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Sialic acids (SAs) are important functional sugars, and monomers of sialylated human milk oligosaccharides
(sialylated HMOs or sialyllactoses), which are crucial for improving infant development and can facilitate infant
brain development, maintain brain health, and enhance immunity. The most common form of SA is N-acet-
ylneuraminic acid (NeuAc), and the main forms of sialyllactoses are 6’-sialyllactose (6’-SL) and 3’-sialyllactose
(3’-SL). As functional food additive, the demand for NeuAc and sialyllactoses will continuously increase due to
their wide and important fields of application. However, NeuAc and sialyllactoses produced by traditional ex-
traction methods are inefficient and may cause allergen contamination, and cannot keep up with the rapidly
increasing market demand. Therefore, the production of NeuAc and sialyllactoses by sustainable biotechnolo-
gical methods have attracted increasing attention. In particular, the development of metabolic engineering and
synthetic biology techniques and strategies have promoted efficient biosynthesis of NeuAc and sialyllactoses. In
this review, we first discussed the application of NeuAc and sialyllactoses. Secondly, metabolic engineering and
protein engineering-fueled progress of whole-cell catalysis and de novo synthesis of NeuAc and sialyllactoses
were systematically summarized and compared. Furthermore, challenges of efficient microbial production of
NeuAc and sialyllactoses as well as strategies for overcoming the challenges were discussed, such as clustered
regularly interspaced short palindromic repeats interference (CRISPRi)-aided identification of key precursor
transport pathways, synergistically debottleneck of kinetic and thermodynamic limits in synthetic pathways, and
dynamic regulation of metabolic pathways for balancing cell growth and production. We hope this review can
further facilitate the understanding of limiting factors that hampered efficient production of sialic acid and
sialyllactoses, as well as contribute to the development of strategies for the construction of efficient production
hosts for high-level production of sialic acid and sialyllactose based on synthetic biology tools and strategies.

1. Introduction

Sialic acids (SAs) are a family of nine-carbon amino sugars,
with > 40 discovered forms derived from neuraminic acid (Cheng
et al., 2017; Schauer, 2000; Zhu et al., 2017a). The combination of
various types of groups at the 2, 4, 5, 7, 8, and 9 positions contributes to
the diversity of SAs (Angata and Varki, 2002; Kelm and Schauer, 1997;
Varki and Varki, 2007). The most common SA molecule is N-acet-
ylneuraminic acid (NeuAc), a carboxylated nine-carbon mono-
saccharide with N-acetyl at 5-position (Lundgren and Boddy, 2007).
NeuAc is ubiquitous in bacteria and animals, and it is the main form of
SA in humans. Furthermore, NeuAc has important roles in regulating
biological recognition, cellular immunity, and diseases, and is one of
the most important monomers of sialylated human milk

oligosaccharides (sialylated HMOs or sialyllactose) that is crucial for
improving infant development (Ten et al., 2014; Chen and Varki, 2010;
Drouillard et al., 2010; Hassan et al., 2016; Kang et al., 2012; Maru
et al., 2002; Schauer, 2000, 2004; Soundararajan et al., 2009) (Fig. 1a
and b). In particular, NeuAc has been certified as a food additive in the
European Union in 2017 (Turck et al., 2017). The Food and Drug Ad-
ministration (FDA) of the United States and China have also approved
NeuAc as a new food ingredient (FDA, 2015). NeuAc can be synthesized
by N-acetylglucosamine 2-epimerase (AGE) and N-neuraminic acid al-
dolase (NanA), or N-acetylneuraminic acid synthase (NeuB) from N-
acetylglucosamine (GlcNAc) and pyruvate (or PEP) as direct precursors,
which are derived from the glycolytic pathway with glutamine-fruc-
tose-6-phosphate aminotransferase (GlmS) and glucosamine-6-phos-
phate N-acetyltransferase 1 (GNA1) as key pathway enzymes (Berg
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Fig. 1. a) Physiological function of sialic acid. b) Physiological function of sialyllactose. c)Sialic acid structural diversity of N-acetylneuraminic acid (NeuAc). d)
Metabolic pathway of NeuAc in B. subtilis. Green-colored arrows indicate the construction of the NeuAc biosynthetic pathway, and blue-colored arrows indicate ED
pathway. GAP, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvic acid; Pyr, pyruvate; KDPG, 2-dehydro-3-deoxy-6-phosphogluconate; GIcN6P, glucosamine-6P;
GlcNAc6P, N-acetylglucosamine-6P; ManNAc6P, N-acetylmannosamine-6P; GlcN1P, glucosamine-1P; GlcNAc-1P, N-acetylglucosamine-1P; UDP-GlcNAc, UDP- N-
acetylglucosamine; GlcNAc, N-acetylglucosamine; ManNAc, N-acetylmannosamine; NeuAc, N-acetylneuraminic acid; 3’-SL, 3’-sialyllactose; 6’-SL, 6’-sialyllactose.
glmS, encoding glutamine-fructose-6-phosphate aminotransferase; ygaB, encoding a phosphatase with high specificity for N-acetylglucosamine-6-phosphate; age,
encoding N-acetyl-D-glucosamine 2-epimerase; neuB, encoding N-acetylneuraminic acid synthase; edd, encoding 6-phosphogluconate dehydratase; eda, encoding 2-
dehydro-3-deoxy-phosphogluconate/4-hydroxy-2-oxoglutarate aldolase; pyk, encoding pyruvate kinase; ppsA, encoding phosphoenolpyruvate synthetase; nank,
encoding N-acylglucosamine-6-phosphate 2-epimerase; glmM, encoding phosphoglucosamine mutase; glmU, encoding uridyltransferase/glucosamine-1-phosphate
acetyltransferase; neuC, UDP-N-acetylglucosamine 2-epimerase; neuA, encoding CMP-NeuAc synthetase; a-2,3-PST encoding a-2,3-sialyltransferase; a-2,6-PST en-
coding a-2,6-sialyltransferase. e) The structural of sialylated HMOs. f) The structural of 6’-sialyllactose (6’-SL) and 3’-sialyllactose (3’-SL). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2015; Klein and Ferré-D'Amaré, 2006; Lee et al., 2007a) (Fig. 1 ¢
and 1d). NeuAc is one of the key monomers of sialyllactoses. Among
HMOs, approximately 10% to 30% oligosaccharides are sialylated
(Gunther and Guido, 2008; Kim et al., 2018). Sialylated HMOs mainly
include 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL), LS-tetra-
saccharide a, LS-tetrasaccharide b, LS-terasaccharide ¢ and dis-
ialyllacto-N-tetraose (Fig. le and f, Bode, 2012). In sialylated HMOs,
the content of sialyllactose is the highest, which contains 3’-SL and 6’-
SL, reaching 980 nmol/mL following 2’-fucosyllactose (1980 nmol/mL),
lacto-N-tetraose (1010 nmol/mL), lacto-N-fucopentaose I (1210 nmol/
mL), and lacto-N-fucopentaose II (1180 nmol/mL) (Seppo et al., 2017).
The 3’-SL and 6’-SL are oligosaccharides, which are essentially NeuAc
bounded to a lactose molecule through a-(2,3)- and a-(2,6)-linkages
(Gnoth et al., 2000). The structure of different sialylated HMOs can be
identified by nuclear magnetic resonance spectroscopy (NMRS) based
on the specific nucleus that can form a nuclear magnetic resonance
signal when absorbing the energy provided by a specific frequency
radio frequency field and quantified by mass spectrometry (MS) based
on molecular weight difference of ionized whole molecule and their
fragments (Drouillard et al., 2010; Sakaguchi et al., 2014; Taufik et al.,
2013; Wu et al.,, 2011). NeuAc and lactose are direct precursors of
sialyllactose synthesis. First, the cytidine monophosphate-NeuAc (CMP-
NeuAc) synthetase catalyzes NeuAc to CMP-NeuAc (Han et al., 2012).
Next, the a-2,3-sialyltransferase (a-2,3-PST) and the a-2,6-sialyl-
transferase (a-2,6-PST) catalyzes CMP-NeuAc and lactose to 3’-sia-
lyllactose and 6’-sialyllactose, respectively (Choi et al., 2014; Kajihara
et al., 1996; Sugiarto et al., 2011; Sun et al., 2008; Yu et al., 2005).
Therefore, the key to sialyllactose biosynthesis is an efficient supply of
NeuAc.

NeuAc has been traditionally prepared from extraction of natural
sources and chemical synthesis (Traving and Schauer, 1998; Yang et al.,
2017). In cubilose (edible cubilose, a mucilaginous secretion of certain
birds), casein, milk, and eggs, the concentration of NeuAc is relatively
higher than those in other animal-derived resource (Boddy and
Lundgren, 2014; Sun et al., 2013). NeuAc can also be chemically syn-
thesized either with N-acetylmannosamine (ManNAc) and a-(bromo-
methyl) acrylic acid as substrates under the catalysis of indium in an
acidic alcohol solution, or with NeuAc methyl ester as the substrate
(Chan and Lee, 1995). However, due to the extremely low content of
NeuAc in natural products, the extraction of NeuAc requires acid hy-
drolysis, neutralization, chromatographic analysis, and concentration,
which result in high production costs for NeuAc. The chemical synthesis
of NeuAc requires severe reaction conditions and requires expensive
and toxic metals as catalysts, which result in high costs of production
and environmental pollution. Compared with extraction and chemical
synthesis, the biological production of NeuAc, which includes enzyme
catalysis, whole-cell catalysis, and de novo biosynthesis, offers many
advantages, such as mild conditions and low cost (Comb and Roseman,
1960; Gao et al., 2011; Kang et al., 2012). In recent years, applications
in metabolic engineering, protein engineering, and synthetic biology
techniques have facilitated methods for NeuAc biosynthesis (Chen
et al., 2018; Peters et al., 2018; Yang et al., 2017). Although whole-cell
catalysis for NeuAc production have been previously summarized, a

systematic discussion on recent advances for the production of NeuAc
and sialyllactose fueled by metabolic engineering strategies, enzymatic
engineering, and synthetic biology techniques is lacking and therefore
relevant (Tao et al., 2010).

To this end, in this review we focus on five years of recent sig-
nificant progress of biotechnological production approaches for SA and
sialylated HMO, especially for NeuAc and sialyllactose, the most im-
portant SA and sialylated HMO. Furthermore, we discuss the prospects
for the application of NeuAc and sialyllactose. Secondly, metabolic
engineering progress of whole-cell catalysis and the de novo synthesis of
NeuAc and sialyllactose are summarized and compared. Moreover, the
strategies for overcoming challenges of microbial de novo synthesis of
NeuAc and sialyllactose are detailed and analyzed, such as clustered
regularly interspaced short palindromic repeats interference (CRISPRi)-
aided identification of key precursor transport pathways, analysis the
kinetic and thermodynamic limits, and multi-layered dynamic regula-
tion of metabolic pathways for balancing cell growth and production.
Finally, we discuss the prospective combination of metabolic en-
gineering and synthetic biology techniques to promote NeuAc produc-
tion.

2. Applications of SA and sialyllactose

Cubilose is a natural material with the highest content of NeuAc,
which contains 7-12% SA and is approximately 50-fold greater than
that of egg yolk (0.19%) (Juneja et al., 1991; Yang et al., 2014). Fur-
thermore, cubilose has a long history as a nutraceutical, such as in
traditional Chinese medicine. Recently, NeuAc has been certified as a
food additive by the European Food Safety Authority, as well as the
Food and Drug Administration (FDA) of the United States and China
(FDA, 2015; Turck et al., 2017). The SA enters the fetal and infant
nervous system and binds to glycosphingolipids to form gangliosides
that promote the development of the nervous system (Angata and
Fukuda, 2003). However, the SA content in milk is very low (8-25 mg/
L), which is much lower than that in human milk (9-155mg/100 mL)
(Carlson, 1985; Claumarchirant et al., 2016; Martin-Sosa et al., 2003;
Salcedo et al., 2015; Urashima et al., 2001). The SA content in the brain
can be increased by dietary supplementation of SA to improve learning
and memory (Wang, 2009; Wang and Brand-Miller, 2003). It has been
shown that SA supplementation in the diet has benefits for infant ske-
letal growth, brain development, and maintenance of elderly brain
function (von Itzstein et al., 1993; van Karnebeek et al., 2016; Wang,
2009). SA can also enhance intestinal absorption of minerals and vi-
tamins, and promotes bone development (van Karnebeek et al., 2016).

In addition, SA has shown great value in medical fields in conferring
anti-adhesion, anti-virus, and anti-cancer effects. SA peptides prevent
intestinal toxins and pathogenic bacteria from binding to intestinal
mucosal cells to improve intestinal antibacterial, detoxification, and
antiviral ability (Gnoth et al., 2000). SA can adhere to the surface of red
blood cells to protect it and help human spermatozoa to better access to
the zona pellucida of oocytes (Schauer, 1997). Furthermore, it can be
used to treat rheumatoid arthritis because the SA on the cell surface can
effectively prevent excessive white blood cell aggregation (Phillips
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et al., 1990). The uridine and hypoxanthine derivatives of SA can in-
hibit cancer cell metastasis because it is a strong inhibitor of sialyl-
transferase (Jefferson et al., 2014; Kijima-Suda et al., 1986; McNicholl
and McNicholl, 2001). NeuAc is an intermediate for the antiviral drugs
zanamivir and oseltamivir, which are widely used to treat both influ-
enza A and B (von Itzstein et al., 1993; Magano, 2009; Salcedo et al.,
2013; Shie et al., 2011). SA and its analogs can also be used to modify
drug carriers to better reach their target sites (Bondioli et al., 2011).
Therefore, SA has great potential in the field of food additives and
medicine (Fig. 1a).

Sialyllactose is a key HMO and consists of a SA bound to lactose at 3
or 6 position, and can promote probiotic proliferate, optimized meta-
bolism in the brain, and facilitate liver and muscle development in
infants, and can induce differentiation such as human intestinal epi-
thelial cells (Difilippo et al., 2015; Kuntz et al., 2008; Perdijk et al.,
2019). Mouse experiments have shown that sialyllactose can improve
the intestinal flora and reduce anxiety (Tarr et al., 2015). Sialyllactose
has anti-infective and immuno-modulating effects (Bode, 2012; Hester
et al., 2013), and prevents P. aeruginosa adhesion to human pneumo-
cytes (Fig. 1b, Marotta et al., 2014). Based on the demonstrated bene-
ficial effects of NeuAc and sialyllactose, biosynthetic methods of NeuAc
and sialyllactose were mainly discussed in this review.

3. Biotechnological production of NeuAc and sialyllactose
3.1. Engymatic production of NeuAc

Enzyme-catalyzed preparation of NeuAc was first used in NeuAc
synthesis because the process is environmentally friendly and consists
of mild catalytic conditions (Tao et al., 2010). In 1960, the enzymatic
catalysis of NeuAc synthesis was first reported (Comb and Roseman,
1960). Subsequently, N-acetylglucosamine 2-epimerase (AGE), which
catalyzes the reversible reaction of GlcNAc and ManNAc, has been re-
ported (Ghosh and Roseman, 1965). Thus, the expensive precursor
material ManNAc was replaced by GlcNAc, which greatly reduces the
production cost of NeuAc (Maru et al., 1998). Furthermore, it has be-
come the classical metabolic pathway for the synthesis of NeuAc-AGE
and NanA (or NeuB) in a double-enzyme catalytic system (Lee et al.,
2004; Maru et al., 2002; Zimmermann et al., 2007). Enzyme im-
mobilization can improve enzyme protein utilization efficiency (Augé
etal., 1984; Hu et al., 2010; Wang, 2009), and further analysis of the K,,,
value, V., value, and the apparent activation energy (E,) of the im-
mobilization enzyme were used to verify that the key factor of catalytic
efficiency was mass-transfer rather than kinetic limit. The maximal titer
and conversion yields were 101.45 g/L, respectively, and 82% from
0.4 M GlcNAc and 0.8 M pyruvate. Moreover, the immobilized enzyme
still had 75% residual viability after 5 repeated uses (Cheng et al.,
2017).

Enzyme catalysis is more suitable for target products with high
purity requirements that are difficult to obtain by chemical or biosyn-
thetic methods, and high price (Imanparast et al., 2018). The enzyme
catalysis method offers many advantages such as simplicity, mild cat-
alytic conditions, and high conversion rates. However, the purification
process of the enzyme and the separation of the product from the
substrate are complicated, and the catalytic process requires the addi-
tion of the cofactor ATP. Moreover, the substrate GlcNAc and pyruvate
are more expensive. Overall, these factors contribute to the high cost of
enzyme catalysis and subsequent replacement by whole-cell catalysis
technology.

3.2. Whole-cell catalysis for NeuAc production

Whole-cell catalysis is a biosynthesis strategy that efficiently yields
the desired product using living cells via the expressions of key enzymes
as biocatalyst, which are particularly useful for multi-enzyme reactions
that needs expensive cofactors (Both et al., 2016). The whole-cell
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catalysis process utilizes a typical AGE and NanA or NeuB double-en-
zyme catalytic process. Up to now, it can be divided into three parts: 1)
multicellular coupling transformation methods, 2) direct precursor
single cell transformation method, and 3) indirect precursor single cell
transformation method (Table. 1). Initially, two strains of E. coli ex-
pressing the age and neuB genes were coupled for fermentation with
Corynebacterium ammoniagenes supplying PEP, and Nymeen S-215
treatment was used to increase cell permeability. The maximal NeuAc
titer, GlcNAc conversion yield, and NeuAc productivity were 12.3 g/L,
4.9%, and 0.56 g/L/h, respectively (Tabata et al., 2002). Highly active
enzymes are key to whole-cell transformation, and high activity AGE
from Anabaena sp. CH1 can significantly increase NeuAc production.
The maximal NeuAc titer, GIcNAc conversion yield, and NeuAc pro-
ductivity were 122.3 g/L, 33.3%, and 10.2 g/L/h, respectively (Lee
et al., 2007a). Particularly, the NanA enzyme was surface-displayed in
B. subtilis WB600 to catalyze ManNAc to NeuAc, where ManNAc was
prepared through alkaline epimerization. The NeuAc titer, GlcNAc
conversion yield, and NeuAc productivity were 53.9 g/L, 17.4%, and
4.9 g/L/h, respectively (Gao et al., 2011). In addition, many optimi-
zation strategies have been developed, such as inexpensive lactic acid
replacement of pyruvate as a substrate and a temperature-controlled
expression system (Xu et al., 2007; Zhang et al., 2010; Zhou et al.,
2016).

However, it is limited by multi-cell coupling systems that requires
changes in the ratios of multiple strains to achieve the optimal activity
ratio of multiple enzyme proteins. Furthermore, the multi-cell system
will reduce the substrate transfer rate. In addition, the complex process
is not conducive to industrialization, and therefore the single-cell cat-
alytic system has become a trend. Overexpressing age and nanA genes
while blocking the GlcNAc transporter gene nagE in the E. coli K12
strain results in a NeuAc titer, GIcNAc conversion yield, and NeuAc
productivity of 59.0g/L, 38.2%, and 1.63 g/L/h, respectively (Tao
et al.,, 2011). Subsequently, whole-cell catalysis research have focused
on knocking out the nanTEK gene of the NeuAc degradation pathway
(Lin et al., 2013) Strengthening and balancing the expressions of AGE
and NanA results in improvements to NeuAc titer, GIcNAc conversion
yield, and NeuAc productivity to 112.8 g/L, 45.6%, and 4.7 g/L/h, re-
spectively (Sun et al., 2013; Wang et al., 2017). In particular, increased
expression of NanA by increasing the number of gene copies resulted in
an improvement of the NeuAc titer, GlcNAc conversion yield, and
NeuAc productivity to 127.6 g/L, 34.4%, and 15.9 g/L/h (Kao et al.,
2018). To the best of our knowledge, this has been the highest reported
NeuAc productivity and titer (Table 1). Another study analyzed the
structure of enzymes encoded by slr1975 and nanA, and screened for
high-efficiency enzymes by saturating mutations, which improved the
NeuAc titer, GlcNAc conversion yield, and NeuAc productivity to
108.8 g/L, 58.6%, and 9.07 g/L/h. To the best of our knowledge, this
has been the highest reported NeuAc productivity (Chen et al., 2018).
The synthesis reaction catalyzed by NanA required an excess of pyr-
uvate to increase the NeuAc productivity. However, pyruvate is gen-
erally metabolized > 50% by cell metabolic processes in whole-cell
catalysis. Since the price of pyruvate is as high as GIcNAc, this can
result in a high cost for NeuAc.

Indirect precursor single-cell catalysis based on NeuB catalysis with
PEP and ManNAc as substrates may provide a new strategy for whole-
cell transformation. Although PEP is more difficult to accumulate than
pyruvate, but the K, for PEP from E. coli K12 is just 0.04 m (Vann et al.,
1997). Therefore, the accumulation of PEP from glucose can be used to
address the high cost due to pyruvate, thereby promoting whole-cell
catalysis with the goal of using inexpensive substrates. Overexpression
of age and neuB genes in E. coli with GIcNAc and glucose as substrates
resulted in an improvement in NeuAc titer, GlcNAc conversion yield,
and NeuAc productivity to 53 g/L, 31.8% and 2.41 g/L/h, respectively
(Ishikawa and Koizumi, 2010). Metabolic engineering strategies were
applied to indirect precursor single-cell catalysis to strengthen the ex-
pression of pck and ppsA genes to enhance PEP supply efficiency (Zhu
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et al., 2017b; Zhu et al., 2017a). The chitinolytic bacterium Serratia
marcescens can metabolize the cheap substrate chitin to replace GlcNAc
to synthesize NeuAc (Yan and Fong, 2018).

The whole-cell catalysis is superior to extraction and enzyme cata-
lytic processes because it does not require the addition of expensive
cofactors. However, whole-cell catalysis still has many disadvantages in
NeuAc biosynthesis. First, the GlcNAc conversion yield is < 60%, which
not only increases the cost of GIcNAc recovery but is also detrimental to
NeuAc purification. Secondly, whole-cell catalysis requires multiple
processes such as cell culture, cell collection, resuspension, and bio-
transformation, all of which increases the number of manipulation steps
required and costs for production. To solve these problems, metabolic
engineering of model microorganisms for de novo synthesis of NeuAc by
microbial fermentation have been carried out.

3.3. De novo NeuAc biosynthesis by metabolic engineering

Escherichia coli K1, Neisseria meningitides, and Campylobacter jejuni
can naturally produce NeuAc using glucose as a substrate with UDP-
GlcNAc as a direct precursor, where UDP-GIcNAc epimerase (NeuC)
isomerizes UDP-GIcNAc to ManNAc, and NanA (or NeuB) further cat-
alyzes ManNAc and pyruvate (or PEP) to NeuAc (Peters et al., 2018;
Severi et al., 2007). Therefore, the first de novo NeuAc biosynthesis was
achieved through overexpression of the neuC and neuB genes from
Neisseria meningitidis, enhancing glmS gene expression, and knocking-
out the NeuAc transporter nanT gene and reversible pathway nanA
gene, resulting in a SA titer of 1.70 g/L (Lundgren and Boddy, 2007).
Furthermore, rational pathway engineering of E. coli NeuAc pathways
improved the NeuAc titer to 7.85g/L by strengthening the NeuAc
adolase pathway, blocking the entire NeuAc degradation pathway, and
eliminating the production of acetate and lactate byproducts (Kang
et al.,, 2012). In addition, to improve the safety of NeuAc production
using a food-grade NeuAc microbial production method, the generally
recognized as safe strain B. subtilis was modularly engineered for
strengthening the NeuAc synthase pathway and balancing the supply of
the key precursors GlcNAc and PEP on the basis of previously con-
structed GlcNAc synthetic pathway, resulting in a production of 2.18 g/
L in shake flask fermentation (Liu et al., 2013; Liu et al., 2014a; Liu
et al., 2014b; Liu et al., 2017; Zhang et al., 2018).

Although the feasibility of metabolic engineering strategies for im-
proving NeuAc has been demonstrated, the NeuAc titer was still far
from being cost-effective for NeuAc production (Table 2). Due to the
complexity of the NeuAc synthetic pathway and multi-layers of reg-
ulatory mechanisms, rational pathway engineering of the NeuAc
pathway may not be sufficient for holistically optimizing NeuAc pro-
duction. To this end, synthetic biology tools were established and uti-
lized for screening a library of key mutant enzymes and strains for
improving NeuAc production.

3.4. Synthetic biology tools to aid improvements of NeuAc production

Metabolite responsive biosensors are important synthetic biology
tools, which can be used for efficient laboratory adaptive evolution and
high-throughput screening of mutants with improved cellular traits
(Eggeling et al., 2015; Johnson et al., 2017; Lin et al., 2017; Xiu et al.,
2017; Xu et al., 2014; Xu, 2017). To improve NeuAc production, an in
vivo NeuAc aptazyme-based biosensor (derived from the B. subtilis gImS
ribozyme) was used, where NeuAc can bind to its ligand, resulting in
conformational changes to cause self-cleavage of the ribozyme to re-
duce the expression of downstream genes. This biosensor has high
specificity and affinity (Kp = 1.35nM), which can be applied to NeuAc
pathway optimization and key enzyme evolution (Cho et al., 2013). The
tetA gene causes cells to be more resistant to tetracycline and also more
sensitive to NiCl,. The NeuAc aptazyme-based biosensor was used to
correlate tetA gene expression to increase the NeuAc titer of the mutant
strain, resulting in a decrease of tet gene expression, greater resistant to
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NiCl,, and improved cell growth. Yang et al. (2017) combined NeuAc
aptazyme-based biosensor with a ribosomal binding site (RBS) library
for metabolic fine-tuning of gimS, GNA1, slr1975, and neuB genes in the
NeuAc synthesis pathway. Next, the NeuB mutant library was con-
structed by error-prone PCR to direct the evolution of NeuB enzyme.
Through the above two strategies, the NeuAc titer was increased from
1.58 to 2.61 g/L in the shake flask (Yang et al., 2017).

Besides using ribozymes as metabolite binding and regulatory ele-
ments for biosensor construction, a series of naturally available tran-
scription factors were applied to biosensor construction and dynamic
regulation (Eggeling et al., 2015; Rogers et al., 2016; Schallmey et al.,
2014). In E. coli, the nanATEK operon that catabolizes NeuAc was
transcriptionally activated by transcription factor NanR when NeuAc
was present, and the binding site sequence was elucidated (Kalivoda
et al., 2003). Based on the unraveled regulatory mechanism of NanR, a
series of NanR-responsive promoters were used in NeuAc biosensor
construction for co-coupling GFP expression levels to NeuAc production
in E. coli (Peters et al., 2018). Furthermore, a NeuAc biosensor for high-
throughput screening of a mutant library of E. coli for various NeuAc
production levels was performed.

3.5. Bioprocess optimization to improve sialyllactose production

Enzyme catalysis is an important method for producing sia-
lyllactose. Sialidase (Tr6) from Trypanosoma rangeli can be efficiently
expressed by Pichia pastoris, which can be used to catalyze casein gly-
comacropeptide (cGMP) and lactose to 3’-sialyllactose (Michalak et al.,
2014). In order to reduce costs, both cGMP and lactose can be obtained
from side streams in the dairy industry (Zeuner et al., 2014). Rational
design based on enzyme structure modeling and saturation mutagenesis
was carried out for enhancing sialyltransferase activity (Choi et al.,
2014). To improve substrate cGMP pretreatment efficiency and reduce
sialyllactose production costs, a UF/NF membrane system was con-
structed (Luo et al., 2014; Nordvang et al., 2014; Zeuner et al., 2014).

To further reduce the production costs of sialyllactose, various mi-
crobial fermentation approached for sialyllactose production were de-
veloped. First, a sialyllactose fermentation process based on multiple
strains was established with Corynebacterium ammoniagenes expressing
CTP synthase, and two recombinant E. coli overexpressed CMP-NeuAc
synthetase and sialyltransferase, respectively. Using orotic acid, NeuAc,
and lactose as substrates, the sialyllactose titer reached 33 g/L at 11 h
(Endo et al., 2000). Next, a single strain for sialyllactose synthesis was
developed via overexpression of CMP-NeuAc synthase and a-2,3-sia-
lyltransferase from N. meningitidis, strengthening lacY and nanT ex-
pression, and knockout of the NeuAc degradation gene nanA and lac-
tose decomposition gene lacZ. The sialyllactose titer reached 1.5g/L
intracellularly and 1.1 g/L extracellularly with glycerol and NeuAc as
substrates at 22h (Priem et al., 2002). With glycerol and lactose as
substrates, 3’-sialyllactose titer can reach 25 g/L by overexpression of
the a-2,3-sialyltransferase, = N-acetylglucosamine-6-phosphate-epi-
merase (NeuC), SA synthase (NeuB), and CMP-NeuAc synthetase
(NeuA) with knockout of a coding gene of NeuAc aldolase, ManNAc
kinase, and [3-galactosidase (Fierfort and Samain, 2008). The 6’-sia-
lyllactose titer then reached 30 g/L by a similar strategy as that for 6’
sialyllactose production (Drouillard et al., 2010). Moreover, Guo et al.
(2014) found that Pasteurella multocida sialyltransferase (PmST) had
dual trans-sialidase activities, thereby capable of catalyzing the for-
mation of 3’- and 6’-sialyllactose simultaneously. With glycomacro-
peptide (cGMP) and lactose as substrates, PmST catalyzes the formation
of 3’- and 6’-sialyllactose with different proportions (Guo et al., 2014).
In summary, efficient biosynthesis of 3’- and 6’-sialyllactose approaches
have been successfully developed with low-cost substrates, such as
glycerol and lactose. However, the biosynthesis of NeuAc was not ef-
ficient using the low-cost substrate glucose, resulting in a maximal titer
of only 8.31 g/L (Yang et al., 2017). Therefore, efforts have to be made
for de novo NeuAc biosynthesis.
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Table 3
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NeuAc and sialyllactose production costs (calculated in 30 m® fermenter with 18 m® fermentation broth).

Production and price De novo synthesis of NeuAc

Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose

Current titer of NeuAc and sialyllactose (g/L) 8.3
Production of fermentation (kg) 132.9
Production after isolation and purification (kg) 61.0
Yield of isolation and purification 45.8%
Production costs (USD/kg) 121.9
Market price (USD/Kg) 774.2

127.6 30.0

204.1 540

89.0 235.4

43.6% 43.5%

140.0 46.9

774.2 Not available

3.6. Economic analysis of microbial SA and sialyllactose production

We use a 30 m® fermenter as the calculation model, and the data
source is the three articles with the highest NeuAc and sialyllactose titer
of de novo synthesis and whole cell catalysis (Drouillard et al., 2010;
Kao et al.,, 2018; Yang et al., 2017). Firstly, we assume that the volume
of the fermentation is lossless during the treatment, at the same time,
we introduce the product loss value to calibrate the total titer of the
isolation and purification process. All raw material prices are from
Alibaba (http://www.1688.com/, an international website for pur-
chasing industrial raw materials), and electricity and labor costs are
based on local averages. Other process price and loss values refer to the
average of similar products in the local fermentation factory. Secondly,
we divide the cost of entire industrial fermentation into medium,
feeding solutions, PBS buffer, product isolation and purification, and
others (Table 3, Supplementary table 1). Finally, whole cell transfor-
mation requires cell collection (10% w/v), therefore the cell volume is
concentrated 10 folds.

The cost of de novo synthesis and whole cell catalysis of NeuAc are
121.9 and 140.0 USD/kg, respectively, and the current market price is
about 774.2 USD/kg (Table 3). Based on the calculation the current
market price, 8.3 g/L production for de novo synthesis and 127.6 g/L
production for whole cell catalysis should be feasible to commercially
produce SA. For de novo synthesis of NeuAc, lower yields result in
higher costs, such as fermentation broth concentration, storage, and
labor costs. For whole-cell catalysis, lower conversion rates, high sub-
strate costs, and removal of residual GIcNAc are the main reasons for its
high cost. The cost of de novo synthesis of sialyllactose is 46.9 USD/kg,
but we did not find the market price of sialyllactose, which is probably
not commercially available currently.

4. Challenges and perspectives of NeuAc microbial production
4.1. Identifying exporters of GIcNAc, ManNAc, and NeuAc
GlcNAc and ManNAc are intermediates in the synthesis of NeuAc,

but the export mechanisms of GlcNAc and ManNAc have not yet been
revealed. However, a large amount of intracellular GlcNAc and

ManNAc can be exported, which resulted in decreased a NeuAc titer
and yield (Table 2). Although overexpression of the GlcNAc-specific
phosphotransferase gene (nagP) can result in the import of extracellular
GlcNAc and ManNAc into the cell to reduce purification costs, the im-
portation requires energy consumption reactions (Table 2). In addition,
inefficient NeuAc exportation may cause intracellular NeuAc accumu-
lation; however, specific exporters of NeuAc have not been identified
yet. Therefore, the export of NeuAc needs to be studied and regulated to
fine-tune NeuAc biosynthesis and NeuAc exportation.

CRISPRI can be used for gene expression regulation based on a RNA-
guided DNA recognition system and a catalytically dead Cas9 lacking
endonuclease activity (dCas9). Furthermore, CRISPRi has been used to
systematically repress the expressions of B. subtilis essential genes for
unraveling interactions of essential gene regulations (Qi et al., 2013).
Genes encoding exporters of GlcNAc, ManNAc, and NeuAc can be po-
tentially identified based on systematically investigations of transporter
functions via CRISPRi. For example, the construction of a sgRNA library
that inhibits the expression of multiple genes can be used to screen all
potential genes encoding transport systems and unknown functions
from the B. subtilis. Cells containing the sgRNA library and NeuAc
biosensor coupled with GFP were sorted according to the intracellular
concentration of NeuAc by flow cytometry. Then the sgRNA library of
the sorted cells that contained high concentrations of intracellular
NeuAc was sequenced to analyze the NeuAc transport pathway.

4.2. Overcoming kinetic and thermodynamic bottlenecks in NeuAc
biosynthetic pathway

AGE and NeuB are key enzymes in the de novo synthesis pathway of
NeuAc (Tables 4 and 5). However, AGE catalyzes reversible reactions
between GlcNAc and ManNAc, which has a higher affinity to ManNAc
than GlcNAc. However, only the reaction towards the formation of
ManNAc using GlcNAc as a substrate is desirable for NeuAc production.
Therefore, insufficient substrate affinity and catalytic activity of AGE
constrains NeuAc production, which led to a low conversion rate of
NeuAc from GlcNAc. Although efforts have been made to optimize the
kinetic properties of AGE, the ManNAc conversion rate using GIcNAc as
a substrate is still lower than 60% (Chen et al., 2018). Therefore, the

Table 4
Comparison of N-acetylglucosamine 2-epimerase (AGE) kinetics originating from different organisms.
Source GlcNAc ManNAc Reference
Kn Keae Kea/Km K Kear Keat/Kin
(mM) s™h ™ 's™H (mM) G™h ™ 's™H
Anabaena sp. CH1 25.4 119 4 x10° 15.6 367 2 x 10* (Lee et al., 2007b)
Bacteroides ovatus ATCC 8483 31.9 128 4 x10° 75 117 2 x 10° (Sola-Carvajal et al., 2012)
Synechocystis sp. PCC6803 6.94 N.M N.M 4.76 N.M N.M (Maru et al., 1996)
Porcine 7.4 N.M N.M 6.3/13.7 19.5 1.4 x 10° (Maru et al., 1996; Takahashi et al., 2006)
Human 21.3 N.M N.M 12.8/13.6 19.7 1.5 x 10° (Takahashi et al., 1983; Takahashi et al., 2006)
Rat N.M N.M N.M 7.6 10.6 1.4 x 10° (Takahashi et al., 2006)
Anabaena variabilis ATCC 29413 16.3 + 2.2 N.M N.M 16.7 + 2.2 N.M N.M (Klermund et al., 2013)
Nostoc sp. PCC 7120 246 + 2.5 N.M N.M 19.7 = 2.7 N.M N.M (Klermund et al., 2013)
Nostoc punctiforme PCC 73102 16.6 = 2.8 N.M N.M 16.6 = 1.8 N.M N.M (Klermund et al., 2013)

N.M:Not mentioned.
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Table 5
Comparison of N-acetylneuraminic acid synthase (NeuB) kinetics originating from different organisms.
Source ManNAc PEP Reference
Km Kear Kear/Km Kin Kear Kea/Km
(mM) ™ ™M~ 's™h (mM) ™ ™M~ 's™h
E. coli K1 5.6 N.M N.M 4.0 x 10”2 N.M N.M (Vann et al., 1997)
Neisseria meningitidis 11.6/9.4 49.8 71.55 N.M NM/0.25 N.M (Gunawan et al., 2005; Hao et al., 2005)
serogroup B
Neisseria meningitidis 6.25 N.M N.M 0.042 N.M N.M (Blacklow and Warren, 1962)
Grop C
Campylobacter jejuni AJOO0855 17.6 19.9 1.08 7.3 19 2.6 (Sundaram et al., 2004)
Moritella viscosa 18 = 5 223 N.M 0.8 = 0.2 225 N.M (Berg et al., 2015)
Aliivibrio salmonicida 333 22.46 N.M 0.059 19.9 N.M (Gurung et al., 2013)
N.M:Not mentioned.
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kinetic properties of AGE need to be engineered for strengthening the
reaction efficiency towards ManNAc formation and weakening the re-
action towards GlcNAc formation. In addition, based on thermo-
dynamic calculations, the Gibbs free energy (AyG’) of the reaction for
ManNAc formation with GlcNAc as the substrate was 1.9 = 0.2 kJ/mol
(calculated at pH 7.0 and an ion strength of 0.1 M; intracellular GIcNAc
and ManNAc concentrations were 23 and 11 mM, respectively; http://
equilibrator.weizmann.ac.il/), which created a thermodynamic bottle-
neck that adversely affected the forward reaction during NeuAc
synthesis (Zhang et al., 2018). However, the investigation on debot-
tlenecking thermodynamic constraints in the NeuAc synthesis pathway
has not been carried out. Therefore, the kinetic and thermodynamic
bottlenecks for AGE should be relieved by more efficient methods and
strategies.

Phage-assisted continuous evolution (PACE) is an efficient method
for high-throughput screens of mutant enzymes with desire properties
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by coupling the phage growth rate to enzyme properties (Esvelt et al.,
2011). This was performed with three helper plasmids, including the
selection phage plasmid (SP) containing the target gene, the accessory
plasmid (AP) containing the gene III (phage replication essential gene),
and the mutagenesis plasmid (MP) containing DNAQ926 and the error-
prone repair DNA polymerase pol V genes (DNA replication and error-
prone systems) (Esvelt et al., 2011). The throughput of PACE reaches
2.5 x 10° mutants/round selection, which covers all the 9 x 10° the-
oretical possible double mutations of AGE in a 100 mL lagoon, pro-
viding an efficient approach for solving the AGE kinetics bottleneck. In
addition, to diagnose and identify other bottlenecks in the synthetic
pathway, kinetic modeling in combination with dynamic metabolomics
can be used (Liu et al., 2016). At present, the kinetic model of the B.
subtilis glycolytic pathway and GlcNAc synthetic pathway have been
established, which provide an important basis for further construction
of a NeuAc kinetic model (Buffing et al., 2018). Comparing the dynamic
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metabolomics data with kinetic simulation with different kinetic bot-
tlenecks may help to identify potential rate-limiting steps in the NeuAc
synthetic pathway.

In general, AGE is a commonly used enzyme and pathway for the de
novo synthesis of NeuAc (Yang et al., 2017; Zhang et al., 2018). To
estimate the change Gibbs free energy (AyG’ value) in various condition
with different concentrations of intracellular GlcNAc and ManNAc, the
possible physiologically-relevant metabolite concentration range for
both GIcNAc and ManNAc was set to be from 1 mM to 20 mM based
GlcNAc concentration in GleNAc-producing B. subtilis (Liu et al., 2016).
However, AyG’ for the conversion of GlcNAc to ManNAc are ranging
from 3.7 kJ/mol to 11.1 * 4.1 kJ/mol by AGE (calculated at pH7.0
and an ion strength of 0.1 M; intracellular GlcNAc and ManNAc con-
centrations were from 1mM to 20mM, respectively, http://
equilibrator.weizmann.ac.il/), which adversely affected the forward
reaction during NeuAc synthesis at the thermodynamic level. Further-
more, two strategies have been developed to address the thermo-
dynamic constraints in metabolic pathways. The first strategy replaced
the thermodynamically favorable metabolic pathway (Du et al., 2018;
Nagai et al., 2018). Three pathways can be used to synthesize NeuAc
from glucosamine-6P, through the key enzymes YqaB, NanE, and GImM
(Fig. 1d and 2a). However, there are thermodynamic bottlenecks in all
of the alternative pathways, where the AyG” of AGE, NanE, and GImM
were 3.7 kJ/mol to 11.1 + 4.1 kJ/mol, —5.3kJ/mol to 9.6 *+ 5.8kJ/
mol, and — 4.7 kJ/mol to 10.2 * 3.3 kJ/mol, respectively. Therefore,
the thermodynamic bottlenecks in the NeuAc synthesis pathway cannot
be solved by changing the different synthetic pathway (Fig. 2b). In
addition, another strategy is to construct a substrate channel by self-
assembly of enzymes, where the self-assembly of multiple enzymes
were constructed with protein—protein interaction (domain and ligand,
such as GBD, SH3, and PDZ) (Dueber et al., 2009; Price et al., 2016). In
the NeuAc synthesis pathway, the AyG’ for the conversion of GlcNAc-6P
to GlcNAc was —37.8kJ/mol to —23.0 *+ 5.0 kJ/mol by YqaB enzyme
(calculated at pH 7.0 and an ion strength of 0.1 M; intracellular GIcNAc-
6P and GlcNAc concentrations were 1 mM to 20 mM, respectively).
Under the same conditions, the AyG’ value that combines the two cat-
alytic processes of YqaB and AGE was —34.1 kJ/mol to 19.3 = 4.4kJ/
mol, which indicated a highly favorable reaction for the synthesis of
NeuAc. Similarly, the AyG” value that combined the two catalytic pro-
cesses of GIlcK and Pgi, Gnal and NanE, GImS and GImM
were — 22.2kJ/mol to —7.3 = 1.1kJ/mol, —28.3kJ/mol to
—13.5 = 8.5kJ/mol, and — 18.3kJ/mol to —3.5 * 5.6kJ/mol, in-
dicating that these enzymes can be used to solve the thermodynamic
bottlenecks in the NeuAc pathway (Fig. 2c).

4.3. Fine-tuning NeuAc synthesis and cell growth

NeuAc synthesis needs several important shared precursors from
central carbon and nitrogen metabolic pathways, including fructose-6-
phosphate, acetyl-coenzyme A, glutamine, and PEP. The supply of
multiple precursors and balance between NeuAc production and cell
growth needs to be fine-tuned. Modular pathway engineering of the
direct precursor GlcNAc and PEP supply, and optimization of pathway
enzyme expression levels were implemented for static regulation of
NeuAc synthesis (Kang et al., 2012; Zhang et al., 2018). However, ac-
cumulation of intermediates and reduced cell growth during NeuAc
were observed, which suggested an imbalance of precursor supply as
well as an imbalance between NeuAc synthesis and cell growth. Dy-
namic regulation of key gene expression via a synthetic metabolite-re-
sponsive biosensor has become an effective method to balance the
metabolic pathway, which can potentially be used for NeuAc produc-
tion (Green et al., 2017).

Dynamic regulation was developed as a strategy for real-time con-
trol of key gene expression levels or cellular functions responding to
changes in intracellular or extracellular signal molecules, and is based
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on the various signal molecule-responsive biosensors that respond to
changes in host or environmental conditions (Farmer and Liao, 2000;
Gupta et al., 2017; Xu et al., 2012; Xu et al., 2013; Zhang et al., 2012).
The dynamic balance between precursor supply, and the balance be-
tween cell growth and NeuAc synthesis are key to improving the effi-
ciency of NeuAc synthesis. Therefore, we propose the following stra-
tegies for systematic dynamic regulation. Dynamic control of the supply
of multiple precursors requires multiple metabolite-responsive bio-
sensors. Fortunately, transcriptional factors and corresponding binding
site sequences of key precursor for GIcNAc-6P, PEP, and pyruvate have
been identified, which can be used for GIcNAc-6P, PEP, and pyruvate
biosensor construction (Le Bihan et al., 2017; Plumbridge, 2001;
Plumbridge and Kolb, 1991). Moreover, the already developed NeuAc
biosensor and gluconate biosensor can be used for dynamic control of
the NeuAc pathway (Kalivoda et al., 2003; Peters et al., 2018). Cell
growth and NeuAc biosynthesis can be decoupled using a gluconate
biosensor, and when the gluconate was added exogenously during the
logarithmic growth phase, the circuit was triggered, which led to
downregulated gene expressions of pyk and pfkA through CRISPRi. The
expression of age and neuB genes were activated for NeuAc biosynthesis
at the same time. Therefore, the carbon flux of Embden-Meyerhof-
Parnas (EMP) pathway and tricarboxylic acid cycle (TCA) were limited,
and siphoned glucose and gluconate into the NeuAc pathway (Fig. 3a).
In the pyruvate supply regulation system, the pyruvate biosensor was
triggered by high concentrations of pyruvate, and led to the expression
activation of phosphoenolpyruvate synthetase (ppsA gene) from E. coli,
which can be used to catalyze pyruvate to PEP. Furthermore, the higher
concentration of pyruvate could further activate sgRNA expression to
downregulate ptsG gene expression through CRISPRi (Fig. 3b). In the
PEP supply regulation system, the PEP biosensor was triggered by a
high concentration of PEP, and led to downregulated gene expressions
of glcP (a sugar transporter) and glcK (glucokinase). This could increase
the efficiency of PTS system in the consumption of PEP, and the higher
concentration of PEP could further contribute to the downregulation of
edd and eda to limit PEP supply through the Entner-Doudoroff pathway
(Fig. 3c). In the GlcNAc supply regulation system, the GlcNAc-6P bio-
sensor was triggered by a high concentration of GlcNAc-6P, and led to
activated expressions of edd and eda genes (two copies in the genome)
to increase the supply of PEP, and the higher concentration of GlcNAc-
6P could downregulate the gene expression of gImS to limit the supply
of GIcNAc-6P (Fig. 3d). Overall, a synthetic pathway interaction re-
sponse mechanism was constructed to achieve intelligent and dynamic
regulation of NeuAc synthesis through a dynamic regulation system.

5. Concluding remarks

Significant advances in the biological production of SA and sia-
lyllactate has been made and driven by metabolic engineering, protein
engineering, and synthetic biology tools and strategies. Approaches for
the efficient biosynthesis of sialyllactoses have been successfully de-
veloped with low-cost substrates; however, the biosynthesis NeuAc
remains inefficient, and needs to be further investigated. The identifi-
cation of key NeuAc precursor transport pathways, synergistically de-
bottleneck of kinetic and thermodynamic limits in synthetic pathways,
and dynamic regulation of metabolic pathways for balancing cell
growth and production are promising methods for developing efficient
NeuAc production processes.
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Cell growth and NeuAc synthesis regulation system

G6P Gluconate

! o

GlcNAc-6P Gluccnate\ ~ (Response concentration)
Peo S Glucose :
[:; ' lcP
chxlp sG heu

. ) GIcN6P « ™%, Fgp 6PG
? ofkA l eddl _E'_m_
M FBP KDGA
GIcNAc

lage
ManNAc
E = =5
‘ E\ Pyruvate \ Pyruvate supply regulation system
C PEP\ . PEP supply regulation system l"eUB Y
P‘E;””R 7 NeuAc 3\ —Jf.m— —io—lm—
~
P ? Ft’?ts%
edd eda .

Fig. 3. Design of a dynamic regulation system in the NeuAc biosynthesis pathway. a) Cell growth and NeuAc synthesis regulation system. Gluconate biosensor, the
working mechanism of gluconate biosensor based on gntR for the detection of gluconate. In the absence of gluconate, gntR binds to the binding site to hinder
transcription. Gluconate binds to gntR to allow for downstream gene expression. b) Pyruvate supply regulation system. Pyruvate biosensor, the working mechanism
of the pyruvate biosensor based on pdhR for the detection of pyruvate. In the absence of pyruvate, pdhR binds to the binding site to hinder transcription. Pyruvate
binds to pdhR, allowing for downstream gene expression. ¢) PEP supply regulation system. PEP biosensor, the working mechanism of the PEP biosensor based on
cbbR, activates downstream gene expression. When PEP is present, it binds to cbbR and blocks downstream gene expression. d) GlcNAc supply regulation system.
GlcNAc-6P biosensor, the working mechanism of GlcNAc-6p biosensor based on nagC for the detection of GIcNAc-6P. In the absence of GlcNAc-6P, nagC binds to the
binding site to hinder transcription. GlcNAc-6p binds to nagC, thereby allowing for downstream gene expression.
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Supplementary table 1 NeuAc and sialyllactose production costs (calculated in 30 m? fermenter with 18 m® fermentation broth)®

) Price” De novo synthesis of NeuAc Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose
Medium (USD) Dosage (kg) Cost (USD) Dosage (kg) Cost (USD) Dosage (kg) Cost (USD)
Glucose 595.4 1080 643.0 1080 643.0 0 0
Soybean dregs 669.8 900 602.8 900 602.8 900 602.8
Corn syrup 446.5 216 96.5 216 96.5 216 96.5
CaCl, 297.7 16.2 4.8 16.2 4.8 16.2 4.8
MgS0,4-7H,0 2233 27 6.1 27 6.1 27 6.1
(NH4),S0, 297.7 108 32.2 108 32.2 108 32.2
Defoamer 8186.7 9 74.4 9 74.4 9 74.4
K,HPO, 1190.8 216 257.2 216 257.2 216 257.2
KH,PO, 1190.8 45 53.6 45 53.6 45 53.6
Glycerol 1190.8 0 0 315 375.1
Lactose 1339.6 0 0 90 120.6
Total medium costs (USD) 1770.6 1770.6 1623.2
Price De novo synthesis of NeuAc Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose
Feeding solutions
(USD) Dosage (kg) Cost (USD) Dosage (kg) Cost (USD) Dosage (kg) Cost (USD)
Glucose 595.4 2160 1286.1 0 0 0 0
Pyruvate 11908.0 0 0 253.6 3020.0 0 0
GlIcNAc 7442.5 0 0 477.8 3556.0 0 0
Glycerol 1190.8 0 0 0 0 1620 1929.1
Lactose 1339.6 0 0 0 0 270 361.7
Total feeding solution costs (USD) 1286.1 6576.0 2290.8
Price De novo synthesis of NeuAc Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose
PBS buffer (0.01M, pH=7.4)
(USD) Dosage (kg) Cost (USD) Dosage (kg) cost (USD) Dosage (kg) Cost (USD)
NaCl 342.4 0 0 144 4.9 0 0
KCl 1488.5 0 0 0.36 0.5 0 0
KH,PO,4 774.0 0 0 0.36 0.3 0 0




Na,HPO, 1161.0 5.22 6.1 0 0
Total PBS buffer costs (USD) 0 11.8 0
ori De novo synthesis of NeuAc Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose
rice
Product isolation and purification Cost | Volume | Yield Cost Volume Yield Cost Volume | Yield
(USD) Dosage Dosage Dosage
(USD) (t) (kg) (USD) (t) (kg) (USD) (t) (kg)
Remove bacteria (10000 rpm) 0.9 /h 8 7.2 16 132.9 1 0.9 1.6 204.1 8 7.2 17 510
Remove bacteria by ceramic
4.5 /t 16 72.0 16 126.2 1.6 7.2 1.6 193.8 17 76.5 17 484.5
membrane 50 nm (5% loss)
Remove Protein by membrane 3000
6.0 /t 16 96.0 16 119.8 1.6 9.6 1.6 184.1 17 102.0 17 460.2
Da (5% loss)
Desalting by reverse osmosis
4.5 /t 16 72.0 16 113.8 1.6 7.2 1.6 174.9 17 76.5 17 437.1
membrane (5% loss)
Desalting by cation exchange resin
3.0/t 16 48.0 16 102.4 1.6 4.8 1.6 157.4 17 51.0 17 393.3
D001 (10% loss)
Concentrate to 100 g/L by
6.0 /t 15.1 90.6 0.97 97.2 0 0.0 1.6 157.4 13.2 79.2 3.8 373.6
nanofiltration membrane (5% loss)
Concentrate to 200 g/L by
11.9 /t 0.48 5.7 0.48 92.3 0.58 6.9 1.02 149.5 1.9 22.6 1.9 354.9
multi-effect evaporator (5% loss)
Remove GIcNAc and ManNAc by
3.0/t 0 0.0 0.48 92.3 1.02 3.1 1.02 134.5 0 0.0 0 354.9
anionic resin (10% loss)
Decolorization by 5% activated
1190.8 /t | 0.024t | 28.6 0.48 87.6 | 0.051t 60.7 1.02 127.7 | 0.095t 113.1 1.9 337.2
carbon (5% loss)
Purification by 0.1 volume of ethanol | 1041.9 /t | 0.048t | 50.0 0.52 87.6 0.1t 104.2 1.12 127.7 0.19t 198.0 2.1 337.2
Crystallization by 3 volumes of acetic
10419/t | 156t | 812.7 2.08 65.7 336t | 17504 4.48 95.7 6.3t 3282.0 8.4 252.9
acid (recycle 1 time)
Centrifugation (10000 rpm) (2% loss) 0.9/h 1 0.9 2.08 64.3 2.2 2.0 4.48 93.7 4 3.6 8.4 247.8
Constant temperature drying
0.7 /h 8 5.6 _ 61.0 17 11.9 _ 89.0 32 22.4 _ 235.4
(5% loss)
Total product isolation and
1289.3 1968.9 4034.1

purification costs (USD)




Other Price De novo synthesis of NeuAc Whole-cell catalysis of NeuAc De novo synthesis of 6’-sialyllactose
(USD) Dosage Cost (USD) Dosage Cost (USD) Dosage Cost (USD)
Wage 4.5 /h 120 535.9 60 267.9 120 535.9
Machine depreciation and repair 4.5 /h 85 379.6 48 214.3 85 379.6
Electricity 0.1 /kw-h 2000 297.7 1000 148.8 2000 297.7
Compressed air 0.1 /kw-h 6000 893.1 2000 297.7 6000 893.1
Sewage treatment 44.7 [t 20 893.1 25 1116.4 20 893.1
Steam 29.8 /m’ 3 89.3 3 89.3 3 89.3
Total other costs (USD) 3088.6 2134.5 3088.6
Production costs (USD/kg) 121.9 140.0 46.9

® The production data is from the three articles with the highest NeuAc and sialyllactose titer of de novo synthesis and whole cell catalysis (Drouillard et al. 2010; Kao et al.

2018; Yang et al. 2017).

®The raw material prices are from Alibaba (https://www.1688.com/, an international website for purchasing industrial raw materials), and electricity and labor costs are

based on local averages. Other process price and loss values refer to the average of similar products in the local fermentation factory.
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