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Abstract

L-aspartate-o-decarboxylase was extracellularly expressed to enhance its production for f3-
alanine biosynthesis. L-aspartate-oc-decarboxylase and cutinase were coexpressed in
Escherichia coli; more than 40% of the L-aspartate-oi-decarboxylase was secreted into the
medium. Selection of best conditions among tested variables enhanced L-aspartate-x-
decarboxylase production by the recombinant strain. The total L-aspartate-x-decarboxylase
activity reached 20.3 U/mL. Analysis of the enzymatic properties showed that the optimum
temperature and pH for L-aspartate-«-decarboxylase were 60 °C and 7.5, respectively. En-
zyme activity was stable at pH 4.0-8.5 and displayed sufficient thermal stability at tempera-
tures <50 °C. In addition, enzymatic synthesis of (3-alanine was performed using
extracellularly expressed L-aspartate-o-decarboxylase, and a mole conversion rate of >99%
was reached with a substrate concentration of 1.5 M. Extracellular expression of L-
aspartate-o-decarboxylase resulted in increased enzyme production, indicating its possible
application in the enzymatic synthesis of 3-alanine.

Keywords L-aspartate--decarboxylase - 3-Alanine - Bacillus tequilensis - Extracellular
expression - Biosynthesis

Introduction

L-aspartate-cx-decarboxylase (ADC) catalyzes the decarboxylation of L-aspartate at the o
position to form {3-alanine and CO, [1]. 3-Alanine, a naturally occurring (3-amino acid, is
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involved in the pantothenic acid metabolic pathway and plays important roles throughout the
development of organisms. {3-Alanine is widely used for the production of industrially
important nitrogen-containing chemicals, such as pantothenic acid and nylon-3 [2]. 3-
Alanine can be prepared by chemical synthesis and enzymatic synthesis. Among these
approaches, enzymatic synthesis using L-aspartate decarboxylation catalyzed by ADC is
favorable because this method is environmentally friendly, has few byproducts, and has low
costs [3, 4].

Currently, a number of studies investigating ADCs from a variety of microorganisms,
including Escherichia coli, Mycobacterium tuberculosis, Corynebacterium glutamicum, and
Bacillus subtilis, have been described, but the productivity of ADCs from these wild strains is
relatively low, partly resulting in high production costs for (3-alanine [5-8]. Since protein
expression in E. coli represents the most facile approach [9], several attempts at the recombi-
nant expression of ADCs in E. coli were performed to increase the productivity of ADC for f3-
alanine production [2, 4, 8, 10], but satisfactory results were still not achieved. Compared to
conventional expression, extracellular expression of proteins has the advantages of no space
limitations for the accumulation of protein, minimization of the potentially harmful action of
recombinant proteins against host cells, reduced inclusion body formation, and improved
protein expression [11, 12]. Several extracellular expression approaches have been adopted
to promote the yield of recombinant proteins by E. coli. Target proteins with signal peptides
can undergo transmembrane transport to the periplasmic space and can then be further secreted
into the medium via nonspecific seepage or upon the addition of chemical reagents [13—15].
Extracellular secretion can also be achieved by coexpression with cutinase, which catalyzes the
hydrolysis of membrane phospholipids, resulting in increased membrane permeability [12,
16]. These studies showed that extracellular expression significantly increased the yield of the
target protein. Thus, extracellular expression may be a more favorable approach for large-scale
ADC preparation.

In this study, the ADC-encoding gene from Bacillus tequilensis, which encodes a very
effective enzyme for the preparation of (-alanine [17], was extracellularly produced by
coexpression with cutinase (cut) and signal peptides in E. coli. The best recombinant strain
was chosen to further optimize culture conditions for ADC production. In addition, the
conditions for (3-alanine production with extracellularly expressed ADC were identified, and
an efficient bioconversion system was developed.

Materials and Methods
Plasmids, Strains, and Mediums

The wild-type strain, Bacillus tequilensis, was isolated in our previous study and deposited in
the China General Microbiological Culture Collection Center (Beijing, China) with an acces-
sion number of CGMCC 10506 [17]. The expression plasmid pET-28a(+), the plasmid pET-
20b(+), and the host strain BL21(DE3) were obtained from Novagen (Shanghai, China).

E. coli cells used for gene cloning, plasmid propagation, and inoculum preparation were
cultured in lysogeny broth (LB). E. coli cells used for producing target protein were cultured in
modified terrific broth (TB) containing 5 g/L glycerol, 24 g/L yeast extract, 12 g/L peptone,
2.31 g/L KH,POy, and 16.43 g/l K,HPO,. Fed-batch fermentation was carried out in a 5-L
fermenter, and 3 L of TB was initially loaded. When the initial glycerol was exhausted and
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dissolved oxygen rose sharply, feeding medium containing 500 g/L glycerol and 5 g/ MgSO,
was added to the fermenter at a rate of 25 mL/h. Additionally, 50 mg/L kanamycin and
100 mg/L ampicillin were added to the medium as needed.

Construction of Recombinant E. coli for Extracellular Expression of ADC

The ADC-encoding gene panD (GenBank KY123117) was amplified from the genomic DNA
of B. tequilensis by PCR by utilizing primers with recognition sites for the restriction enzymes
Ncol and Xhol (ADC-F: 5-AACCATGGGCATGTATCGAACAATGATGAG-3" and ADC-R:
5'-AACTCGAGCAAAATTGTACGGGCGGGT-3'). Then, the amplified gene was digested
with Ncol and Xhol and ligated into the commercially available vector pET20b(+) or
pET28a(+), resulting in the plasmid pET20b-panD or pET28a-panD. The plasmid pET20b-
panD was digested with Nde 1 and Xho 1. The fragment containing pelB-panD was ligated
with pET28a digested with the same enzymes, leading to the formation of pET28a-pelB-panD,
a plasmid harboring panD with the signal pelB. The sequence of the ompA signal (GenBank
CP028714) was synthesized commercially with the recognition sites for Nde I and Nco I on
both ends. After digestion with the restriction enzymes Nde I and Nco 1, the ompA signal
fragment was ligated into pET28a-panD, leading to the formation of pET28a-ompA-panD.
The published sequence of Thermobifida fusca cutinase (GenBank: YP_288944) was synthe-
sized commercially with the recognition sites for Nde I and Nco 1. At the 3’ end of the cutinase
sequence, a ribosome-binding sequence (RBS) was inserted. After digestion with the restric-
tion enzymes Nde 1 and Nco 1, the fragment of the cutinase gene was ligated into pET28a-
panD, leading to the formation of pET28 -cut-panD. All plasmids obtained were transformed
into E. coli BL21(DE3) for protein expression.

Recombinant E. coli Strain Cultivation

The seed culture was incubated for 6 h on a rotary shaker (200 rpm) at 37 °C in a 500-mL flask
containing 50 mL of LB medium supplemented with 50 mg/L kanamycin sulfate. Fermenta-
tion was conducted in a 500-mL flask containing 50 mL of TB medium at 37 °C and 220 rpm
in a rotary shaker. When the dry cell weight (DCW) reached 2.1 g/L, 100 g/L lactose solution
was added to the culture to obtain a final concentration of 2 g/L, and expression was continued
for 30 h. For 5-L fermenter cultivation, the seed culture was prepared as described for seed
cultivation in shake flasks and then inoculated into TB medium at a temperature of 37 °C and
at pH 7.0. When the DCW of the culture reached 8.6 g/L, the culture temperature was reduced
to 26 °C by rapid water circulation, and 100 g/L lactose solution was added to the fermenter to
obtain a final concentration of 2 g/L to induce enzyme expression. The dissolved oxygen level
was maintained at around 30% of air saturation by regulating the agitation speed from 300 to
900 rpm and by regulating the ventilation level.

Enzymatic Characterization of Recombinant Extracellular ADC

The fermentation broth was centrifuged at 13,000xg for 10 min, and the supernatant was used
for enzymatic characterization of the extracellular ADC. The best pH of the recombinant
extracellular ADC was determined by using 50 mM acetate buffer (pH 4.0, 5.0), 50 mM
phosphate buffer (pH 6.0, 7.0, 7.5), or 50 mM Tris—HCI buffer (pH 8.0, 8.5). To test pH
stability, enzyme activity was measured after maintaining the enzyme at the indicated pH for
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24 h at 4 °C. The best temperature was determined by measuring the enzyme activity between
30 and 80 °C as previously described. To test thermal stability, enzyme activity was measured
after incubating the enzyme at the indicated temperature for 6 h. Relative activities are
expressed as percentages of maximum enzyme activity.

Recombinant ADC Production

Frequently used TB medium was employed to determine ADC activity, and conditions for the
expression of recombinant ADC were examined. The default culture conditions were those
described for cultivation in 5-L fermenters. The induction temperatures examined were 22 °C,
26 °C, 30 °C, 33 °C, and 37 °C; the lactose concentrations investigated were 0.5 g/L, 1 g/L,
2 g/L, 5 g/L, and 7 g/L; and fumarate was fed and maintained at concentrations of 5 g/L and
10 g/L.

Production of B-Alanine by Transformation of L-Aspartate Via ADC

The transformation reaction was optimized under the following conditions: 100 mL of 0.1 M
phosphate buffer solution (pH 7.5) in a 250-mL flask on a rotary shaker (200 rpm) at 50 °C.
Different substrate feeding strategies were employed to optimize (3-alanine production. For
batch mode, 0.5 M substrate was first suspended in phosphate buffer solution and dissolved
with the addition of NaOH. For intermittent fed mode, substrate was fed in 5 batches, which
were added at 0.1 M per hour for up to 4 h. For continuous fed mode, the initial concentration
of the substrate was 50 mM, and the rest of the substrate was fed continuously at a rate of
1.8 mM/min. The optimized transformation reaction was subsequently amplified at a 1-L
scale.

Analytical Methods

The cell density was measured using a spectrophotometer against distilled water at 600 nm
after appropriate dilution. The ODg( was calculated as follows: ODgq = absorbancexdilution
factor. One ODgyy was equivalent to 0.358 g/ DCW. The fumarate concentration was
measured as previously described using high-performance liquid chromatography (HPLC)
[18]. L-aspartate and [3-alanine levels were analyzed by the HPLC-based o-phthalaldehyde
(OPA) derivatization method with detection at 338 nm [19].

ADC Activity Assays

One milliliter of culture broth was centrifuged at 13,000xg for 10 min, and the supernatant was
labeled as the extracellular fraction. The pelleted cells were resuspended in an approximately
equal volume of 50 mM sodium phosphate buffer (pH 7.0) to an ODg, of approximately 5 and
disrupted by sonication on ice. Cellular debris was separated by centrifugation (13,000xg, 4 °C
for 10 min), and the supernatant was collected as the intracellular fraction. The enzymatic
activities in the cell fractions were measured.

Under standard conditions, the reaction mixture contained 0.1 M L-aspartate (substrate),
100 pL of appropriately diluted ADC solution, and 50 mM sodium phosphate buffer (pH 7.0)
in a final volume of 1 mL. The mixture was incubated at 37 °C for 30 min, and the reaction
was stopped by the addition of 1 mL of 10% trichloroacetic acid. ADC activity was calculated
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from the (3-alanine concentration, with 1 U of activity defined as the amount of ADC that
catalyzes the conversion of 1 umol of L-aspartate to (3-alanine per min at 37 °C.

Statistical Analysis

The mean values and standard deviations were calculated from the data obtained from three
independent experiments. Analysis of variance was performed by one-way ANOVA followed
by Tukey’s HSD post hoc multiple comparison analysis using the IBM SPSS statistics
package, version 22. Statistical differences at p < 0.05 were considered significant.

Results
Cloning and Expression of ADC from B. tequilensis

To achieve high ADC productivity by E. coli, the recombinant plasmids pET28a-panD
(control), pET28a-cut-panD, pET28a-pelB-panD, and pET28a-ompA-panD were constructed
and individually transformed into E. coli BL21(DE3). These strains were cultivated in shake
flasks with TB medium for ADC production, as shown in Fig. 1. With the exception of control
E. coli BL21(DE3)/pET28a-panD, all strains secreted ADC into the supernatant. The highest
total ADC activity of 2.8 U/mL was achieved in E. coli BL21(DE3) harboring pET28a-cut-
panD and was significantly higher than that of the control strain (p <0.01); 42.8% of the ADC
was released outside the cell. However, no significant improvement in total ADC activity was
found in E. coli BL21(DE3)/pET28a-pelB-panD and E. coli BL21(DE3)/pET28a-ompA-
panD compared with the control strain, and the total ADC activity of E. coli BL21(DE3)/
pET28a-ompA-panD was even slightly lower than that of the control strain (p <0.05).
Subsequent SDS-PAGE experiments also confirmed these results (Fig. 2). The coexpressed
signal peptides pelB and ompA did not effectively increase ADC activity. Target protein
attached to a signal peptide is only exported to the periplasmic space of E. coli, and it is
difficult to achieve further, sufficient secretion into the supernatant without adding chemical
reagents [15]. However, coexpressed cutinase catalyzes E. coli membrane phospholipid
hydrolysis, resulting in the free, nonspecific release of cytosolic proteins [16]. Under these
conditions, ADC was continuously secreted outside the cell, the negative feedback effect
caused by exogenous protein accumulation in cells was relieved, and more ADC was produced
by E. coli. Therefore, E. coli BL21(DE3)/pET28a-cut-panD was used for further investigation.

Effect of Induction Conditions on ADC Production

ADC production increased with increasing temperature when the induction temperature was
below 30 °C (Fig. 3a). The highest total ADC activity of 14.3 U/mL was achieved at 30 °C,
and 45.4% of ADC was secreted extracellularly. However, ADC activity decreased signifi-
cantly as the temperature further increased (p < 0.05). This result was likely due to the rapid
production of ADC at high temperatures, leading to some proteins losing the ability to fold
correctly, which possibly resulted in the formation of inclusion bodies. The optimal lactose
concentration for ADC production was determined to be 2 g/L (Fig. 3b), and an increase or
decrease in the dose resulted in significantly lower expression levels. In addition, induced
temperature and lactose concentration had no obvious effect on cell growth.
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Fig. 1 Extracellular expression of B. tequilensis ADC in a shake flask. 1, BL21(DE3)/pET28a-panD. 2,
BL21(DE3)/pET28a-ompA-panD. 3, BL21(DE3)/pET28a-pelB-panD. 4, BL21(DE3)/pET28a-cut-panD

cutinase

Fig. 2 The intracellular and extracellular fractions from different cells were analyzed by using SDS-PAGE. For
SDS-PAGE analysis, 15 pL of protein samples was mixed with 5 pL of 5 x loading buffer, the mixture was
boiled for 10 min, and then10 pL samples were loaded in each lane of an SDS-PAGE gel. M, molecular weight
markers. 1, 2, Intracellular and extracellular ADC of E. coli BL21(DE3)/pET28a-panD. 3, 4, Intracellular and
extracellular ADC of E. coli BL21(DE3)/pET28a- ompA-panD. 5, 6, Intracellular and extracellular ADC of
E. coli BL21(DE3)/pET28a-pelB-panD. 7, 8, Intracellular and extracellular ADC of E. coli BL21(DE3)/pET28a-
cut-panD
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Fig. 3 Expression conditions optimized for recombinant ADC activity. a Induction temperature. b Lactose

Effect of Fumarate Concentration on ADC Production

Recombinant protein expression was significantly inhibited by fast-acting carbon sources such
as glucose and glycerol. In the induced expression period, the concentration of these fast-
acting carbon sources should be kept as low as possible [20, 21]. However, a carbon source
concentration that is too low will not meet the needs of bacterial growth and protein synthesis.
Slow-acting carbon sources such as fumarate are good supplements to prevent the negative
effects of a lack of carbon sources during expression. The addition of slow-acting carbon
sources such as fumarate and succinate during the induction period was reported to be
extremely beneficial for recombinant tryptophan synthase expression [22]. Therefore, the
fumarate feeding strategy was selected to improve the yield of ADC. Fumarate was not
conducive to cell growth, and the biomasses of both experimental groups with added fumarate
were lower than that of the control group with no fumarate added (Fig. 4a). However, fumarate
was beneficial to ADC production, as shown in Fig. 4b; the highest total ADC activity of
20.3 U/mL was achieved at 36 h when the concentration of fumarate was maintained at 5 g/L.
This activity was 28.4% higher than that of the control group (p <0.05). However, a further
increase in fumarate concentration was not favorable for improving ADC yield. Thus, the
optimal fumaric acid concentration for ADC production was determined to be 5 g/L. At this
concentration, extracellular ADC activity could be detected starting at 20 h and gradually
improved, along with the release of intracellular enzymes (Fig. 4c), reaching a maximum value
of 10.8 U/mL at 40 h, accounting for 53% of total ADC activity.

pH- and Temperature-Based Characterization of Recombinant Extracellular ADC

The characteristics of extracellular ADC were investigated to provide the basic parameters for
{3-alanine production. The best pH for ADC was determined to be 7.5 (Fig. 5a). There was
little loss of activity when the enzyme was held at pH 4.0-8.5 over 24 h. The best temperature
for ADC was 60 °C (Fig. 5b), with activity decreasing sharply at temperatures higher or lower
than 60 °C. Thermostability experiments showed that approximately 97% of the initial enzyme
activity was retained after incubation at 50 °C for 6 h.

Optimization of Reaction Conditions for B-Alanine Production

Substrates at high concentrations have an inhibitory effect on ADC activity [4]. The potential
application of B. fequilensis ADC for the synthesis of (3-alanine was investigated by optimizing
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substrate feeding strategies. Two different substrate feeding strategies were used to achieve L-
aspartate decarboxylation for the sake of increasing (3-alanine productivity (Fig. 6). Compared
with the batch reaction, both substrate fed modes accelerated the reaction rate, leading to
shortened reaction times for complete conversion. The substrate concentration was kept at a
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Fig. 5 Effects of temperature and pH on the activity and stability of ADC. a Best pH and pH stability. b Best
temperature and thermal stability
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Fig. 6 Effect of the substrate feeding strategy on the decarboxylation of L-aspartate. Reaction conditions: L-
aspartate (0.5 M) and fermentation broth of E. coli (200 mL/L) in phosphate buffer (0.1 M, pH 7.5), 50 °C,
200 rpm. The reaction volume was 100 mL. Conv., the mole conversion. The space-time yield is defined as the
production rate of (3-alanine per day (g/L/day)

low level throughout the course of the reaction when employing substrate feeding strategies.
Therefore, the significant inhibitory effect was consequently relieved, resulting in a faster reaction
rate and higher reaction efficiency. The highest space-time yield (213 g/L/day) was achieved when
substrate was fed continuously, which indicated that this strategy effectively improved the reaction
rate and thus overcame the inhibition effect caused by a high L-aspartate concentration.
Subsequently, experiments were designed to further increase the substrate concentration for
the decarboxylation reaction using continuous fed-batch mode. As shown in Fig. 7, when the
substrate concentration was increased to 1.00 M, a satisfactory result could still be obtained
with mole conversion of > 99%. A mole conversion of 72.6% was reached after 20 h when the
substrate concentration was increased to 1.50 M. This may be due to the irreversible
mechanism-based inactivation of the enzyme caused by pyruvoyl group protonation [8]. This
unsatisfactory result was improved with an increased amount of enzyme. A mole conversion
rate of >99% was achieved at 17 h when the enzyme amount was increased by 150%. For
economic reasons, experiments with higher substrate concentrations were not continued
because of the longer reaction times and requirement for additional enzyme. In conclusion,
the substrate concentration was increased threefold by selecting the best conditions among
tested conditions for (3-alanine production, and the (3-alanine yield reached 123.3 g/L, higher
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Fig. 7 Continuous fed-batch decarboxylation of L-aspartate using fermentation broth of recombinant E. coli.

Reaction conditions: L-aspartate (0.5-1.5 M) in phosphate buffer (0.1 M, pH 7.5), 50 °C, 200 rpm. S, Substrate.
C, Catalyst (fermentation broth of E. coli). V, the reaction volume

than that obtained in previous described procedures for the synthesis of (3-alanine [2, 4, 7, 8,
10]. When the reaction system was scaled up to 1 L, as expected, the results were still
desirable, indicating the developed process showed great potential for large-scale availability.

Conclusion

In summary, we successfully developed an extracellular expression system for ADC from
B. tequilensis by coexpressing T. fusca cutinase for the first time. Compared with normal
recombinant expression, the production of ADC was increased by 40%. Under optimal
conditions, the yield of expressed ADC reached 20.3 U/mL, which is the highest ADC
production yield ever reported. Furthermore, recombinant ADC expressed in E. coli showed
higher thermostability, which makes it more suitable for use in industrial applications. Because
approximately 50% of enzyme was released outside the cell, ADC fermentation broth could be
used directly as a catalyst for L-aspartate decarboxylation. Finally, the substrate inhibition
effect on ADC was alleviated by using a substrate continuous feeding strategy. Even at high
concentrations, L-aspartate was completely decarboxylated to 3-alanine. This study will pave
the way for increased production of 3-alanine by ADC.
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