 esterase (55 kDa) and
fused GDEst-lip enzyme (98 kDa) to evaluate the suitability of optimized conditions for syn-
thesis of higher molecular weight lipolytic enzymes. Moreover, both biocatalysts showed
attractive industrial characteristics: temperature activity (5-80 °C) and thermostability, as
well as high tolerance to organic solvents [62,73]. Thus, the cost-efficient production of
these enzymes is crucial for their application and further testing. The growth at a lower
scale was performed in 250 mL mM9 cultivation medium without additional supplemen-
tation of ampicillin. Glycine-SDS-PAGE results indicated the successful production of
target enzymes after E. coli BL21 (DE3) cell treatment with 4 mM MP (Figure 4). The molec-
ular weight of the newly produced proteins corresponded to the molecular weights of
GDEst-95 (Figure 4a) and GDEst-lip enzymes (Figure 4b). The SDS-PAGE analysis did not
show significant differences in recombinant enzyme synthesis using IPTG (1 mM) and MP
(4 mM), confirming MP as a potential alternative inducer able to rival IPTG. The selected
mM9 medium and induction conditions allowed the production and accumulation of both
enzymes even after 24 h post-induction.
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Figure 4. Synthesis of recombinant GDEst-95 esterase (a) and GDEst-lip fused enzyme (b) in E. coli
BL21 (DE3) cells using 4 mM milk permeate (P) as an inducer. Induction in mM9 medium sup-
plemented with 100 pg/mL ampicillin and 1 mM of IPTG (I) as an inducer were used as control.
M—PageRuler™ Unstained Broad Range Protein Ladder; —control sample of recombinant E. coli
BL21 (DE3) cells growing without induction; p.i.—post-induction time (in hours). The target enzymes
are marked with black boxes. Glycine-SDS-PAGE was used for analysis.

3.4. Up-Scale Synthesis of Cut+SP, GD-95RM, GDEst-lip and GDEst-95 Enzymes

For the up-scaling synthesis experiments of Cut+SP, GD-95RM, GDEst-lip, and GDEst-
95 enzymes, one (Figure 5) and two liters (Figure 6) of mM9 medium were used. The
recombinant E. coli BL21 (DE3) cells were cultivated 24 h post-induction without additional
supplementation of ampicillin, and MP (4 mM) was used as an inducer. Data analysis
clearly indicated GD-95RM, GDEst-lip, and GDEst-95 enzyme synthesis 2, 4, 12, and
24 h post-induction in 1 L (Figure 5) and 2 L (Figure 6) media. Because the synthesis
of the Cut+SP putative cutinase was not detected in small-scale experiments at a 24 h
post-induction time point (Figure 2), the large-scale cultivation experiments were stopped
at a final time point of 12 h post-induction (Figures 5a and 6a).

Cut+SP

GD-95RM
M2 124 2 0

"HA

25.0 kDa 45.0 kDa
18.4 kDa 35.0 kDa ==
(@) (b)
GDEst-95 GDEst-lip
oM 2 4 12 24 M2 12 4 2 0
0 #0Ie tieokoa
66.2 kDa . ' | 66.2 kDa * *
45.0 kDa ; ﬂ H
(c) (d)

Figure 5. Analysis of production of recombinant Cut+SP (a), GD-95RM (b), GDEst-95 (¢) and GDEst-
lip (d) enzymes in 1 L mMO9 cultivation medium without additional supplementation with ampicillin
and using MP (4 mM) as an inducer. M—Pierce™ Unstained Protein MW Marker; 0/2/4/12/24—
time point after induction with MP (in hours). The target enzymes are marked with black boxes.
Tricine-SDS-PAGE was used for Cut+SP analysis and glycine-SDS-PAGE for GD-95RM, GDEst-95,
and GDEst-lip.
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Figure 6. Analysis of production of recombinant Cut+SP (a), GD-95RM (b), GDEst-95 (c), and
GDEst-lip (d) enzymes in 2 L mM9 cultivation medium without additional supplementation with
ampicillin and using MP (4 mM) as an inducer. M1—Pierce™ Unstained Protein MW Marker; M2—
PageRuler™ Unstained Protein Ladder; 0/2/4/12/24—time point after induction with MP (in hours).
The target enzymes are marked with black boxes. Tricine-SDS-PAGE was used for Cut+SP analysis
and glycine-SDS-PAGE for GD-95RM, GDEst-95, and GDEst-lip.

Zymography analysis confirmed production of active target recombinant enzymes in 2
L of cultivation medium at different time points after induction with MP (4 mM) (Figure 7).

Cut+SP GD-95RM
M12 412 12 2412M124 12 24
%

45 kDa
35kDa

SDS-PAGE
() (b)
GDEst-95 GDEst-lip
M2 2 4 12 24 12 24 M2241224 12 24

40 kDa

(c) ()

Figure 7. Activity analysis of recombinant Cut+SP (a), GD-95RM (b), GDEst-95 (c), and GDEst-lip
(d) enzymes in zymograms (Zym) during production in 2 L mM9 cultivation medium without
additional supplementation with ampicillin and using MP (4 mM) as an inducer. M1—Pierce™
Unstained Protein MW Marker; M2—PageRuler™ Unstained Protein Ladder; 2/4/12/24—time
point after induction with MP (in hours). The target enzymes are marked with black boxes. Tricine-
SDS-PAGE was used for Cut+SP analysis, and glycine-SDS-PAGE for GD-95RM, GDEst-95, and
GDEst-lip.
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Additionally, the recombinant E. coli BL21 (DE3) cells produced Cut+SP, GDEst-95,
GD-95RM, and GDEst-lip lipolytic enzymes were collected at the end of expression (Cut+SP:
12 h post-induction, and other enzymes: 24 h post-induction), stored at —20 °C and fur-
ther used for target biocatalysts purification and application experiments (not shown).
Confirmation of fully active enzyme production was done by using p-NP fatty acid esters
as substrates. The activity of purified recombinant GDEst-95 esterase, GD-95RM lipase,
and GDEst-lip enzymes was 120 U/mg, 1800 U/mg, and 580 U/mg, respectively, and
these values were very similar to previous detected activities using p-NP dodecanoate as a
substrate [62,63]. The activity of Cut+SP was detected using p-PN butyrate as substrate
and was 540 U/mg.

4. Discussion

The cheaper production of recombinant proteins is a goal of both scientists and indus-
try. In this study, it was shown for the first time that milk permeate is a suitable inducer for
target enzyme production, while lactose has already been previously shown to be usable as
an inducer [28-31,74-77]. There have already been strategies proposed to replace IPTG. One
of them is the use of an autoinduction medium consisting of at least two carbon sources:
glucose and lactose (glycerol can also be added to increase yields) [78-81]. The induction
starts once all the available glucose has been consumed. The glucose metabolism prevents
uptake of lactose until glucose is depleted, usually in mid to late log phase. Consumption
of glycerol and lactose follows, the latter being also the inducer of lac-controlled protein ex-
pression [21,82]. The researchers also proposed a new acetate containing a medium for the
production of a recombinant protein in E. coli BL21(DE3) [83] together with 1 mM lactose
as inducer. The authors [83] took advantage of E. coli BL21(DE3) as a high-acetate-tolerant
host, which allows us to reach high-density cell cultures with controlled feeding. It was
observed that acetate metabolism can be employed to efficiently produce recombinant
proteins in E. coli BL21 by growth in a culture medium with acetate as a carbon source [83].

A few years ago, Briand and co-authors [21] suggested a SILEX (self-inducible expres-
sion) system as a convenient, cost-effective alternative that did not required IPTG induction.
The SILEX system is presented as compatible with classical culture media temperatures and
allows protein expression modulation. This system is based on the engineered BL21(DE3)
strain containing the SILEX plasmid encoding the human heat shock protein 70 (hHsp70)
and a second plasmid encoding for the protein of interest [21]. The system allows recombi-
nant protein overexpression using a lac-inducible plasmid by autoinduction. hHsp70 is
a stress protein that plays an anti-aggregation function and demonstrates a high affinity
between the two partners and an autoinduction phenomenon. However, in this strategy,
two plasmids and co-expression are required.

Regarding the toxicity and cost of IPTG, milk manufacturing wastes that are rich in
lactose such as skimmed milk [23] or milk permeate can be used instead of IPTG, helping
overcome problems arising from the use of IPTG and making the overall production of
recombinant biocatalysts more cost-efficient. During milk processing, lactose is separated
from the fluid milk or other fluid dairy products to improve its functionality and storage
stability, and to make reduced lactose products for consumers [84]. Ultrafiltration itself
is a very useful process for producing reduced lactose dairy products. Ultrafiltration
membranes retain all the fat globules and milk proteins and allow lactose to permeate.
Permeate contains lactose, vitamins, and minerals, while skimmed milk is also known as fat-
free or non-fat milk. Permeate is a very rich in lactose (>82%), a dairy manufacturing waste
product obtained after milk or skim-milk processing. Two forms of permeates are known:
milk and whey permeates. Milk permeate has a similar composition to whey permeate,
but because of the fewer processing steps, its organoleptic profile may be different. The
permeates usually have a minimum of 76% lactose, a maximum of 14% ash, and typically
between 2-7% protein. MP used in this study also had fat (<2%), protein (<4%), and ash
(<7.5%). Ash can consist of different chemical components. However, the main chemical
component of ash is carbon, with varying amounts of other elements including calcium,
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magnesium, potassium, manganese, and phosphorus [85]. The minerals and fatty acids
included in MP composition can have a positive effect on microorganism growth, and Ca?*
and Mg?* can improve the activity of recombinant and native enzymes.

In this study, mM9 medium has been used instead of the classical LB medium. The
mM9 medium has been chosen because of the possible high basic induction level in LB
medium. The lower amount of yeast extract (0.2%) and amino acid solution instead of
peptone was used in the composition of the mM9 medium. It was shown that the use of
plant-derived peptones (soy peptone and malt extract) in a culture medium causes the
T7-lac expression system to leak [86]. The authors detected that the presence of raffinose and
stachyose (galactoside derivatives) in such peptones cause a premature and uncontrolled
induction of a gene expression controlled by a promoter. In soy peptones, there is a large
amount of saccharides and other compounds that in some expression systems can act as
gene-inducing factors [86]. Defined media are also preferred in industrial applications
because of the possibility of easy scale-up and careful control of all nutrient concentrations.

Another important aspect that could be discussed is the difference in lipases/esterases
and Cut+SP production levels. It was observed that the yield of recombinant Cut+SP cuti-
nase was lower than other enzymes produced, and Cut+SP was not synthesized in E. coli
after 24 h post-induction. This may be related to the fact that the GD-95RM lipase/GDEst-
95 esterase/GDEst-lip fused enzyme do not have a signal peptide and are accumulated
in high levels using heterologous systems [62,63], while the Cut+SP putative cutinase
possesses an N-terminal signal peptide for secretion via the Sec secretion system. Addi-
tional experiments showed that the secreted form of Cut+SP cutinase can be successfully
concentrated from culture medium and purified through IMAC (results not shown in this
manuscript). Moreover, it is known that T. fusca cutinase possesses hydrolytic activity
toward phospholipids [87]. Our preliminary analysis of Cut+SP cutinase also proposed
the ability of Cut+SP cutinase to negatively affect phospholipidic membranes, but this
currently requires further experimental evidence. This hypothesis could explain why after
induction with IPTG, lactose, and MP, no protein bands were observed in SDS-PAGE 24 h
post-induction. It is possible that Cut+SP production results in the disturbance of the cell
envelope of recombinant E. coli BL21 (DE3) for long-term cultivation in large volumes of
culture media. Another important aspect is that additional compounds like ash, which are
included in MP composition, can lead to activation of Cut+SP cutinase, resulting in higher
phospholipase activity. It is well-documented that calcium ions can play structural and
thermal stabilization roles for microbial cutinases [88-92]. It can thus be hypothesized that
Ca?*, which can be included in the composition of MP, can improve the phospholipase
activity of the Cut+SP enzyme; however, a deeper characterization of Cut+SP as a cutinase
with industrial applications, as well as a phospholipase, is a large subject of our further
research. Currently, only the cutinase/suberinase Subl from S. scabiei EF-35 has been
characterized [93,94].

In our study, we decided to investigate the possibility of using lower concentrations
of antibiotics in culture medium as well. Antibiotics are used during gene engineering
experiments and protein expression processes as both selection markers and pressure to
ensure that only bacteria with plasmids coding resistance genes are allowed to grow [95].
However, at larger scales, the use of antibiotics results in higher production costs, environ-
mental pollution, and regulatory restrictions [12]. Thus, the optimization of recombinant
enzyme production included not only testing a cheaper and safer inducer but also the
possibility of using a lower concentration of antibiotics. It is known that cultures grow-
ing without selection pressure tend to be outcompeted by descendants that have lost the
plasmid. Using low concentrations of antibiotic could not maintain a sufficient selection
pressure to ensure only cells with the plasmids grow. It was reported that for recombinant
E. coli cells growing in the absence of antibiotics only 5% of the population retains the plas-
mid [12]. Several authors investigated effects of ampicillin concentration on recombinant
enzyme production and plasmid copy numbers [95,96]; however, the tested concentrations
range was 50-300 pg/mL. Our results suggest that only an ~0.5 ug/mL concentration of
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ampicillin can support production of recombinant enzymes. The qualitative analysis of
plasmid maintenance (plasmid DNA purification from the same recombinant cell amounts
at the start and end points of induction; restriction analysis) suggested that target genetic
constructs encoded Cut+SP, GD-95RM, GDEst-95, and GDEst-lip enzymes can be success-
fully purified from recombinant E. coli BL21 (DE3) cells after 24 h post-induction (in case of
Cut+SP cutinase, the plasmid DNA has been purified after 12 h) (results not included in
the report). Although additional quantitative experiments are required to count plasmid
copy numbers, there is no doubt that we can reach target enzyme-production levels with
lower concentrations of antibiotics. The development and use of an antibiotic-free selection
system would be a high breakthrough in the future.

This report highlights production of four different recombinant lipolytic enzymes
(GD-95RM lipase, GDEst-95 esterase, Cut+SP putative cutinase, and GDEst-lip-fused
enzyme) from low laboratory scale-up to a 2 L medium using a cheaper inducer than IPTG
and a lower antibiotic concentration. It can be hypothesized that the selected cultivation
and induction conditions could be successfully applied in even higher-scale experiments
or industrial production. The obtained results clearly indicate that milk permeate can be
successfully used for production of value-added products like recombinant biocatalysts.

5. Conclusions

The obtained results suggested that use of milk permeate would be a cost-effective
alternative to produce recombinant proteins and could solve the problems related to
induction with expensive materials like IPTG. Moreover, it was shown that recombinant
enzyme production can be achieved using only ~0.5 ug/mL concentration of antibiotic in a
culture medium. This may be useful to reduce not only the price of recombinant protein
production but also the huge worldwide crisis of bacterial antibiotic resistance.
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