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Abstract: A novel and efficient one-pot three-enzyme cascade method for the synthesis of β-alanine
from maleic acid was developed. Two recombinant E. coli strains were constructed. The E. coli
(MaiA-AspA) co-expressing maleic cis-trans isomerase (MaiA) and L-aspartase (AspA) catalyzed
the biotransformation of maleic acid to L-aspartate via fumaric acid, and E. coli (ADC) expressing
L-aspartate-α-decarboxylase (ADC) catalyzed the bioconversion of L-aspartate to β-alanine. After
systematic optimization of reaction conditions for each strain, the whole cells of two strains were
combined for one-pot synthesis of β-alanine. It was found that the ratio of the two kinds of cells as
well as the cell amount play critical roles in the reaction rate and yield of β-alanine. Adding two kinds
of cells in one-pot at the beginning of the reaction was better than adding step by step. Under optimal
conditions, the concentration of β-alanine reached 751 mM after a 9 h reaction, corresponding to a
93.9% yield and 178 g/L/d space-time yield. The developed new route showed application potential
for green and efficient biosynthesis of β-alanine from a cheap substrate by tandem biocatalysts.
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1. Introduction

β-alanine is a kind of non-protein amino acid, which is widely used in chemical,
pharmaceutical, material, feed, and food fields and has a large market demand [1,2]. It
can be synthesized by a chemical method from non-renewable raw materials such as acry-
lonitrile [3] and β-aminopropionitrile [4]. The chemical methods have the defects of harsh
reaction conditions, high energy consumption, and pollution with high raw material cost.
Although there are natural pathways for the synthesis of β-alanine, their synthetic efficiency
is often low, and the reaction process is complex and difficult to regulate. At present, it has
been reported that β-alanine can be obtained by the catalysis of acrylic acid aminase [5],
β-aminopropanitrile hydrolase [6], and L-aspartic acid-α-decarboxylase (ADC) [7,8] from
different substrates. Enzymatic synthesis of β-alanine has the advantages of mild reac-
tion conditions, high selectivity, fewer pollutants, etc. Among them, decarboxylation of
L-aspartic acid to β-amino propionic acid using L-aspartic acid-α-decarboxylase is one
of the most popular methods in current research [9,10]. However, the yield of β-alanine
synthesized by the enzymatic method is not high, and there exist substrate inhibitory inac-
tivation for the ADC from prokaryotic microbes [11]. On the other hand, the production
cost of β-alanine with L-aspartic acid as a substrate is high. It is of great significance to
develop a new and more economical process for the production of β-alanine.

The preparation process of fine chemicals and drugs usually involves multi-step re-
actions, and the use of the step reaction method is usually tedious and time-consuming.
Multi-enzyme catalytic reactions show good application potential [12–17]. The establish-
ment of a multi-enzyme reaction can transform the initial substrate into the target product
through several steps of enzymatic reaction in the same reaction system [18], with high
catalytic efficiency and strong specificity [19], saving the time and cost of the separation
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and purification of the reaction intermediates [20], and improving the problem of substrate
inhibition to the reaction [21]. It can also adjust the thermodynamic equilibrium of some
reversible reactions [22] to make them move to the direction of the target chemical reaction.
Therefore, as more and more enzymes are discovered, multi-enzyme catalyzed tandem
reactions have become one of the research hotspots in the field of biocatalysis [23,24].

In a relevant study, Long et al. [25] built recombinant E. coli/pRSFDuet -maiA-aspA
co-expressing maleate cis-trans isomerase (MaiA) and L-aspartic acid amino lyase (AspA).
The substrate maleic acid can be completely converted to L-aspartic acid via fumaric acid
with more than 98% conversion. Gao et al. [26] used AspA and ADC in series to transform
0.1 M of fumaric acid into β-alanine with a 90.9% yield when the ratio of AspA to ADC was
1:80. Wang et al. [27] used mutated ADC cells to catalyze the conversion of L-aspartic acid
to β-alanine. When 400 mM of substrate was added in five batches under the condition of
80 g/L cells, 94.5% conversion was obtained after 23 h of reaction. However, there was no
report on the synthesis of β-alanine from maleic acid by multiple enzymes in one-pot up to
now, to the best of our knowledge.

In this paper, we constructed a reaction pathway for the synthesis of β-alanine by
using cheap maleic acid instead of L-aspartic acid as the substrate, and selected three
enzymes from different sources to convert maleic acid into β-alanine. Firstly, maleic acid
was converted to fumaric acid by MaiA from Serratia marcescens. Then, fumaric acid was
converted to L-aspartic acid by AspA from E. coli. MaiA and AspA were co-expressed in
E. coli since they have similar expression activity [25]. ADC from Tribolium castaneum was
selected for the conversion of L-aspartic acid to β-alanine. ADC from eukaryotic sources
is a class of pyridoxal phosphate dependent decarboxylase and no substrate inhibitory
inactivation of enzyme was reported [28]. The mutant ADCtb (K221R) [27], with higher
thermal stability compared to the wild-type, was selected, which will be more beneficial to
practical application. Since the activity of ADCtb is much lower than that of MaiA or AspA,
it was expressed separately for better flexibility of three-enzyme combination.

2. Results
2.1. Design the Cascade Biotransformation by Whole Cell Biocatalysts

To synthesize β-alanine efficiently and economically, maleic acid was selected as the
substrate to further reduce the cost of the substrate, since the price of maleic acid is about
four fifths of fumaric acid and one tenth of L-aspartic acid. Maleic acid was first con-
verted to L-aspartic acid via fumaric acid by whole cells of E. coli co-expressing MaiA and
AspA, and then L-aspartic acid was transferred to β-alanine by the whole cell of another
recombinant E. coli expressing ADCtb (Figure 1). The route uses resting whole cells for a
one-pot biotransformation, which are available by cultivation at a low cost and provide a
natural environment and cofactor regeneration for enzymes. One-pot biotransformation
has multiple enzymes in the reactor to increase the local concentration of enzymes, which
reduces the diffusion of intermediates in multistep reactions. In the preliminary experi-
ments, it was found that the cellular enzyme activity of MaiA (48.01 U/mg) and AspA
(103 U/mg) were high, while that of ADCtb (7.6 U/mg) was much lower than that of the
first two enzymes. To achieve efficient conversion by the three-enzyme cascade reaction,
the reaction speed for each step must be balanced. Therefore, MaiA and AspA with higher
enzyme activity were co-expressed on a pRSFDuet-1 expression vector, which simplified
the bacterial culture steps. ADCtb was independently expressed on pET28a(+) vector, so
that the proportion of multiple enzymes could be flexibly adjusted in the reaction. At the
same time, the permeable process of ADCtb was carried out to improve the enzyme activity
of whole cells, and the decarboxylation condition by L-aspartic acid-α-decarboxylase was
optimized. Finally, the three-enzyme catalyzed cascade reaction was studied to achieve the
goal of efficient biosynthesis of β-alanine from cheap maleic acid.
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structed. The plasmid pRSFDuet-1-MaiA-AspA was digested with BamHI-HindIII and 
Ned I-Xho I double enzymes, respectively, and the plasmid pET28a-ADCtb was digested 
with Nco I/EcoR I, and then treated with 0.8% agarose gel electrophoresis verified. The 
size of the band was similar to the target band and the theoretical values were consistent. 
The electrophoresis results are shown in Figure 2 (AspA: 1440 bp, MaiA: 753 bp, ADCtb: 
1623 bp). SDS-PAGE was conducted in order to verify the expression of recombinant 
strain E. coli BL21 (DE3)-MaiA-AspA and E. coli BL21 (DE3)-ADCtb. The size of the band 
was similar to the target band and the theoretical values were consistent. The protein elec-
trophoresis results are shown in Figure 3 (AspA: 53 KDa, MaiA: 28 KDa, ADCtb: 66 KDa). 

 
Figure 2. Nucleic acid electrophoresis assay of recombinant MaiA-AspA and ADCtb. (M: DNA 
marker; 1/3: pRSF-MaiA-AspA BamH I/Hind III digestion; 2/4: pRSF-MaiA-AspA Ned I/Xho I di-
gestion; 5: pET28a-ADCtb Nco I / EcoR I digestion). 

Figure 1. Enzymatic synthesis of β-alanine from maleic acid by a three-enzyme catalyzed cascade
reaction in one pot.

2.2. Construction of Engineered Strains

Strains of E. coli BL21 (DE3)-MaiA-AspA and E. coli BL21 (DE3)-ADCtb were con-
structed. The plasmid pRSFDuet-1-MaiA-AspA was digested with BamHI-HindIII and
Ned I-Xho I double enzymes, respectively, and the plasmid pET28a-ADCtb was digested
with Nco I/EcoR I, and then treated with 0.8% agarose gel electrophoresis verified. The
size of the band was similar to the target band and the theoretical values were consistent.
The electrophoresis results are shown in Figure 2 (AspA: 1440 bp, MaiA: 753 bp, ADCtb:
1623 bp). SDS-PAGE was conducted in order to verify the expression of recombinant strain
E. coli BL21 (DE3)-MaiA-AspA and E. coli BL21 (DE3)-ADCtb. The size of the band was simi-
lar to the target band and the theoretical values were consistent. The protein electrophoresis
results are shown in Figure 3 (AspA: 53 KDa, MaiA: 28 KDa, ADCtb: 66 KDa).
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digestion; 5: pET28a-ADCtb Nco I / EcoR I digestion).

2.3. Optimizing the Bioconversion of Maleic Acid to L-Aspartic Acid by Whole Cells of E. coli
(MaiA–AspA)

The reaction conditions for the conversion of maleic acid by whole cells of recombinant
E. coli co-expressing MaiA and AspA were explored. The effect of substrate concentration,
cell amount, and pH value on the reaction were studied, respectively. The appropriate
conditions for a double-enzyme reaction were explored (Table 1). Under the condition of
3 g/L cell amount, the conversion at 300 mM of substrate concentration can reach 93%
after a 6 h reaction (Table 1, Entry 1). With an increase in the substrate concentration, the
conversion decreased for the same reaction time. When the cell amount was lower than
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6 g/L, the conversion at 400 mM could not reach more than 95%, while when the amount
of cells was higher than 6 g/L, the conversion rate of ammonium maleate at 400 mM could
reach 97.5-99.4% at 6 h (Table 1, Entry 8 and 9). To explore the influence of pH on the
dual-enzyme catalyzed reaction, the reaction of maleic acid to L-aspartic acid at different
pH value was explored (pH 5.5~9.5). After a 6 h reaction, the conversion was only 75.2% at
pH 5.5 (Table 1, Entry 10), followed by 82.7% at pH 9.5 (Table 1, Entry 13). When the pH
value is between 6.5 and 8.5, the conversion rate is over 85.4% (Table 1, Entry 11, 12, 2),
which implied that MaiA–AspA could maintain a similar catalytic performance in the pH
range of 6.5~8.5, and the catalytic reaction can be carried out well within this range.
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3: supernatant of cell extract from E. coli (ADCtb); 4: precipitation of cell extract from E. coli (ADCtb).

Table 1. Enzymatic synthesis of L-aspartic acid from maleic acid by co-expressed MaiA and AspA
under different conditions.

Entry Maleic Acid (mM) Cell Amount (g/L) pH Conv. (%)

1 300 3 8.5 93.3
2 400 3 8.5 85.4
3 600 3 8.5 75.2
4 800 3 8.5 73.5
5 1000 3 8.5 57.0
6 400 1.5 8.5 77.5
7 400 4.5 8.5 95.1
8 400 6 8.5 97.5
9 400 10 8.5 99.4
10 400 3 5.5 75.2
11 400 3 6.5 88.0
12 400 3 7.5 90.6
13 400 3 9.5 82.7

2.4. Optimizing the Bioconversion of L-Aspartic Acid to β-Alanine by Whole Cells of
E. coli (ADCtb)

In the three-enzyme tandem system, the enzyme activity of ADCtb was much lower
than that of MaiA and AspA, and the decarboxylation of L-aspartic acid was considered
as the rate-limiting step of the tandem reaction. Therefore, the conditions of the one-step
decarboxylation of ADCtb were studied in detail. We found that the whole cell enzyme
activity of ADCtb was quite low. After permeabilization of the ADCtb cell with 0.4% CTAB,
the whole cell enzyme activity was dramatically increased from 5.8 U/mg to 141 U/mg.
The very low apparent enzyme activity of ADCtb whole cells may be due to the diffusion
limitation of cofactor pyridoxal phosphate (PLP). The effects of pH value, cell amount,
PLP amount, and substrate concentration on the conversion of decarboxylation reaction
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were studied (Table 2). The results showed that, in the pH range of 6.5–8.5, the conversion
decreased with an increase in pH (Table 2, Entry 1–5), the subsequent reaction conditions
are selected when pH=6.5. When the addition level of coenzyme PLP was 1–4 mM (Table 2,
Entry 10–13), the conversion showed a trend of rising with an increase in the coenzyme.
However, when the addition level increased to 6 mM, the conversion rate decreased (Table 2,
Entry 14), so the addition level of coenzyme was 4 mM. There is a correlation between
the amount of catalyst and substrate concentration (Table 2, Entry 6–9). Comprehensive
experimental results showed that under the condition of 30 g/L cell amount, the substrate
concentration was 400 mM could be completely converted to product within 6 h and that
more cells and longer time were needed for higher substrate concentrations (Table 2, Entry
1, 15–18).

Table 2. Enzymatic synthesis of β-alanine from L-aspartic acid by permeabilized ADCtb under differ-
ent conditions.

Entry Substrate (mM) E. coli (g/L) pH PLP (mM) Time (h) Conv. (%)

1 400 30 6.5 4 6 100.0
2 400 30 7.0 4 6 72.2
3 400 30 7.5 4 6 58.8
4 400 30 8.0 4 6 45.3
5 400 30 8.5 4 6 36.5
6 200 20 6.5 1 1 65.2
7 200 30 6.5 1 1 80.2
8 200 40 6.5 1 1 94.2
9 200 50 6.5 1 1 98.8

10 200 20 6.5 0.5 6 89.2
11 200 20 6.5 1 6 91.2
12 200 20 6.5 2 6 89.4
13 200 20 6.5 4 6 93.1
14 200 20 6.5 6 6 90.0
15 500 30 6.5 4 24 (6) 100 (89.7)
16 600 30 6.5 4 24 100
17 700 30 6.5 4 24 97.1
18 800 30 6.5 4 24 91.2

2.5. Optimization of the One-Pot Three-Enzyme Cascade Reaction

Based on the single enzyme optimization experiment of the MaiA–AspA co-expressed
strain and ADCtb strain, the tandem reaction catalyzed by three enzymes was investigated.
A series of experiments were designed to explore the optimal conditions for this reaction
(Table 3).

Table 3. One-pot synthesis of β-alanine from maleic acid by three-enzyme cascade catalysis under
different conditions.

Entry Sub. Conc.
/mM

MaiA–AspA
(g/L)

ADCtb
(g/L)

Vol.
(mL) Time (h) Yield of

3-AP (%)
Space–Time
Yield (g/L/d)

Ways to Add
Enzymes Initial pH

1 400 6 30 5 6 94.0 134.0 One step 6.5
2 400 6 30 30 6 95.6 136.3 One step 6.5
3 400 6 30 30 9 93.9 89.2 Two step 6.5
4 400 6 30 30 9 94.0 89.3 Two step 8.5
5 600 7 35 30 6 94.7 202.5 One step 6.5
6 800 10 40 30 9 93.9 178.4 One step 6.5

Under the same ratio of two kinds of cells, the yield of 3-AP was slightly increased
when reaction volume was increased from 5 mL to 30 mL (Table 3, Entry 1 and 2). It indi-
cated that the reaction volume could be enlarged without affecting the reaction efficiency.
Adding two kinds of cells at the beginning in one step or in step-by-step mode were studied.
Under the same substrate concentration and cell loading, the analytical yield of the final
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product reached over 93% regardless of one-step or two-step addition of enzymes (Table 3,
Entry 2 and 3). However, the reaction time required to achieve the same conversion by
stepwise addition of enzymes is relatively longer, which means that the corresponding
space–time yield decreased. Therefore, the one-step addition of MaiA–AspA cells and
ADCtb cells is better for the three-enzyme cascade reaction. In addition, the change of the
initial pH value of the reaction from 6.5 to 8.5 had almost no effect on the final yield of 3-AP
in the two-step addition of enzyme experiments (Table 3, Entry 3 and 4), indicating that
the tandem reaction system could maintain similar catalytic activity within the pH range
of 6.5~8.5. When the substrate concentration was increased from 400 mM to 600 mM and
increasing the amount of cells in accordance with the ratio of MaiA–AspA cells to ADCtb
cells was kept unchanged (1:5), the conversion remained nearly the same (Table 3, Entry 2
and 5). At 600 mM substrate concentration, the molar conversion of 94.7% can be obtained
after a 6 h reaction (Table 3, Entry 5). Considering the consistency of total cells added to the
system, the cell ratio was adjusted to 1:4 at 800 mM substrate concentration, and a molar
conversion of 93.9% can be achieved after a 9 h reaction (Table 3, Entry 6).

The three-enzyme cascade reaction was studied in detail at the substrate concentration
of 800 mM. The reaction process was shown in Figure 4. After a 1 h reaction, ammonium
maleate in the reaction system was transformed rapidly; there was almost no accumulation
of fumaric acid and the accumulation of L-aspartic acid was 392.6 mM. The concentration
of L-aspartic acid gradually decreased to 5.63 mM at 9 h, and the concentration of the final
product β-alanine reached 751.2 mM at 9 h, corresponding to a 93.9% yield of β-alanine.
At this time, the space–time yield was 178.4 g/L/d.
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Figure 4. Three-enzyme cascade catalytic synthesis of β-alanine.

3. Discussion

In this study, β-alanine was converted from maleic acid through a one-pot three-
enzyme cascade reaction by a combination of two kinds of resting cells. Maleic acid, which
is much cheaper than fumaric acid and L-aspartic acid, was selected as the substrate to
further reduce the cost of the reaction substrate. A multi-enzyme cascade reaction has
many advantages, such as no separation of intermediates, saving reaction time, etc. The
use of resting cells in the reaction also eliminates the need to add other coenzymes in the
reaction. However, it is worth further studying because only the three-enzyme cascade
reaction pathway was verified in this paper and was confirmed to be feasible at a high
substrate concentration (800 mM). In the future, if the ADC activity is increased to the same
order of magnitude as MaiA or AspA, we can try to express all three enzymes in one cell. In
addition, only one kind of E. coli strain need be fermented for the reaction, saving the cost
and time of the cell preparation process, which may be more convenient and meaningful.

In this paper, we constructed a reaction pathway for the synthesis of β-alanine with
low cost and high efficiency by using maleic acid as a substrate and using MaiA, AspA, and
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ADCtb in one-pot. The reaction was conducted on high substrate concentration (800 mM)
with high yield and productivity. It has potential application value for the biosynthesis of
β-alanine from a cheap substrate.

4. Materials and Methods
4.1. Strains, Primers, and Chemicals

The recombinant strains (E. coli BL21(DE3)-pRSFduet-maiA-aspA; E. coli BL21 (DE3)-
TcADC; E. coli BL21(DE3)-ADCtb) were constructed and preserved in Biocatalysis and
Biopharmaceutical laboratory (Shanghai Institute of Technology, Shanghai, China). Plas-
mids pRSFduet-1 and pET-28a(+) were preserved in Biocatalysis and Biopharmaceutical
laboratory (Shanghai Institute of Technology, Shanghai, China). The primers used in this
study are shown in Table 4; the primers in the table and genes of MaiA and TcADC were
built from Shanghai Generay Biotech company (Shanghai, China). All strains were pre-
served at −80 ◦C prior to use. Maleic acid and fumaric acid were bought from Aladdin
Company (Shanghai, China), at a purity >95%. L-aspartic acid and β-alanine were bought
from Shanghai Titan Company (Shanghai, China), at a purity >98%.

Table 4. Primers used for the construction of strains.

Gene Primer Restriction Site Sequence(5′→3′)

MaiA
F1 BamH I CGGGATCCGATGAGTAATCATTATCGTATTGGTCAGA
R1 Hind III CCCAAGCTTTTAATATGCGCCAGAGAGAAGGG

AspA
F2 Ned I GGAATTCCATATGATGTCAAACAACATTCGTATCGAAG
R2 Sac I CGAGCTCTTACTGTTCGCTTTCATCAGTATAG
R2’ Xho I CCGCTCGAGTTACTGTTCGCTTTCATCAGTATAGCG

ADCtb
F3 - CCGGATATTAAAAAAAGAGGCTTACATAGTCTG
R3 - CAGACTATGTAAGCCTCTTTTTTTAATATCCGG

4.2. Cell Culture, Expression, and Enzyme Activity Assay of MaiA, AspB, and ADCtb
4.2.1. Cell Culture and Expression of MaiA and AspB

A pure colony (E. coli BL21(DE3)-pRSFduet-maiA-aspA) was picked and cultivated
overnight in 50 mL LB medium with 50 µg/mL kanamycin at 37 ◦C and 200 rpm. Then,
1 mL of culture was incubated in 100 mL of 2YT medium (Tryptone: 16 g/L, yeast extract
powder: 10 g/L, NaCl: 5 g/L), with 50 µg/mL kanamycin, and the cells were cultured at
37 ◦C and 200 rpm for growth. When the OD600 value reached 0.4 to 0.6, IPTG (0.2 mM) was
added to the culture to induce enzyme expression at 20 ◦C for 20 h. Harvested cells were
suspended in 50 mM PBS buffer (pH 7.0) and then ultrasonicated on ice. Centrifugation
was used to remove cell debris for 10 min at 12,000× g and 4 ◦C. The protein molecular
mass was evaluated by SDS–PAGE.

4.2.2. Cell Culture and Expression of ADCtb

A pure colony (E. coli BL21(DE3)-ADCtb) was picked and cultivated overnight in
50 mL LB medium with 50 µg/mL kanamycin at 37 ◦C and 200 rpm. Then, 1 mL of culture
was incubated in 100 mL of 2YT medium (Tryptone: 16 g/L, yeast extract powder: 10 g/L,
NaCl: 5 g/L) with 50 µg/mL kanamycin and 10 g/L glucose, and the cells were cultured at
37 ◦C and 200 rpm for growth. When the OD600 value reached 0.4 to 0.6, IPTG (0.2 mM) was
added to the culture to induce enzyme expression at 20 ◦C for 20 h. Harvested cells were
suspended in 50 mM PBS buffer (pH 6.5) and then ultrasonicated on ice. Centrifugation
was used to remove cell debris for 10 min at 12,000× g and 4 ◦C. The protein molecular
mass was evaluated by SDS–PAGE.

4.2.3. Enzyme Activity Assay of MaiA, AspB, and ADCtb

MaiA activity assay: The resting cells were obtained by centrifugation from 1 mL
fermentation solution. We added 50 µL maleic acid solution (2 mol/L, adjusted pH to
8.4 by KOH), filled the reaction system to 1 mL with Tris-HCL solution (pH = 8.4), created a
full suspension, and the reaction was performed at 37 ◦C for 10 min followed by boiling for
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10 min. After centrifugation at 12,000× g for 5 min, the reaction was filtered with a 0.45 µm
organic filter membrane and assessed by HPLC. One unit of MaiA activity was defined as
the amount of enzyme that catalyzes the conversion of 1 µmol of maleic acid per minute
under the described conditions.

AspA activity assay: The resting cells were obtained by centrifugation from 1 ml
fermentation solution. We added 100 mM ammonium fumarate and 1 mM Mg2+, filled
the reaction system to 1 mL with PBS solution (pH = 7.0), created a full suspension, and
the reaction was performed at 37 ◦C for 10 min followed by boiling for 10 min. After
centrifugation at 12,000× g for 5 min, the reaction was filtered with an 0.45 µm organic
filter membrane and assessed by HPLC. One unit of AspA activity was defined as the
amount of enzyme that catalyzes the production of 1 µmol aspartic acid per minute under
the described conditions.

ADC activity assay: The resting cells were obtained by centrifugation from 1 ml of
fermentation solution. We added 100 mM L-aspartic acid sodium solution (pH = 6.5) and
1 mM pyridoxal phosphate (PLP), filled the reaction system to 1 mL with PBS solution
(pH = 6.5), created a full suspension, and the reaction was performed at 37 ◦C for 20 min
followed by boiling for 10 min. After centrifugation at 12,000× g for 5 min, the reaction
was filtered with a 0.45 µm organic filter membrane and assessed by HPLC. One unit of
ADC activity is defined as the amount of enzyme that catalyzes the production of 1 µmol
β-alanine per minute under the described conditions.

4.3. Determination of Maleic Acid, Fumaric Acid, L-Aspartic Acid, and β-Alanine

The concentrations of maleic acid, fumaric acid, L-aspartic acid, and β-alanine were
determined by HPLC (LC-20AT, Shimadzu, Kyoto, Japan). The determinate conditionsare
shown in Table 5. Maleic acid and fumaric acid can be detected directly, while L-aspartic
acid and β -alanine could be detected only after derivatization. The derivatization method
is as follows: add 200 µL of 0.1 M phenyl isothiocyanate solution in ACN and 200 µL of
1 M triethylamine solution in ACN into 400 µL of reaction solution. Mix thoroughly and
place in the dark for 1 h, then extract by 500 µL n-hexane for 30–60 s, ad leave to stand
for 30 min. The lower layer solution is filtered through a 0.45 µm filter membrane for
HPLC analysis (retention time: L-aspartic acid: 4.46 min; β-alanine: 9.60 min; Maleic acid:
5.47 min; Fumaric acid: 6.73 min).

Table 5. HPLC analysis methods.

Compound L-Aspartic Acid & β-Alanine Maleic Acid & Fumaric Acid

Column C18 column (Diamonsil plus, 4.6 mm × 250 mm × 5 µm)

Phase
Phase A: 80% ACN-H2O solution

Phase B: 97:3 (0.1 M Sodium acetate: ACN
solution; adjust pH to 6.5 by acetic acid)

25 mM KH2PO4 solution
(pH = 2.5)

Methods
0–15 min: 95%–65% phase B

15–20 min: 65%–95% phase B
20–30 min: 95% phase B

10 min

Flow rate 1 mL/min 1 mL/min
Wavelength 254 nm 210 nm

4.4. Optimization of the Dual-Enzyme Catalyzed Reaction
4.4.1. Optimization of Reaction pH

The reaction was conducted in the conditions as follows: Substrate (ammonium
maleate): 400 mM; Catalyst (MaiA–AspA resting cells): 3 gdcw/L; MgSO4: 1 mM; Buffer:
PBS solution (0.1 M), Reaction volume: 5 mL. Reactions were conducted on the orbital
shaker (37 ◦C, 200 r/min). The pH values were set as 5.5, 6.5; 7.5, 8.5, and 9.5.
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4.4.2. Optimization of Substrate Concentration

The reaction was conducted in the conditions as follows: Catalyst (MaiA–AspA
resting cells): 3 g/L, MgSO4: 1 mM, Buffer: PBS solution (0.1 M), pH: 8.5, Reaction volume:
5 mL. Reactions were conducted on the orbital shaker (37 ◦C, 200 r/min). The substrate
concentrations were set as 300, 400, 600, 800, and 1000 mM.

4.4.3. Optimization of Catalyst Concentration

The reaction system was conducted in the conditions as follows: Substrate (ammonium
maleate): 400 mM, MgSO4: 1 mM, Buffer: PBS solution (0.1 M), pH: 8.5, Reaction volume:
5 mL. Reactions were conducted on the orbital shaker (37 ◦C, 200 r/min). The catalyst
(MaiA–AspA resting cells) concentration was set as 1.5, 3.0, 4.5, 6.0, and 10 g/L.

4.5. Optimization of ADCtb Catalyzed Reaction
4.5.1. Permeabilization of ADCtb Cells

The ADCtb resting cells were collected by centrifugation in fermentation solution and
washed twice with 0.9% NaCl solution. Then, 0.4% CTAB solution in the same volume
of fermentation solution was added and incubated at 30 ◦C for 30 min. The cells were
centrifuged again and washed twice with 0.9% NaCl solution.

4.5.2. Optimization of Reaction pH

The reaction was conducted in the conditions as follows: Substrate (L-aspartic acid):
400 mM, Catalyst (ADCtb resting cells): 30 g/L, PLP: 1 mM, Buffer: PBS solution (0.1 M) or
Tris-HCl solution (0.1M), Reaction volume: 5 mL. Reaction was conducted on the orbital
shaker (37 ◦C, 200 r/min). The pH values were set as 6.5, 7.0, 7.5, 8.0, and 8.5 (Buffer pH 8.0
and 8.5 were Tris-HCl solution, others use PBS buffer).

4.5.3. Optimization of Catalyst Concentration

The reaction was conducted in the conditions as follows: Substrate (L-aspartic acid):
200 mM, PLP: 1 mM, Buffer: PBS solution (0.1 M), pH: 6.5, Reaction volume: 5 mL. Reaction
was conducted on the orbital shaker (37 ◦C, 200 r/min). The catalyst concentration (ADCtb
resting cells) was set as 20, 30, 40, and 50 g/L.

4.5.4. Optimization of PLP Concentration

The reaction system was conducted in the conditions as follows: Substrate (L-aspartic
acid): 200 mM, Catalyst (ADCtb resting cells): 20 g/L, Buffer: PBS solution (0.1 M), pH: 6.5,
Reaction volume: 5 mL. Reaction was conducted on the orbital shaker (37 ◦C, 200 r/min).
The PLP concentration was set as 0.5, 1, 2, 4, and 6 mM.

4.5.5. Optimization of Substrate Concentration

The reaction was conducted in the conditions as follows: Catalyst (ADCtb resting
cells): 30 g/L, PLP: 4 mM, Buffer: PBS solution (0.1 M), pH: 6.5, Reaction volume: 5 mL.
Reaction was conducted on the orbital shaker (37 ◦C, 200 r/min). The substrate (L-aspartic
acid) concentration was set as 400, 500, 600, 700, and 800 mM.

4.6. Optimization of the One-Pot Three-Enzyme Cascade Reaction
4.6.1. Selection of Two Resting Cells Addition Mode

Adding two kinds of cells simultaneously or step-by-step were studied to evaluate
the effect of the adding mode of two cells. The reaction was conducted in the conditions
as follows: Substrate (ammonium maleate): 400 mM, MgSO4: 1 mM, PLP: 4 mM, Catalyst
(MaiA–AspA resting cells): 6 g/L, Catalyst (ADCtb resting cells): 30 g/L. Buffer: PBS
solution (0.1 M, pH 6.5). Entry 1: Reaction volume was 5 mL, two catalysts were added at
the same time, and the initial pH value of the reaction was adjusted to 6.5. Entry 2: Reaction
volume was 30 mL, two catalysts were added at the same time, and the initial pH value of
the reaction was adjusted to 6.5. Entry 3: Reaction volume was 30 mL, MaiA–AspA resting



Catalysts 2023, 13, 267 10 of 11

cells were added first, and the initial pH of the reaction was adjusted to 6.5. ADCtb was
added after 2 h and the pH of the reaction was adjusted to 6.5. Entry 4: Reaction volume
was 30 mL, MaiA–AspA resting cells were added first, and the initial pH of the reaction
was adjusted to 8.5. ADCtb was added after 2 h and the pH of the reaction was adjusted to
6.5. The reactions were conducted on the orbital shaker (37 ◦C, 200 r/min).

4.6.2. Optimization of the Three-Enzyme Cascade Reaction

The effect of the simultaneous increase in the substrate concentration and cell volume
on the reaction results was confirmed. The reaction was conducted in the conditions
as follows: MgSO4: 1 mM, PLP: 4 mM, Buffer: 30 mL PBS solution (0.1 M, pH 6.5),
Reaction volume was 30 mL. Entry 5: Substrate (ammonium maleate): 600 mM, Catalyst
(MaiA–AspA resting cells): 7 g/L, Catalyst (ADCtb resting cells): 35 g/L. Entry 6: Substrate
(ammonium maleate): 800 mM, Catalyst (MaiA–AspA resting cells): 10 g/L, Catalyst
(ADCtb resting cells): 40 g/L. The reactions were conducted on the orbital shaker (37 ◦C,
200 r/min).

5. Conclusions

A novel and efficient one-pot three-enzyme cascade method for the synthesis of
β-alanine from maleic acid was developed. Two recombinant E. coli strains were con-
structed. After systematic optimization of reaction conditions for each strain, the whole
cells of two strains were combined for one-pot synthesis of β-alanine. Under optimal con-
ditions, the concentration of β-alanine reached 751 mM after a 9 h reaction, corresponding
to a 93.9% yield and 178 g/L/d space-time yield. The developed new route showed appli-
cation potential for green and efficient biosynthesis of β-alanine from a cheap substrate by
tandem biocatalysts.
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