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Abstract: Sialyllactose (SL) is one of the most important acidic oligosaccharides in human milk,
which plays an important role in the health of infants. In this work, an efficient multi-enzyme
cascade was developed in a single whole cell to produce 3/-SL. We constructed two compatible
plasmids with double cloning sites to co-express four genes. Different combinations were assessed to
verify the optimal catalytic ability. Then, the conversion temperature, pH, and stability under the
optimal temperature and pH were investigated. Moreover, the optimal conversion conditions and
surfactant concentration were determined. By using the optimal conditions (35 °C, pH 7.0, 20 mM
polyphosphate, 10 mM cytidine monophosphate (CMP), 20 mM MgCl,), 25 mL and 4 L conversion
systems were carried out to produce 3'-SL. Similar results were obtained between different volume
conversion reactions, which led the maximum production of 3’-SL to reach 53 mM from 54.2 mM
of sialic acid (SA) in the 25 mL system and 52.8 mM of 3’-SL from 53.8 mM of SA in the 4 L system.
These encouraging results demonstrate that the developed single whole-cell multi-enzyme system
exhibits great potential and economic competitiveness for the manufacture of 3'-SL.

Keywords: multi-enzyme; single whole cell; human milk oligosaccharides; 3'-sialyllactose; CTP re-
generation

1. Introduction

Breastfeeding is the gold standard of infant nutrition, and human milk oligosaccha-
rides (HMOs) are unique and important bioactive ingredients in human milk [1,2]. SL is
one of the most abundant and representative acidic oligosaccharides, which accounts for
about 10-30% of total HMOs [3]. SL has important physiological functions in human health,
such as gut maturation, resistance to gut pathogens, and prebiotic effects [4,5]. According
to the position of the glycoside bond between SA and lactose, SL is divided into 3’-SL
and 6'-SL [6]. At present, other rich HMOs have been used in infant formula [7], but SL
has not been widely used due to technical limitations. Therefore, research on the efficient
preparation of SL has important application significance.

Enzyme-catalyzed synthesis is one of the methods for preparing 3'-SL and has a wide
range of application prospects [8]. Two kinds of enzymes are involved in the catalytic
reaction, trans-sialidase [9,10] and sialyltransferase [11,12]. The former transfers the sialic
acid of the donor to the lactose to form 3/-SL. This catalytic reaction does not require an ad-
ditional energy donor, but trans-sialidase can only recognize «-2, 3-bound sialic acid of the
donor [13], resulting in low substrate utilization and low yield. In contrast, sialyltransferase
can also transfer the sialic acid monomer to lactose, but sialic acid must be in active form,
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e.g., cytidine-5'-monophospo-N-acetylneuraminic acid (CMP-sialic acid) [14]. Therefore,
using SA as a substrate requires CMP-sialic acid synthetase for preparation of activated
intermediates. Several research works have tried to use sialyltransferase to produce 3'-SL.
Endo [15] used five types of permeabilizated cells to prepare 3'-SL. Although 52 mM of
3’-SL was obtained after 11 h of reaction and the actual conversion rate was rather high,
a large number of cell additions and cumbersome operations limited further industrial
applications of 3'-SL. Moreover, the fusion expression of CMP-sialic acid synthetase and
sialyltransferase was used to prepare 3'-SL [16]. After 7 days of reaction in the 2.2 L system,
48.6 mM of 3'-SL was obtained from 165 mM of SA. It can be clearly seen that the reaction
time was long and the conversion rate was low. Additionally, the more expensive substrate
phosphoenolpyruvate (PEP) was used to regenerate cytidine triphosphate (CTP) from
CMP. Therefore, a fast, efficient, and low-cost method for preparing 3'-SL is an important
prerequisite for industrialization.

CTP is the important substrate for preparing CMP-sialic acid, but its high price makes
it unrealistic to directly use as the substrate for the production of 3/-SL. Several CTP
regeneration pathways have been proposed. Sun-Gu Lee [17] used CMP kinase and acetate
kinase as the catalyst to produce CTP from CMP and acetyl phosphate. Wang [18] utilized
CMP kinase, polyphosphate kinase, and nucleoside-diphosphate kinase to synthesize
CTP from CMP, adenosine triphosphate (ATP), and polyphosphate. However, these CTP
regeneration systems require either more expensive substrates or more types of enzymes.
In contrast, due to the fact that the substrate used was cheap and easily available, the
combination of CMP kinase and polyphosphate was considered to be the most promising
method [19], which was adopted in this study.

In this study, the previously constructed multi-cell enzyme system [20] was recon-
structed into a single recombinant strain. Two compatible plasmids were used to complete
the generation of 3/-SL and regeneration of CTP (Figure 1). More importantly, transfor-
mation conditions were optimized, and the optimal conversion system was conducted in
25 mL and 4 L systems to investigate the production of 3'-SL.
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Figure 1. Diagram of single whole-cell multi-enzyme catalytic pathway.
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2. Materials and Methods
2.1. Materials

3/-SL was purchased from Carbosynth (Carbosynth, China), SA was obtained from
CASOV (Wuhan, China), and CMP was purchased from Huaren (Wuhu, China). All other
chemicals used in the study were commercially available and were of analytical grade.
Molecular biology reagents used in this study are listed in Table S1.

2.2. Plasmids and Strains

The pET-22b (+) plasmid harboring the gene encoding CMP-sialic acid synthetase, x-2,
3-sialyltransferase, CMP kinase, and polyphosphate kinase was previously constructed [20].
The gene of CMP-sialic acid synthetase was amplified with Ncol and NotI restriction sites
by using plasmid pET-CSS as template. Then, Ncol and NotI were used to digest amplified
fragments and pCOLADuet-1. Double enzyme fragments were recovered from agarose
gel and ligated by DNA ligase. The ligation products were transformed into competent
cells and spread on the plate containing Km® for screening. The positive transformants
were confirmed by PCR verification and sequencing. After the verification, the plasmid
PCOLADuet-CSS was obtained. The gene of x-2, 3-sialyltransferase was also cloned and
inserted into the second multiple cloning sites of pPCOLADuet-CSS between the restriction
sites of Ndel and Xhol to achieve recombinant expression plasmid pCOLADuet-CSS-ST. The
same method was used to obtain recombinant plasmids pCOLADuet-ST-CSS, pETDuet-
PPK-CMK, and pETDuet-CMK-PPK. The flow chart of the different plasmid constructions
is shown in Figures 51-54.

All constructed plasmids were transformed into E. coli BL21 Star (DE3) AlacZAnanETKA,
constructing the following strains: E. coli/pCSPC (pCOLADuet-CSS-ST/pETDuet-PPK-
CMK), E. coli/pCSCP (pCOLADuet-CSS-ST/pETDuet-CMK-PPK)), E. coli/pSCPC (pCOLA-
Duet-ST-CSS/pETDuet-PPK-CMK), and E. coli/pSCCP (pCOLADuet-ST-CSS/pETDuet-
CMK-PPK). The positive single clone in the double-resistant (KmR and AmpR) plate was
picked, cultured, and stored for use.

Chromosomal gene disruption of the host strain was carried out with the Ared homol-
ogy recombination method [21], with a slight modification. Transformants carrying pKD46
were grown in 5 mL LB cultures with ampicillin and L-arabinose at 30 °C, and then electro-
competent cells were produced by centrifuging and washing with ice-cold 10% glycerol.
PCR products with the FRT-flanked resistance gene were gel purified and suspended in
ddH,O. Electroporation was conducted by using an electroporator (MicroPulser, Bio-Rad).
Shocked cells were added to 1 mL LB culture, incubated at 37 °C for 2 h, and then spread
onto agar to select KmR transformants. After PCR verification, positive mutants were trans-
formed with pCP20 and selected at 30 °C. The colony was cultured at 42 °C and tested for
the loss of KmR. Strain E. coli BL21 Star (DE3) AlacZ was previously constructed [20]. Gene
cluster nanETKA in the E. coli BL21 Star (DE3) AlacZ genome was disrupted by homology
recombination. E. coli BL21 Star (DE3) AlacZ nanETKA was used as the expression strain
for protein expression. Plasmids and strains are shown in Table 1.

2.3. Biocatalyst Preparation

The recombinant E. coli BL21 Star (DE3) AlacZAnanETKA was cultured in a 5 L
fermenter. The cells were grown at 37 °C in 3 L fermentation medium (peptone 12 g/L,
yeast extract 8 g/L, K;HPO4 4 g/L, NaCl 3 g/L, (NH4),504 2.5 g/L, glycerin 10 g/L, citric
acid 2.1 g/L; feeding substrates: glycerol 400 g/L, peptone 30 g/L, yeast extract 50 g/L).
The cell was induced with 0.2 mM IPTG at 20 °C for 18 h after starting the feeding. The
recombinant wet cells were harvested by using a laboratory centrifuge at 4 °C (8000 rpm,
10 min).
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Table 1. Strains, genes, and plasmids used in the study.

Description Reference or Source
Strains
E. coli BL21 Star (DE3) F- ompT hsdSB (rB-, mB-) gal dem This study
AlacZAnanETKA rnel31 (DE3) AlacZAnanETKA
Genes
css CI\/.[P—si'alic ac.id .synthetase from [16]
Neisseria meningitides (U60146.1)
s cx.—2, 3'-sialyltransferase from [11]
Neisseria gonorrhoeae (U60664.1)
emk CMP kinase from Escherichia coli [22]
(X00785.1)
prk s co (CPO4A943.1) 23]
Plasmids
pCOLADuet-ST-CSS pCOLADuet-1 containing st and css This study
pCOLADuet-CSS-ST pCOLADuet-1 containing css and st This study
pETDuet-CMK-PPK pETDuet-1 containing cmk and ppk This study
pETDuet-PPK-CMK pETDuet-1 containing ppk and cmik This study

2.4. Optimization of Reaction Conditions

The optimization experiments were carried out in a 100 mL flash shaker with 25 mL
mixtures. The effect of temperatures on the 3’-SL content in the range of 2545 °C was
compared. The bioconversion at different pH ranging from 5.0 to 10.0 was conducted,
including 50 mM of sodium acetate buffer (pH 5.0-6.0), 50 mM of Tris-HCI (pH 7.0-8.0),
and 50 mM of glycine-NaOH (pH 9.0-10.0). The catalytic stability of the bioconversion
system at optimum temperature and pH was also evaluated.

The optimal addition of the cell extracts was investigated by varying the wet weight
cells from 10 to 50 g/L. In addition, the effect of different concentrations of CMP, MgCl,,
and polyphosphate on the content of 3-SL was assessed. The substrate concentrations
were set at 0 mM, 5 mM, 10 mM, 20 mM, 40 mM, and 60 mM.

Furthermore, to simplify the catalytic process, the effect of different surfactants of
Triton X-100, Tween-20, sodium dodecyl sulfate (SDS), and cetyl trimethyl ammonium
bromide (CTAB) on 3'-SL biosynthesis was investigated. Finally, the effect of the Triton X-
100 concentration from 0.2 to 1.6% on 3'-SL content was studied. All the other components
were fixed at 50 mM SA, 60 mM lactose, 20 mM polyphosphate, 10 mM CMP, and 20 mM
MgCl,. The samples were taken after 2 h, and 3'-SL content was detected by HPLC.

2.5. Enzyme Activity Assays

The activity of CSS was measured with 0.2 M Tris-HCI (pH 8.5), 20 mM MgCl,, 5 mM
SA, 5 mM CTP, and an enzyme sample. The reaction was performed at 37 °C for 10 min.

The activity of ST was measured with 0.2 M Tris-HCl (pH 8.5), 20 mM MgCl,, 5 mM
SA, 5 mM CTP, and 10 mM lactose. Both CSS and ST were used to start the reaction, and
the reaction was performed at 37 °C for 30 min.

The CMK activity reaction mixture included 50 mM Tris-HCl (pH 8.0), 50 mM
(NH4)2504, 10 mM MgCl,, 10 mM ATP, and 5 mM CMP. The PPK activity reaction mixture
included 50 mM Tris-HC1 (pH 8.0), 50 mM (NHy4),504, 10 mM MgCl,, 5 mM ADP, and
10 mM polyphosphate. The reactions were performed at 30 °C for 30 min.

One unit of enzyme activity was defined as the amount that catalyzes the formation
of 1 umol target product per min.
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Relative content of 3'-SL =

2.6. Production of 3'-SL

The reaction was performed with 25 mL and 4 L of mixtures in a 100 mL flash shaker
and 5 L fermenter, respectively. The reaction mixture contained 50 mM SA, 60 mM lactose,
20 mM MgCl,, 20 mM polyphosphate, 20 mM CMP, 40 g/L recombinant cells, and 0.8%
(v/v) Triton X-100. The reaction in the 25 mL system was incubated at 35 °C in a water
bath with a magnetic stirrer, and in the 4 L system, it was automatically controlled by the
temperature at 35 °C. The reaction system was maintained at pH 7.0 using 4 N NaOH. A
reaction sample was taken every 2 h, and the concentrations of SA and 3/-SL were analyzed
by HPLC. All the experiments above were performed in triplicates.

2.7. Analytical Method

The concentrations of SA and 3'-SL were analyzed by HPLC (Shimadzu, Kyoto, Japan)
equipped with a UV detector and the detection wavelength was 210 nm. A TSK-Gel
Amide-80 column was used, and 10 mM ammonium formate (pH 4.0) and acetonitrile at a
ratio of 30:70 were used as a mobile phase. The flow rate was set at 1.0 mL/min.

Quantitative analysis of CDP and ATP was performed using HPLC (LC-16, Shimadzu,
Kyoto, Japan), which was equipped with a UV detector at 271 nm and a Zorbax C18 column.
The mobile phase was 0.6% phosphate-triethylamine (pH 6.6), and the methanol ratio was
89:11. Quantitative analysis of CMP-NeuAc was detected at 210 nm, and the mobile phase
was 20 mM pH 8.0 phosphate buffer. The samples were detected at 30 °C at a flow rate of
0.6 mL/min. All tested samples were boiled for 2 min and centrifuged at 12,000 rpm for
5 min. The supernatant was filtered with a 0.22-micron filter membrane and diluted to a
certain concentration before testing. The relative content of 3'-SL was calculated as follows:

3’ — SL content of each condition in the experimental group

100%
The highest content of 3'-SL in the experimental group x 100%

2.8. Statistical Analysis

The relative content of 3’-SL, the concentration of 3'-SL, and relative activity were eval-
uated statistically. Evaluation of statistical significance (p < 0.05) was calculated according
to the one-sample t-test.

3. Results
3.1. Single-Cell Construction

To investigate the overexpression of css, st, cmk, and ppk affecting the 3'-SL synthesis,
two compatible plasmids, pETDuet-1 and pCOLADuet-1, were used to express four genes
in a recombinant E. coli strain by using the promoter from the bacteriophage T7. As shown
in Figure 2, based on the different positions of the gene in the double cloning site, four
recombinant strains were constructed. However, the best combination was E. coli/pCSPC,
and the catalytic content of 3’-SL was 22.8 £ 1.7 mM. In contrast, the worst combination
was E. coli/pSCCP, which resulted in 22.2 4+ 2.2 mM of 3’-SL. No obvious difference in
3’-SL content was observed between different expression systems (p > 0.05). Due to strain
E. coli/pCSPC having the highest average value, the strain E. coli/pCSPC was selected
for the subsequent study. This shows that the adjustment of the genes in the plasmid
containing the double cloning site did not significantly affect the protein expression.

3.2. Optimization of Biotransformation Temperature and pH

Optimization of biotransformation was conducted to increase 3'-SL production. As
seen in Figure 3a, when the temperature was lower than 35 °C, with the increase in
reaction temperature, 3’-SL showed a gradually increasing trend. 3'-SL decreased with the
temperature over 40 °C, and there was no significant difference in 3’-SL content between
35 and 40 °C (p > 0.05). Considering energy consumption, 35 °C was chosen as the
optimal temperature.
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Figure 2. Optimization of 3’-SL production by different combinations of plasmids.
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Figure 3. Effect of temperature and pH on the conversion. (a) Effect of temperature on the conversion; (b) effect of pH on the
conversion; (c) catalytic stability under different temperatures; (d) stability of enzyme activity under optimal temperature.

The biotransformation showed the maximum production of 3'-SL at pH 7.0 (Figure 3b).
When the pH of the biotransformation system was adjusted to 5.0, the relative content of
3’-SL dropped sharply. When the pH reached 10.0, the relative concentration of 3'-SL was
only 2% of the highest concentration (p < 0.01). Therefore, an appropriate pH is essential to
3’-SL formation, and a higher or lower pH could seriously affect the content of the product.

In addition, the catalytic stability at different temperatures was also investigated. As
shown in Figure 3¢, 4 °C and 35 °C represent the cell extracts that were placed at pH 7.0 at
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4 °C and 35 °C for 8 h, respectively. After the cell extracts were placed at pH 7.0 and 4 °C
for 8 h, no significant loss of catalytic activity was observed compared with 0 h (p > 0.05).
However, under the condition of pH 7.0 and 35 °C, the catalytic activity of the cell extracts
was gradually lost with the time increase. At 6 h, the relative catalytic activity was only 3%
of the initial catalytic activity (p < 0.01). This shows that the multi-enzyme catalytic system
has a poor thermal stability.

Next, we investigated which enzyme or enzymes caused poor thermal stability. To
study the thermal stability of a single enzyme, the expression host containing a single
enzyme was used. pET-CSS, pET-ST, pET-CMK, and pET-PPK recombinant plasmids were
constructed in the previous study [20] and transformed into four single strains, which
formed four single-gene expression strains. As depicted in Figure 3d, CSS, ST, CMK, and
PPK represent the relative activities of CMP-sialic acid synthetase, sialyltransferase, CMP
kinase, and polyphosphate kinase, respectively. Using the single-gene expression strains to
investigate the thermal stability of each enzyme, it was found that the thermal stability of
different enzymes changed at the optimal catalytic temperature. Among them, PPK has
the best thermal stability, and there was no obvious loss of enzyme activity after 8 h of
incubation compared with 0 h (p > 0.05). CMK has the worst thermal stability. The catalytic
activity was only 11% of the initial catalytic activity after 8 h of incubation (p < 0.01), while
the enzyme activity of CSS was only 30% of the initial activity (p < 0.01). Therefore, the poor
stability of more than one enzyme leads to the poor stability of the entire catalytic system.

3.3. Optimization of Cell Extracts, Polyphosphate, CMP, and MgCl,

Different concentrations of cell extracts were assessed to determine the optimal cell
extract addition (Figure 4a). With the number of cell extracts increased, the 3'-SL content
increased accordingly, but there was no significant difference in 3'-SL content at 40 g/L
and 48 g/L cell extract additions (p > 0.05); therefore, it was considered that the optimal
amount of cell extracts was 40 g/L.
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Figure 4. Effect of concentration of cell extracts (a), polyphosphate (b), CMP (c), and MgCl, (d) on
3'-SL production.

Polyphosphate provides phosphate for CTP regeneration, meaning an appropriate
concentration of polyphosphate helps to promote the accumulation of 3’-SL. When the
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amount of polyphosphate added exceeded 20 mM, the 3/-SL content decreased significantly
compared with the 20 mM addition (p < 0.01). This may be due to excessive polyphosphate
forming a chelate with magnesium ions, thereby affecting the formation of 3’-SL. The
amount of 20 mM of polyphosphate was determined as the optimal addition according to
the different additions of polyphosphate (Figure 4b).

Additionally, CMP is an important substrate for CTP regeneration, and the concen-
tration of CMP has an important impact on 3’-SL yield and production cost. As shown in
Figure 4c, when the concentrations of CMP were lower than 10 mM, the content of 3'-SL in-
creased with the increase in CMP concentration. With the concentration of CMP increased,
the yield of 3’-SL gradually decreased when the concentration of CMP was higher than
10 mM. Additionally, the content of 3/-SL in the 10 mM CMP addition was significantly
higher than that at 5 mM and 20 mM (p < 0.05). Therefore, the optimal CMP concentration
was 10 mM. It can be seen that about 18 mM of 3/-SL was produced in the conversion
system without adding CMP. This may be due to the use of RNA degradation products
in cell extracts for CTP synthesis, which is consistent with the result of the multi-bacterial
catalytic system [20]. Due to the reduction in the number of cell extracts, a lower CMP
addition was used, and a higher 3’-SL catalytic yield was obtained, which was of great
significance to reduce the cost of catalysis.

Different concentrations of MgCl, were set to verify the effect on the 3'-SL content
(Figure 4d). The 3’-SL content first increased and then decreased with the increase in
the MgCl, concentration. When the MgCl, concentration was 20 mM, the 3/-SL content
reached the maximum value, which was obviously higher than that of 10 mM and 40 mM
(p < 0.05). The results indicate that the optimal MgCl, concentration was 20 mM.

3.4. Optimization of Cell Permeability

Surfactants can change cell permeability and increase the transfer rate of intracellular
and extracellular substances [24]. Triton X-100 had the highest 3'-SL production, which
was 44% higher than the control group (p < 0.01) and 19% higher than Tween-20 (p < 0.01)
(Figure 5a). However, the 3'-SL content of the CTAB and SDS groups was lower than that
of the control group, which may be due to the protein denaturation caused by these two
surfactants. Moreover, the production of 3/-SL treated by Triton X-100 was still lower than
that in the ultrasonic group. This may be due to the low amount of surfactant added, which
led to cell permeability not being completely released. Therefore, Triton X-100 was selected
as the optimal surfactant for further investigation.
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Figure 5. Effect of surfactants on 3’-SL concentration. (a) Effect of different surfactants on 3’-SL concentration; (b) effect of
different contents of Triton X-100 on 3’-SL concentration.

The 3'-SL content gradually increased as the content of Triton X-100 increased; how-
ever, the 3/-SL content hardly increased when the amount of Triton X-100 was higher than
0.8%. The concentration of 3'-SL in the 1.2% or the 1.6% Triton X-100 addition was not
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significantly higher than that in the 0.8% addition (p > 0.05) (Figure 5b). Therefore, the
optimal concentration of Triton was determined to be 0.8%. Comparing with the ultrasonic
group, the 3/-SL content of the experimental group with Triton X-100 was 97% of its 3’-SL
content, indicating that the addition of Triton X-100 did not obtain fully permeable whole
cells. Overall, the addition of Triton X-100 was able to obtain a higher content of 3/-SL than
the control group, which could be used to improve cell permeability and produce 3'-SL.

3.5. Production of 3'-SL

Based on the optimized reaction conditions, a different conversion system was con-
ducted to verify the production of 3’-SL. In the 25 mL conversion system, the 3'-SL content
increased with time, while the substrate content gradually decreased (Figure 6a). After
an 8-h reaction, the substrate was completely consumed, and the 3/-SL content reached
the maximum. An amount of 53.0 mM of 3’-SL was achieved from 54.2 mM of SA, which
resulted in a high substrate conversion rate of 97.9%. According to the reaction time
and product yield, the productivity rate was 6.63 mM/h. Since no obvious substrate
loss was found, the conversion rate was the actual conversion rate calculated from the
substrate content.
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Figure 6. Time course of 3'-SL production under optimal conditions. (a) Time course of 3'-SL production in 25 mL
transformation system; (b) time course of 3’-SL production in 4 L transformation system.

According to the result of the 25 mL conversion system, the 4 L conversion system in
the 5 L fermenter was also investigated. The result was similar to the 25 mL conversion
system, in which the reaction could completely convert the substrate into 3'-SL. An amount
of 52.8 mM of 3’-SL was achieved from 53.8 mM of SA, and the substrate conversion rate
was 98.1%. Th chromatogram of the HPLC of the 4 L conversion system is demonstrated in
Figure S5, It is obvious from the chromatogram that with the increase in the catalytic time,
the peak of SA gradually decreased to disappear, while the peak of SL gradually increased.
Although the expansion of the reaction volume has no obvious effect on the 3’-SL yield and
substrate conversion rate, it can be seen that the time for the complete conversion of the
substrate in the 4 L conversion system was 2 h longer than the 25 mL conversion volume,
which resulted in the productivity rate being 5.28 mM/h. This may be due to the stirring
speed having a certain influence on the catalytic efficiency in a larger conversion system.
In conclusion, although the 25 mL and 4 L conversion systems have similar catalytic yields
and substrate conversions, the 25 mL catalytic system has obvious advantages in terms of
the productivity rate.

At present, it has been reported in the literature that the highest yield of 3’-SL achieved
is 52 mM [15]. Although the catalytic production did not increase significantly, 98.1% of
the actual conversion of sialic acid was obtained in a 4 L conversion system, which was the
largest conversion volume and substrate conversion. The research results have important
guiding significance for the scale-up of 3/-SL.
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4. Discussion

Enzyme-catalyzed synthesis systems are increasingly being used to produce fine
chemicals or pharmaceutical products [25-27]. Several routes have been developed for
biosynthesizing 3'-SL, and sialyltransferase can be used to produce relatively high-content
products, which was considered to be one of the potential catalysts for industrializa-
tion. Considering the specificity of substrate utilization and the economics of product
preparation, the utilization of CMP-sialic acid synthetase and construction of a cofactor
regeneration of an expensive substrate were considered to be reasonable solutions. A
similar CTP regeneration system was also used in the enzymatic synthesis of 3’-SL, which
also contained CMP kinase and polyphosphate kinase [28]. The experiment used multi-
cell and multi-enzyme coupling catalysis; however, the yield of 3'-SL was low and an
expensive cofactor still needed to be added. In contrast, the multi-enzyme system in a
single whole cell simplified the manufacturing process and exhibited the potential for
industrial manufacture.

In our study, efficient multi-enzyme whole-cell catalysis for the production of 3'-
SL in engineered E. coli was developed. Compatible plasmids were used to co-express
key enzymes to increase the production of target products, which are widely used in
multi-enzyme expression [29,30]. Based on the optimized conversion conditions, different
volume transformation experiments were performed, and a relatively high yield and high
conversion rate were obtained. However, the thermal stability of CMP kinase and CMP-
sialic acid synthetase was poor, which suggests that improving the thermal stability of the
enzyme may increase the catalytic efficiency and reduce the reaction time. Currently, the
thermal stability modification experiment of the enzyme is in progress, and the catalytic
verification experiment will be carried out.

5. Conclusions

In summary, a multi-enzyme single whole-cell route for the production of 3'-SL was
developed in this study. The catalytic process can be divided into two parts: product
generation and cofactor regeneration. The product generation includes CMP-sialic acid
synthetase and sialyltransferase, which was constructed to generate 3'-SL from SA. The
cofactor regeneration was designed for the CTP formation from CMP, which includes
CMP kinase and polyphosphate kinase. To obtain the optimal catalytic effect, conversion
conditions were optimized. In the 25 mL and 4 L conversion systems, 53.0 mM and 52.8 mM
of 3’-SL were obtained, which lead to conversion rates of 97.9% and 98.1%, respectively.
This multi-enzyme system in the single whole-cell process provides the foundation for
industrial-scale production of 3'-SL.
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chart of recombinant plasmid pETDuet-PPK-CMK construction, Figure S4: Flow chart of recombinant
plasmid pETDuet-CMK-PPK construction, Figure S5: Chromatogram of HPLC of 4 L conversion
system at different time, Table S1: Molecular biology reagents used in this study.

Author Contributions: Conceptualization, ].W. and ].Y.; methodology, Z.L. and Z.N.; validation,
X.C. and Y.W.; formal analysis, L.Y. and L.S.; investigation, Z.L. and X.C.; writing—original draft
preparation, Z.L.; writing—review and editing, ].W.; supervision, J.Y.; funding acquisition, J.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Science and Technology Service Network Initiative of Chinese
Academy of Sciences, grant number: KFJ-STS-QYZD-122; postdoctoral research funding project
of Anhui province, grant number: 2020B440; Anhui Natural Science Foundation, grant number:
1808085MB52.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/pr9060932/s1
https://www.mdpi.com/article/10.3390/pr9060932/s1

Processes 2021, 9, 932 11 of 12

Data Availability Statement: Not applicable.

Acknowledgments: We thank Wuhan Zhongke Optical Valley Green Biotechnology Co., Ltd. (CASOV)
for providing SA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Le Doare, K.; Holder, B.; Bassett, A.; Pannaraj, P.S. Mother’s Milk: A Purposeful Contribution to the Development of the Infant
Microbiota and Immunity. Front. Immunol. 2018, 9, 361. [CrossRef]

2. Cheng, L,; Kiewiet, M.B.G.; Logtenberg, M.].; Groeneveld, A.; Nauta, A.; Schols, H.A.; Walvoort, M.T.C.; Harmsen, H.].M.; de
Vos, P. Effects of Different Human Milk Oligosaccharides on Growth of Bifidobacteria in Monoculture and Co-culture With
Faecalibacterium prausnitzii. Front. Microbiol. 2020, 11, 569700. [CrossRef] [PubMed]

3. Thurl, S.; Munzert, M.; Boehm, G.; Matthews, C.; Stahl, B. Systematic review of the concentrations of oligosaccharides in human
milk. Nutr. Rev. 2017, 75, 920-933. [CrossRef] [PubMed]

4.  Idota, T.; Kawakami, H.; Murakami, Y.; Sugawara, M. Inhibition of cholera toxin by human milk fractions and sialyllactose. Biosci.
Biotechnol. Biochem. 1995, 59, 417-419. [CrossRef] [PubMed]

5. Ten Bruggencate, S.J.; Bovee-Oudenhoven, I.M.; Feitsma, A.L.; van Hoffen, E.; Schoterman, M.H. Functional role and mechanisms
of sialyllactose and other sialylated milk oligosaccharides. Nutr. Rev. 2014, 72, 377-389. [CrossRef] [PubMed]

6. Bode, L.; Contractor, N.; Barile, D.; Pohl, N.; Prudden, A.R.; Boons, G.J.; Jin, Y.S.; Jennewein, S. Overcoming the limited availability
of human milk oligosaccharides: Challenges and opportunities for research and application. Nutr. Rev. 2016, 74, 635-644.
[CrossRef]

7. Bych, K.; Miks, M.H.; Johanson, T.; Hederos, M.J.; Vigsnaes, L.K.; Becker, P. Production of HMOs using microbial hosts-from cell
engineering to large scale production. Curr. Opin. Biotechnol. 2019, 56, 130-137. [CrossRef]

8.  Sprenger, G.A.; Baumgartner, F; Albermann, C. Production of human milk oligosaccharides by enzymatic and whole-cell
microbial biotransformations. J. Biotechnol. 2017, 258, 79-91. [CrossRef]

9.  Schenkman, S.; Eichinger, D.; Pereira, M.E.A.; Nussenzweig, V. Structural and functional properties of Trypanosoma trans-
sialidase. Annu. Rev. Microbiol. 1994, 48, 499-523. [CrossRef]

10. Michalak, M.; Larsen, D.M; Jers, C.; Almeida, ].R.M.; Willer, M.; Li, H.; Kirpekar, F.; Kjeerulff, L.; Gotfredsen, C.H.; Nordvang,
R.T; et al. Biocatalytic production of 3'-sialyllactose by use of a modified sialidase with superior trans-sialidase activity. Process
Biochem. 2014, 49, 265-270. [CrossRef]

11.  Gilbert, M.; Cunningham, A.-M.; Watson, D.C.; Martin, A.; Rlchards, J.C.; Wakarchuk, W.W. Characterization of a recombinant
Neisseria meningitidis alpha-2,3-sialyltransferase and its acceptor specificity. Eur. J. Biochem. 1997, 249, 187-194. [CrossRef]
[PubMed]

12.  Li, Y,; Sun, M.; Huang, S.; Yu, H.; Chokhawala, H.A.; Thon, V.; Chen, X. The Hd0053 gene of Haemophilus ducreyi encodes an
alpha2,3-sialyltransferase. Biochem. Biophys. Res. Commun. 2007, 361, 555-560. [CrossRef] [PubMed]

13. Luo,].; Nordvang, R.T.; Morthensen, S.T.; Zeuner, B.; Meyer, A.S.; Mikkelsen, ].D.; Pinelo, M. An integrated membrane system for
the biocatalytic production of 3'-sialyllactose from dairy by-products. Bioresour. Technol. 2014, 166, 9-16. [CrossRef] [PubMed]

14. Li, Y;; Chen, X. Sialic acid metabolism and sialyltransferases: Natural functions and applications. Appl. Microbiol. Biotechnol. 2012,
94, 887-905. [CrossRef]

15. Endo, T.; Koizumi, S.; Tabata, K.; Ozaki, A. Large-scale production of CMP-NeuAc and sialylated oligosaccharides through
bacterial coupling. Appl. Microbiol. Biotechnol. 2000, 53, 257-261. [CrossRef]

16. Gilbert, M,; Bayer, R.; Cunningham, A.M.; DeFrees, S.; Gao, Y.; Watson, D.C.; Young, N.M.; Wakarchuk, W.W. The synthesis of
sialylated oligosaccharides using a CMP-Neu5Ac synthetase sialyltransferase fusion. Nat. Biotechnol. 1998, 16, 769-772. [CrossRef]

17. Lee, S.G; Lee, J.O.; Yi, ] K.; Kim, B.G. Production of cytidine 5’-monophosphate N-acetylneuraminic acid using recombinant
Escherichia coli as a biocatalyst. Biotechnol. Bioeng. 2002, 80, 516-524. [CrossRef]

18. Wang, J.; Zheng, C.; Zhang, T.; Liu, Y.; Cheng, Z.; Liu, D.; Ying, H.; Niu, H. Novel one-pot ATP regeneration system based on
three-enzyme cascade for industrial CTP production. Biotechnol. Lett. 2017, 39, 1875-1881. [CrossRef]

19. Ishige, K.; Hamamoto, T.; Shiba, T.; Noguchi, T. Novel method for enzymatic synthesis of CMP-NeuAc. Biosci. Biotechnol. Biochem.
2001, 65, 1736-1740. [CrossRef]

20. Li, Z; Ni, Z,; Chen, X.; Wang, G.; Wu, J.; Yao, J. Multi-Enzymatic Cascade One-Pot Biosynthesis of 3'-Sialyllactose Using
Engineered Escherichia coli. Molecules 2020, 25, 3567. [CrossRef]

21. Datsenko, K.A.; Wanner, B.L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products. Proc.
Natl. Acad. Sci. USA 2000, 97, 6640-6645. [CrossRef]

22. Pederson, S.; Skouv, ].; Kajitani, M.; Ishihama, A. Transcriptional organization of the rpsA operon of Escherichia coli. Mol. Genet.
Genom. 1984, 196, 135-140. [CrossRef] [PubMed]

23. Akiyama, M.; Crooke, E.; Kornberg, A. The Polyphosphate Kinase Gene of Escherichia coli. ]. Biol. Chem. 1992, 267, 22556-22561.
[CrossRef]

24. Singh, A.; Van Hamme, ].D.; Ward, O.P. Surfactants in microbiology and biotechnology: Part 2. Application aspects. Biotechnol. Adv.
2007, 25, 99-121. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2018.00361
http://doi.org/10.3389/fmicb.2020.569700
http://www.ncbi.nlm.nih.gov/pubmed/33193162
http://doi.org/10.1093/nutrit/nux044
http://www.ncbi.nlm.nih.gov/pubmed/29053807
http://doi.org/10.1271/bbb.59.417
http://www.ncbi.nlm.nih.gov/pubmed/7766178
http://doi.org/10.1111/nure.12106
http://www.ncbi.nlm.nih.gov/pubmed/24828428
http://doi.org/10.1093/nutrit/nuw025
http://doi.org/10.1016/j.copbio.2018.11.003
http://doi.org/10.1016/j.jbiotec.2017.07.030
http://doi.org/10.1146/annurev.mi.48.100194.002435
http://doi.org/10.1016/j.procbio.2013.10.023
http://doi.org/10.1111/j.1432-1033.1997.t01-1-00187.x
http://www.ncbi.nlm.nih.gov/pubmed/9363771
http://doi.org/10.1016/j.bbrc.2007.07.063
http://www.ncbi.nlm.nih.gov/pubmed/17662691
http://doi.org/10.1016/j.biortech.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24880807
http://doi.org/10.1007/s00253-012-4040-1
http://doi.org/10.1007/s002530050017
http://doi.org/10.1038/nbt0898-769
http://doi.org/10.1002/bit.10398
http://doi.org/10.1007/s10529-017-2427-x
http://doi.org/10.1271/bbb.65.1736
http://doi.org/10.3390/molecules25163567
http://doi.org/10.1073/pnas.120163297
http://doi.org/10.1007/BF00334105
http://www.ncbi.nlm.nih.gov/pubmed/6384724
http://doi.org/10.1016/S0021-9258(18)41708-5
http://doi.org/10.1016/j.biotechadv.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17156965

Processes 2021, 9, 932 12 of 12

25.

26.

27.

28.

29.

30.

Hou, Y.; Gao, B.; Cui, J.; Tan, Z.; Qiao, C.; Jia, S. Combination of multi-enzyme expression fine-tuning and co-substrates addition
improves phenyllactic acid production with an Escherichia coli whole-cell biocatalyst. Bioresour. Technol. 2019, 287, 121423.
[CrossRef]

Ding, Q.B.; Ou, L.; Wei, D.Z.; Wei, X K.; Xu, Y.M.; Zhang, C.Y. Enzymatic synthesis of nucleosides by nucleoside phosphorylase
co-expressed in Escherichia coli. J. Zhejiang Univ. Sci. B 2010, 11, 880-888. [CrossRef]

Todea, A.; Dreava, D.M.; Benea, 1.C.; Bitcan, I.; Peter, F.; Boeriu, C.G. Achievements and Trends in Biocatalytic Synthesis of
Specialty Polymers from Biomass-Derived Monomers Using Lipases. Processes 2021, 9, 646. [CrossRef]

Nabhalka, J.; Patoprsty, V. Enzymatic synthesis of sialylation substrates powered by a novel polyphosphate kinase (PPK3). Org.
Biomol. Chem. 2009, 7, 1778-1780. [CrossRef]

Xiong, T.Z.; Jiang, J.; Bai, Y.J.; Fan, T.P; Zhao, Y.; Zheng, X.H.; Cai, Y. Biosynthesis of D-danshensu from L-DOPA using engineered
Escherichia coli whole cells. Appl. Microbiol. Biotechnol. 2019, 103, 6097-6105. [CrossRef]

Zhu, YM,; Li, HY,; Liu, PP; Yang, ].G.; Zhang, X.L.; Sun, Y.X. Construction of allitol synthesis pathway by multi-enzyme
coexpression in Escherichia coli and its application in allitol production. J. Ind. Microbiol. Biotechnol. 2015, 42, 661-669. [CrossRef]


http://doi.org/10.1016/j.biortech.2019.121423
http://doi.org/10.1631/jzus.B1000193
http://doi.org/10.3390/pr9040646
http://doi.org/10.1039/b822549b
http://doi.org/10.1007/s00253-019-09947-0
http://doi.org/10.1007/s10295-014-1578-1

	Introduction 
	Materials and Methods 
	Materials 
	Plasmids and Strains 
	Biocatalyst Preparation 
	Optimization of Reaction Conditions 
	Enzyme Activity Assays 
	Production of 3'-SL 
	Analytical Method 
	Statistical Analysis 

	Results 
	Single-Cell Construction 
	Optimization of Biotransformation Temperature and pH 
	Optimization of Cell Extracts, Polyphosphate, CMP, and MgCl2 
	Optimization of Cell Permeability 
	Production of 3'-SL 

	Discussion 
	Conclusions 
	References

