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Abstract

N-acetyl-d-neuraminic acid (NeuAc; sialic acid) is a precursor for the manufacture of many pharmaceutical drugs, such as anti-influenza
virus agents. To develop a whole cell process for NeuAc production, genes of Anabaena sp. CH1 N-acetyl-d-glucosamine 2-epimerase (bage)
and Escherichia coli N-acetyl-d-neuraminic acid lyase (nanA) were cloned and expressed in E. coli BL21 (DE3). The expressed bGlcNAc
2-epimerase was purified from the crude cell extract of IPTG-induced E. coli BL21 (DE3) (pET-bage) to homogeneity by nickel-chelate chro-
matography. The molecular mass of the purified bGlcNAc 2-epimerase was determined to be 42 kDa by SDS-PAGE. The pH and temperature
optima of the recombinant bGlcNAc 2-epimerase were pH 7.0 and 50 ◦C, respectively, and only needs 20 �m ATP for maximal activity. The
specific activity of bGlcNAc 2-epimerase (124 U mg−1 protein) for the conversion of N-acetyl-d-glucosamine to N-acetyl-d-manosamine was
about four-fold higher than that of porcine N-acetyl-d-glucosamine 2-epimerase. A stirred glass vessel containing transformed E. coli cells
expressing age gene from Anabaena sp. CH1 and NeuAc lyase gene from E. coli NovaBlue separately was used for the conversion of Glc-
NAc and pyruvate to NeuAc. A maximal productivity of 10.2 g NeuAc l−1 h−1 with 33.3% conversion yield from GlcNAc could be obtained
in a 12-h reaction. The recombinant E. coli cells can be reused for more than eight cycles with a productivity of >8.0 g NeuAc L−1 h−1.
In this process, the expensive activator, ATP, necessary for maximal activity of GlcNAc 2-epimerase in free enzyme system can be
omitted.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

N-acetyl-d-neuraminic acid (NeuAc) is an indispensable and
most abundant amino sugar located at the end of a glycan
chain in vetebrate glycoconjugates of cell surface (Schauer,
2000; Sticher et al., 1991). It plays a prominent role in numer-
ous biological functions, including virus infection (Kageshita et
al., 1995; Vimr and Lichtensteiger, 2002). Viral neuraminidase
that removes NeuAc from infected cells is essential for the
release of recently formed virus particles from infected cells
and the further spread of infectious virus. Therefore, the NeuAc
analogues has been considered as potential antiviral agents

∗ Corresponding author. Tel.: +886 4 2285 1885; fax: +886 4 2287 4879.
E-mail address: whhsu@dragon.nchu.edu.tw (W.-H. Hsu).

(Colman, 1999). Zanamivir (Biota/Glaxo), a NeuAc derivative,
that inhibits neuraminidases of influenza virus of both types
A and B has been developed and commercially used to pro-
tect against the highly virulent H5N1 strain (Gubareva et al.,
2000).

In mammalian cell, biosynthesis of NeuAc is initiated
and regulated by the synthesis of its precursor N-acetyl-d-
manosamine (ManNAc) (Hinderlich et al., 1997; Keppler et
al., 1999). Two enzymes have been identified to participate the
balance of ManNAc pool. One is UDP-N-acetyl-d-glucosamine
2-epimerase (EC 5.1.3.14) which catalyzes the formation of
ManNAc from UDP-N-acetyl-d-glucosamine (Hinderlich et
al., 1997; Tanner, 2005). The other is N-acetyl-d-glucosamine
2-epimerase (GlcNAc 2-epimerase, EC 5.1.3.8) which catalyzes
reversible interconversion of N-acetyl-d-glucosamine (Glc-
NAc) and ManNAc (Datta, 1970). GlcNAc 2-epimerase was

0168-1656/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
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previously known as rennin-binding protein. The tight GlcNAc
2-epimerase-renin complex is found when purified from porcine
kidney (Takahashi et al., 1983), and the binding causes the block
of rennin activity. However, the studies of GlcNAc 2-epimerase
gene knockout mice have proven that GlcNAc 2-epimerase
is not involved in rennin-angiotensin system (Schmitz et al.,
2000). Recently, GlcNAc 2-epimerase has been found to cat-
alyze the conversion of ManNAc to GlcNAc in human cells to
serve as catabolic role in NeuAc metabolism (Luchansky et al.,
2003).

NeuAc is traditionally prepared by extraction from natural
source, such as egg yolk, and by hydrolysis of colominic acid (a
homopolymer of NeuAc) in the culture broth of Escherichia coli
with K1 antigen (Maru et al., 2002). Chemoenzymatic process
for the production of NeuAc from GlcNAc and pyruvate has also
been reported (Blayer et al., 1996, 1999; Mahmoudian et al.,
1997). An alkaline-catalyzed epimerization is performed to con-
version of GlcNAc to ManNAc. The ManNAc is then condensed
with pyruvate by E. coli NeuAc lyase to yield NeuAc. Since it
has been known that epimerization of GlcNAc and ManNAc can
be catalyzed by porcine kidney GlcNAc 2-epimerase (pGlcNAc
2-epimerase) (Datta, 1970), a two-enzyme reaction process is
also developed for the enzymatic production of NeuAc (Kragl
et al., 1991; Maru et al., 1998). In this process, the formation of
ManNAc from GlcNAc is catalyzed by pGlcNAc 2-epimerase.
Condensation of ManNAc with pyruvate to generate NeuAc is
similar to that in the chemoenzymatic process. The pGlcNAc 2-
epimerase/NeuAc lyase process has been proposed to be simpler
and efficient in compared with chemoenzymatic method (Maru
et al., 1998). However, the requirement of ATP for the activation
of pGlcNAc 2-epimerase activity leads to the high cost of the
process.

In a preliminary study, we have found that whole cells extract
of several photobacteria can convert GlcNAc to ManNAc.
Among them, Anabaena sp. CH1 possesses the highest GlcNAc
2-epimerase activity. In this report, a gene encoding GlcNAc
2-epimerase was cloned from Anabaena sp. CH1 and expressed
in E. coli. The enzymatic properties of purified Anabaena
sp. CH1 GlcNAc 2-epimerase (bGlcNAc 2-epimerase) were
characterized. E. coli cells with separately expressed bGlcNAc
2-epimerase and E. coli NeuAc lyase were used as catalyst
for the conversion of GlcNAc and pyruvate to NeuAc. The
performances of the whole cell enzymes were evaluated with
respect to the conversion yield, intermediate accumulation, and
productivity.

2. Materials and methods

2.1. Bacteria, plasmids, and culture condition

Anabaena sp. CH1 isolated from rice field of Taichung city
(Taiwan) was kindly provided by professor Bor-Jone Chen
(National Chung Hsing University, Taichung, Taiwan). Cells
were grown in BG-11 liquid medium with 60–80 �E m−2 s−1

of illumination and bubbled with 0.1% CO2 or in BG-
11 agar plate with 120–150 �E m−2 s−1 of illumination at
28 ◦C (Saadoun et al., 2001). E. coli strains carrying recom-

binant plasmids were grown at 37 ◦C in the Luria-Bertani
(LB) medium. Ampicillin (100 �g ml−1) and tetracycline
(150 �g ml−1) were added if necessary. Plasmids, pET32a
(Novagen, Madison, WI, USA) and pGEM-T (Promega, Madi-
son, WI), were used as expression vector and cloning vector,
respectively.

2.2. DNA manipulation

Extraction of total DNA from Anabaena sp. CH1 was
performed by the method described by Billi et al. (1998). Con-
ventional techniques for DNA manipulation such as restriction
enzyme digestion, ligation, and transformation were performed
by standard protocols (Sambrook and Rusell, 2001). DNA
fragments were eluted from agarose gel using Gel Extrac-
tion Miniprep kit (Viogene, Taipei, Taiwan). Nucleotide and
amino acid sequences were analyzed by using the programs
BLASTX from the National Center for Biotechnology Infor-
mation (National Library of Medicine, National Institute of
Health, USA) and Alignment from the ExPASy molecu-
lar biology server (Swiss Institute of Bioinformatics, Basel,
Switzerland).

2.3. Cloning, expression, and purification

Primers, Ep5 (5′-CCATATGGGGAAAAACTTAC AAGC-
3′) and Ep3 (5′-CCTCGAGACTCAAGGCCTCGAATTGTTG-
3′), which introduces sequences for the NdeI and XhoI
sites were designed based on the nucleotide sequence of
the reported GlcNAc 2-epimerase gene of Nostoc sp. PCC
7120 (accession: NC 003276). The DNA fragment encoding
bacterial GlcNAc 2-epimerase gene (bage) was obtained by
PCR-mediated amplification using Anabaena sp. CH1 chro-
mosomal DNA as template and Ep5 and Ep3 as primers.
The PCR product was cloned into NdeI/XhoI sites of
pET32a to generate pET-bage. The upstream and down-
stream chromosomal DNAs of Anabaena sp. CH1 GlcNAc
2-epimerase gene were cloned by inverse PCR reaction using
the circularized EcoRI fragments of chromosomal DNAs
as template (Ochman et al., 1988). Recombinant plasmid,
pET-page, containing the ORF of porcine kidney GlcNAc
2-epimerase gene (page) was a gift from Biomedical Engi-
neering Center (Industrial Technology Research Institute,
Hsinchu, Taiwan). The DNA fragment encoding NeuAc lyase
of E. coli NovaBlue was amplified by PCR method using
Ald5 (5′-CCATATGGCAACGAATTTACGTG-3′), and Ald3
(5′-CCTCGAGCCCGCGCTCTTGCATCAAC-3′) as primers.
The PCR products were cloned into NdeI/XhoI sites of pET32a
to generate pET-nanA. E. coli cells harboring recombinant
plasmids were grown at 37 ◦C in 100 ml of LB medium contain-
ing ampicillin (100 �g ml−1) to OD600 of 0.7–0.9. Expression
of recombinant gene was induced by the addition of 0.5 mM
isopropyl-�-d-thiogalactopyranoside (IPTG). The expressed
GlcNAc 2-epimerase and NeuAc lyase with six-histidine tag
at C-terminal were purified by immobilized nickel-ion chro-
matography (Qiagen, Valencia, CA, USA) following analyzed
by SDS-PAGE.
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2.4. Enzyme activity and nucleotide binding assay

GlcNAc 2-epimerase activity was assayed by monitoring the
formation of ManNAc from the substrate GlcNAc. Determina-
tion of NeuAc lyase activity is based on the condensation of
ManNAc and pyrvuate to produce NeuAc (Blayer et al., 1996).
Activity of GlcNAc 2-epimerase was determined in the reaction
mixture of 200 �l containing 0.1 M Tris–HCl buffer (pH 8.0),
50 mM GlcNAc, 1 mM ATP (if necessary), and an appropri-
ate amount of enzyme. The mixture was incubated at 37 ◦C for
30 min and the reaction was terminated by the addition of 2 �l
of 10% SDS and heating at 100 ◦C for 1 min. Concentrations of
ManNAc, GlcNAc, pyruvate, and NeuAc in the reaction mixture
were determined by high-performance liquid chromatography
(HPLC) using two connected aminex HPX-87H column (Bio-
Rad Laboratories, Beverly, Mass) at 65 ◦C and monitoring at
210 nm. The mobile phase used was 0.055% H2SO4 and the flow
rate was 0.6 ml min−1 (Mahmoudian et al., 1997). The HPLC
system was a 625 LC System, 717 plus Autosampler, and 996
Photodiode array detector (Waters, Milford, MA). One unit (U)
of GlcNAc 2-epimerase or NeuAc lyase activity is defined as the
amount of enzyme that produces 1 �mol of ManNAc or NeuAc
per minute under the assay conditions. Protein concentration
was determined by the method of Bradford using bovine serum
albumin as standard.

Nucleotide binding assay of bGlcNAc 2-epimerase was
performed by the method described by Liou et al. (2000).
Reaction mixture (10 �l) containing 10 �Ci �-32P ATP
(3000 Ci mmol−1), 1 �g bGlcNAc 2-epimerase, and given
amount of various nucleotides in 0.1 M Tris–HCl buffer (pH
7.0) was spotted on a piece of parafilm paper and incubated
on ice for 15 min before irradiation for 8 min at 8 cm from the
light source (0.78 J cm−2) in a UV Stratalinker (Stratagene, La
jollia, CA) equipped with 312 nm bulbs. The UV-crosslinked
sample was boiled with 2 �l of sample buffer [0.25 M Tris–HCl
(pH 6.8), 10% SDS, 50% glycerol, 0.5% �-mercaptoethenol and
0.005% bromophenol blue] for 5 min, electrophoresed in a 12%
SDS-polyacrylamide gel, and visualized by autoradiography.

2.5. Production of NeuAc using whole cell biocatalyst

A glass vessel (250 ml) equipped with a propeller was used for
the conversion of GlcNAc to NeuAc. Reaction mixture (100 ml)
containing 0.1 M Tris–HCl buffer (pH 8.0), given concentrations
of GlcNAc and pyruvate, and different ratio of E. coli BL21
(DE3) (pET-bage) and E. coli BL21 (DE3) (pET-nanA) cells was
incubated at 37 ◦C, and pH 8.0 was maintained by a pH controller
(Suntex pH/ORP Controller PC310, Taiwan). The consumption
of substrates and the production of NeuAc were analyzed by
HPLC at intervals.

2.6. Sequence accession number

The nucleotide sequence of the bage gene from Anabaena sp.
CH1 and the encoded amino acid sequence have been deposited
in the gene Genbank nucleotide database under accession num-
ber DQ661858.

3. Results and discussion

3.1. Anabaena sp. CH1 age gene

A full-length ORF of Anabaena sp. CH1 age gene (bage)
was amplified by PCR method and cloned into E. coli expres-
sion vector pET32a to generate pET-bage. Analysis of the
nucleotide sequence of the 1.2 kb insert indicated that the bage
gene consists of an ORF of 1167 bp encoding a protein with
a calculated molecular mass of 44.5 kDa. The deduced amino
acid sequence of bage exhibited high identities (70–99%) with
GlcNAc 2-epimerases from cyanobacteria, such as Anabaena
variabilis ATCC 29314 (accession: NZ AAEA00000000), Nos-
toc sp. PCC 7120 (accession: NC 003276), Nostoc punctiforme
PCC 73102 (accession: NZ AAAY00000000), and Synechocys-
tis sp. PCC6803 (accession: NC 005232), and low identities
(38–41%) with GlcNAc 2-epimerases from human (Faranda
et al., 1995), porcine (Inoue et al., 1990), and rat (Inoue et
al., 1991). Itoh et al. (2000) have determined the crystal struc-
ture of pGlcNAc 2-epimerase and suggested that the putative
active site is located in a deep cleft at outside of the barrel.
Recently, we reported the 2 Å resolution crystal structure of
bGlcNAc 2-epimerase, which has a (alpha/alpha)6 barrel archi-
tecture homologous to pGlcNAc 2-epimerase (Lee et al., 2007).
We found that several conserved residues (R57, H239, E242,
E308, H372, and R375) near the N-terminal region of the inner
alpha helices are important in catalysis. Structure and kinetic
studies revealed that H239 and H372 might serve as key active
site acid/base catalysts.

To find out the genes involved in NeuAc metabolism, the
upstream and downstream chromosomal DNAs of bage gene
were cloned and sequenced. Bioinformatic analysis revealed
that the genes around the bage gene were the same as that of
A. variabilis ATCC 29314: a hypothetical protein gene and a
putative DNA segregation ATPase gene located at the upstream
and downstream of the bage gene. Obviously, the genetic organi-
zation around bage gene is different from that of E. coli, in which
the genes involved in NeuAc anabolism and catabolism pathway
were clustered as neuDBACES and nanATEKyhcH, respectively
(Vimr et al., 2004). Among the genes that has been identified
to involve in NeuAc metabolism in microbes and mammalian,
only orthologues of genes encoding GlcNAc 2-epimerase, UDP-
GlcNAc 2-epimerase, and N-acetylglucosamine kinase [EC:
2.7.1.59] were predicted in A. variabilis ATCC 29314 genome.
Therefore, the physiological roles of the bage in Anabaena spp.
remained to be elucidated.

3.2. Expression and purification of the recombinant
GlcNAc 2-epimerases

For high-level expression of recombinant proteins, E. coli
BL21 (DE3) cells harboring plasmids pET-bage, pET-page, or
pET-nanA were induced with 0.5 mM IPTG at 28 ◦C. The His6-
tagged enzymes were purified to homogeneity by metal-chelate
affinity chromatography on a Ni-NTA column. The expres-
sion profile of recombinant enzymes in E. coli and the purified
proteins were analyzed by 12% SDS-PAGE (Fig. 1). The puri-
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Fig. 1. SDS-PAGE analysis of the expressed enzymes from E. coli BL21 (DE3)
cells harboring plasmid pET-bage, pET-page, or pET-nanA. Lane M, molecular
weight marker; lanes 1, 4, and 7 denote crude cell extract; lines 2, 5, and 8 denote
purified enzyme; lines 3 and 6 denote insoluble protein. Upper arrow, pGlcNAc
2-epimerase; middle arrow, bGlcNAc 2-epimerase; down arrow, NeuAc lyase.

fied bGlcNAc 2-epimerase, pGlcNAc 2-epimerase and E. coli
NeuAc lyase exhibited the molecular masses of about 42, 45 and
33 kDa, respectively, comparing well with the calculated masses
of the affinity-taged translated products of the corresponding
genes.

3.3. Biochemical properties of GlcNAc 2-epimerases

The purified bGlcNAc 2-epimerase catalyzed the epimer-
ization of GlcNAc to ManNAc with a specific activity of
124 U mg−1 protein in the presence of 1 mM ATP, which is about
four-fold higher than that of pGlcNAc 2-epimerase (32 U mg−1

protein). bGlcNAc 2-epimerase activity was optimal at pH 7.0
and more than 90% of maximal activity was observed from pH

7.0 to 9.5. This enzyme was most active at 50 ◦C and more than
90% of maximal activity was found from 35 to 55 ◦C. bGlc-
NAc 2-epimerase displayed Km and kcat values of 25.4 ± 2.3 mM
and 7.2 × 103 min−1, respectively, for GlcNA. Like consider-
able substrate inhibition seen in pGlcNAc 2-epimerase (Maru et
al., 1998), epimerization activity of bGlcNAc 2-epimerase was
inhibited by the high concentration of pyruvate. At the concen-
tration of 0.2 M pyruvate, activity of bGlcNAc 2-epimerase was
reduced to about 50% (data not shown).

Nucleotides, such as ATP, dATP, and ddATP, have been
reported to serve as activators for epimerization activities of
GlcNAc 2-epimerases from rat, porcine, and human (Takahashi
et al., 2001). To investigate the binding of nucleotides to bGlc-
NAc 2-epimerase and their effect on epimerization activity,
competitive binding of nucleotides and �-32P ATP to bGlcNAc
2-epimerase was quantified by UV-mediated cross-linking and
SDS-PAGE analysis. As shown in Fig. 2, ATP, ADP, and dATP
had very high affinities to bGlcNAc 2-epimerase and led to
about 20-fold increase in relative activities toward GlcNAc,
as compared with bGlcNAc 2-epimerase in the absence of a
nucleotide. However, GTP, UTP, CTP, AMP, dGTP, dTTP, and
dCTP showed weak or no affinity to bGlcNAc 2-epimerase and
could not enhance bGlcNAc 2-epimerase activities. Interest-
ingly, non-hydrolytic ATP analog, AMPPNP, showed similar
effect to ATP on bGlcNAc 2-epimerase activity. These results
together suggested that nucleotide is essential for enzyme
activity but does not appear to directly participate in catalytic
reaction; rather, it most likely plays a structural role by stabi-
lizing or inducing a proper conformation of the active site in
bGlcNAc 2-epimerase. With regard to nucleotide binding, it has
been demonstrated that an appreciable proportion of proteins
that bind ATP or GTP share a number of more or less conserved
motifs. The highly conserved motifs proposed for nucleotide

Fig. 2. Determination of the nucleotides binding affinity to bGlcNAc 2-epimerase by SDS-PAGE (A) and autoradiography (B), and its effect on enzyme activity (C).
Reaction mixture was containing 1 �g bGlcNAc 2-epimerase, 10 �Ci �-32P ATP (3000 Ci mmol−1), and 1 mM competitive nucleotides. Various nucleotides were
used to replace ATP to determine its effect on bGlcNAc 2-epimerase activity.
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Fig. 3. Effect of ATP concentration on specific activity of recombinant bGlcNAc
2-epimerase (�) and pGlcNAc 2-epimerase (�). Reaction mixture of 200 �l con-
taining 0.1 M Tris–HCl buffer (pH 8.0), 50 mM GlcNAc, 1 �g purified enzymes
and ATP was incubated at 37 ◦C.

binding are typical nucleotide-binding motif GXXXXGKS/T
(Ramakrishnan et al., 2002) and deviant ATP-binding motif
KGGXXKS/T (Koonin, 1993), which contain a glycine-rich
region and may form a flexible loop in the protein. Motif pre-
diction using MotifScan program (ExPASy Proteomics Server)
revealed no typical nucleotide-binding motif in the available
GlcNAc 2-epimerase sequences. However, the C-termini of
bGlcNAc 2-epimerases possess a conserved sequence rich in
Gly residues, KGGXXKG, similar to the deviant ATP-binding
motif that has been found in many NTPase (Koonin, 1993). It is
speculated that bGlcNAc 2-epimerase might use an alternative
motif for nucleotide binding. Since the interaction of ATP and
bGlcNAc 2-epimerase cannot be resolved by crystal structure
analysis (Lee et al., 2007), more information is required
before we can propose the location of ATP-binding sites in the
enzyme.

Fig. 3 shows the dose-dependency of bGlcNAc 2-epimerase
and pGlcNAc 2-epimerase activities on ATP. In a reaction mix-
ture containing 10 �M ATP, epimerization activity of bGlcNAc
2-epimerase to GlcNAc was about 11.5-fold high than that
of pGlcNAc 2-epimerase (data not shown). Moreover, only
20 �M ATP was required for maximal activity of bGlcNAc 2-
epimerase, which is lower than the GlcNAc 2-epimerases from
human (130 �M) (Takahashi et al., 1999), porcine (180 �M)
(Maru et al., 1996), and Synechocystis sp. PCC6803 (120 �M)
(Tabata et al., 2002), and higher than that from rat (15 �M)
(Takahashi et al., 2001). Our results implicated that in the enzy-
matic process for NeuAc production, only low concentration of
ATP is required for maximal epimerization activity of bGlcNAc
2-epimerase.

In enzymatic process for NeuAc production using pGlcNAc
2-epimerase as catalyst, Mg2+ ion is included in the reaction mix-
ture (Maru et al., 1998). Therefore, the effect of Mg2+ ion on
bGlcNAc 2-epimerase activity was also determined. Our results
indicated that the bGlcNAc 2-epimerase activity was not sig-
nificantly increased in the reaction mixture containing 1 mM
MgSO4 (data not shown).

3.4. Enzymatic activities of recombinant E. coli cells

To evaluate the feasibility of whole cell system in NeuAc
production, recombinant E. coli cells expressing bGlcNAc 2-
epimerase, pGlcNAc 2-epimerase, and NeuAc lyase separately
were constructed. E. coli BL21 (DE3) cells harboring plasmid
pET-bage, pET-page, or pET-nanA were induced with 0.5 mM
IPTG at 28 ◦C. The protein patterns of the total cell extracts are
shown in Fig. 1. The expression levels of NeuAc lyase, pGlcNAc
2-epimerase, and bGlcNAc 2-epimerase in E. coli BL21 (DE3)
were estimated to be 70%, 4%, and 20%, respectively, of total
whole soluble proteins. All E. coli NeuAc lyase was expressed in
the soluble form, which exhibited a specific activity of 132 U g−1

cell. About 40% of expressed bGlcNAc 2-epimerase were sol-
uble protein, while less than 10% of soluble form was found
for pGlcNAc 2-epimerase. Thus, the ratio of the expressed sol-
uble bGlcNAc 2-epimerase and pGlcNAc 2-epimerase in the
transformed cell was about 7:1 (lanes 1 and 4, Fig. 1). In the con-
version from GlcNAc to ManNAc, epimerization activity of E.
coli cells expressing bGlcNAc 2-epimerase (32 U g−1 cell) was
about 46-fold higher than that of E. coli cells expressing pGlc-
NAc 2-epimerase (0.7 U g−1 cell). It is noted that the specific
activity of purified bGlcNAc 2-epimerase (124 U mg−1 protein)
is only about four-fold higher than that of purified pGlcNAc
2-epimerase. Therefore, it is likely that the difference in cat-
alytic activities between bGlcNAc 2-epimerase and pGlcNAc
2-epimerase in the biomass largely arises from the levels of
soluble enzymes expressed in the transformed cells.

3.5. Production of NeuAc by recombinant E. coli cells

In a cell-free process using isolated pGlcNAc 2-epimerase
and E. coli NeuAc lyase for large-scale production of NeuAc
from GlcNAc and pyruvate, considerable amount of ATP (9 mM)
is required as activator for the epimerization activity of pGlcNAc
2-epimerase (Maru et al., 1998). ATP is relatively unsta-
ble molecule and prohibitively expensive. When whole cell
expressing bGlcNAc 2-epimerase instead of purified bGlcNAc
2-epimerase is used as biocatalyst for epimerization reaction,
cheap source of ATP may be continuously supplied by catabolic
pathways of the cells during the course of the reaction. Further-
more, all enzyme and ATP are well protected within their natural
cellular environment.

Interestingly, we had found that the bGlcNAc 2-epimerase
from Anabaena sp. CH1 requires very low concentration of
ATP (20 �M) for maximal activity, as compared with that of
pGlcNAc 2-epimerase (180 �M ATP). Additionally, E. coli cells
expressing bGlcNAc 2-epimerase also had higher epimeriza-
tion activity (32 U g−1 cell) than that of the cells expressing
pGlcNAc 2-epimerase (0.7 U g−1 cell) in the conversion of Glc-
NAc to ManNAc. To evaluate the feasibility of using whole
cell expressing bGlcNAc 2-epimerase and NeuAc lyase in
NeuAc production, substrate concentrations and activity ratio
between bGlcNAc 2-epimerase and NeuAc lyase were chosen
essentially based on the previous report (Maru et al., 1998).
Reaction mixture (100 ml) containing 0.1 M Tris–HCl buffer
(pH 8.0), 0.8 M GlcNAc, 1.2 M pyruvate, and recombinant
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Table 1
Effect of cell enzymes ratio on the yield and productivity of NeuAc from GlcNAc and pyruvatea

(×102 U l−1) Cell enzymes activities Ratio of NeuAc lyase
to bGlcNAc
2-epimerase

Conversion yield for
GlcNAc (%)

ManNAc (M) NeuAc (M) Productivity (g l−1 h−1)

bGlcNAc 2-epimerase NeuAc lyase

6.25 25 4 6.3 ± 0.7 0.18 0.05 3.1
6.25 50 8 7.5 ± 1.1 0.18 0.06 3.7
6.25 75 12 10.0 ± 1.5 0.16 0.08 4.9
6.25 100 16 15.0 ± 2.8 0.13 0.12 7.4
6.25 125 20 16.0 ± 3.0 0.14 0.13 8.0
6.25 150 24 15.0 ± 2.5 0.14 0.12 7.4

a Reaction mixture (100 ml) containing 0.1 M Tris–HCl buffer (pH 8.0), 0.8 M GlcNAc, 1.2 M pyruvate, and recombinant E. coli cells with different ratio of NeuAc
lyase and bGlcNAc 2-epimerase activities was incubated at 37 ◦C for 5 h.

Table 2
Effect of substrate concentration on the productivity and yield of NeuAc from
GlcNAc and pyruvatea

Substrates (M) NeuAc (M) Productivity
(g l−1 h−1)

Yield (%)
for GlcNAc

GlcNAc Pyruvate

0.4 0.8 0.07 ± 0.02 1.8 17.5
0.4 1.2 0.13 ± 0.03 3.3 32.5
0.4 1.6 0.20 ± 0.03 5.1 50.0
0.8 0.8 0.13 ± 0.04 3.3 16.3
0.8 1.2 0.23 ± 0.04 5.8 29.0
0.8 1.6 0.27 ± 0.06 6.9 33.8
1.2 0.8 0.35 ± 0.05 9.0 29.2
1.2 1.2 0.40 ± 0.10 10.2 33.3
1.2 1.6 0.33 ± 0.07 8.4 27.5

a Reaction was performed by recombinant E. coli cells with 6.25 × 102 and
1.0 × 104 U l−1 of bGlcNAc 2-epimerase and NeuAc lyase, respectively, at 37 ◦C
for 12 h.

E. coli cells with different ratio of NeuAc lyase and bGlc-
NAc 2-epimerase activities was incubated at 37 ◦C for 5 h.
The enzymatic activities of bGlcNAc 2-epimerase and NeuAc
lyase in IPTG-induced recombinant E. coli BL21 (DE3) cells
harboring pET-bage and pET-nanA were 32 and 132 U g−1

cell, respectively. Since the recombinant cells were different
in bGlcNAc 2-epimerase and NeuAc lyase activities, the ratio
of activities between two cell enzymes in the reaction mixture
were controlled by changing the loading of individual cells.
As shown in Table 1, the yield and productivity of NeuAc
were increased with the increasing amount of lyase-expressing
cells in a 5-h reaction. When the activities of bGlcNAc 2-
epimerase and NeuAc lyase in the biomasses were adjusted
to 1:16 (6.25 × 102 U l−1:1.0 × 104 U l−1), a maximal conver-
sion yield (15%) of NeuAc with a productivity of 7.4 g NeuAc
l−1 h−1 could be obtained. It is also noted that about 0.16 to
0.18 M of intermediate, ManNAc, was accumulated in the reac-
tion mixture containing lower amount of lyase-expressing cells
(�7500 U l−1). These results together demonstrated that low
condensation activity of NeuAc lyase is the rate-limiting step
in NeuAc production, which can be attributed to the gross inhi-
bition of E. coli NeuAc lyase activity by the high concentration
of GlcNAc (Mahmoudian et al., 1997). Thus, the addition of an
excess amount of NeuAc lyase in the reaction mixture is required
for an efficient process for the conversion of GlcNAc to NeuAc.

A previous finding indicates that the purified mammalian
GlcNAc 2-epimerase favors the production of GlcNAc from
ManNAc with equilibrium of 3.9:1 (Luchansky et al., 2003).
Equilibrium studies also reveals that E. coli NeuAc lyase
favors the cleavage of NeuAc to ManNAc and pyruvate with
an equilibrium constant (K: [NeuAc]/[ManNAc] × [pyr]) of
12 × 10−5 M (Rodriguez-Aparicio et al., 1995). Therefore,
excess of the substrates, ManNAc and pyruvate, should be
added in the reaction mixture to shift the unfavorable equilib-
rium from GlcNAc to NeuAc. As shown in Table 2, a maximal
conversion yield of 50% for GlcNAc could be obtained from
the reaction mixture containing low level of GlcNAc (0.4 M)
and high concentration of pyruvate (1.6 M). However, relatively
low productivity of 5.1 g NeuAc l−1 h−1 was observed in this
condition. When the concentrations of both GlcNAc and pyru-
vate were adjusted to 1.2 M, a maximal concentration of NeuAc
(0.4 M; 122.8 g l−1) and productivity of 10.2 g NeuAc l−1 h−1

with conversion yield of 33.3% for GlcNAc was achieved in
the 12 h reaction. Similar experiments were carried out using E.
coli cell expressing pGlcNAc 2-epimerase instead of bGlcNAc
2-epimerase as catalyst to produce NeuAc from GlcNAc and
pyruvate. The epimerization activity of pGlcNAc 2-epimerase
in IPTG-induced recombinant E. coli BL21 (DE3) harboring
pET-page was only 0.7 U g−1 cells, which is about 46-fold lower
than that of E. coli cell expressing bGlcNAc 2-epimerase. In this
case, 2% (w/v) of E. coli BL21 (DE3) (pET-page) cells, corre-
sponding to epimerization activity of 14 and 1.0 × 104 U l−1 of
NeuAc lyase were added into the reaction mixture containing
1.2 M GlcNAc and 1.2 M pyruvate. However, no detectable
NeuAc was formed in a 12-h reaction (data not shown). The
results indicated that low epimerization activity of pGlcNAc
2-epimerase present in the biomass limits its applications in
NeuAc production. The concentration of ATP in transformed
E. coli cells might not be a limiting factor. It has been reported
that the intracellular ATP concentrations of E. coli strains are
in a range from 0.5–3 mM (Lasko and Wang, 1996) However,
we found that only 150 �M of ATP is required for maximal
activity of pGlcNAc 2-epimerase in the conversion of GlcNAc
to ManNAc.

The reusability of biocatalyst is one of important factors
to be considered in the industrial application of bioconversion
process. Therefore, the cycling of the E. coli cells expressing
bGlcNAc 2-epimerase and NeuAc lyase separately was inves-
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tigated. After the conversion, the cells were collected, washed,
and then immediately used for the next cycle. As shown in Fig. 4,
more than 80% of productivity and conversion yield remained at
the eight run in a 12-h reaction. The results demonstrated a con-
siderable stability of bGlcNAc 2-epimerase and NeuAc lyase in
whole cell system. These findings have importance for the possi-
ble commercial manufacture of NeuAc by an enzymatic process.

For the whole cell process, synergetically microbial pro-
duction of NeuAc from GlcNAc and glucose by three different
bacterial strains has been reported (Tabata et al., 2002). This pro-
cess using two E. coli cells separately expressing Synechocystis
sp. PCC6803 GlcNAc 2-epimerase and E. coli NeuAc syn-
thetase as biocatalysts coupling with the third Corynebacterium
ammoniagenes cells to provide PEP for NeuAc synthetase
activity. In this process, maximal NeuAc concentration of
12.3 g l−1 and productivity of 0.6 g NeuAc l−1 h−1 are obtained.
The low productivity of NeuAc could be resulted from the
low expression level of NeuAc synthetase and instability of
PEP in the reaction mixture. For cell-free system, the highest
published level and conversion of NeuAc from GlcNAc in an
enzymatic process is 153.3 g NeuAc l−1 and 77%, respectively,
using pGlcNAc 2-epimerase and E. coli NeuAc lyase. However,
this biotransformation needs 240 h to complete its reaction in
a 150-l reaction mixture, which corresponds to a productivity
of only 0.64 g NeuAc l1 h−1. Low NeuAc productivity and
requirement of a considerable amount of ATP (9 mM) for
the activation of pGlcNAc 2-epimerase activity may limit
its application in commercial process. Nevertheless, in term
of the level (122.3 g l−1) and productivity (10.2 g l−1 h−1) of
NeuAc and the omission of adding of the ATP in the reaction
mixture, whole cell system using separately expressed bGlcNAc
2-epimerase and E. coli NeuAc lyase paves the way to efficient
NeuAc production from GlcNAc and pyruvate by enzymatic
method. Moreover, further increase of the NeuAc yield for
GlcNAc may be aided by feed-batch program (Maru et al.,
1998).

Fig. 4. Repeated use of cells with separately expressed bGlcNAc 2-epimerase
and NeuAc lyase for NeuAc production. Reaction mixture of 10 ml containing
0.1 M Tris–HCl buffer (pH 8.0), 1.2 M GlcNAc, 1.2 M pyruvate and recombi-
nant E. coli cells with 6.25 × 102 and 1.0 × 104 U l−1 of bGlcNAc 2-epimerase
and NeuAc lyase, respectively, was incubation at 37 ◦C for 12 h in each cycle.
Symbols: dark bars, productivity of NeuAc; dark gray bars, conversion yield of
NeuAc for GlcNAc.

4. Conclusion

The bGlcNAc 2-epimerase from Anabaena sp. CH1 exhibited
high catalytic activity in the reversible conversion of GlcNAc
and ManNAc and required low concentration of ATP (20 �M)
for its maximal activity. With the expressions of Anabaena
sp. CH1 bGlcNAc 2-epimerase and E. coli NeuAc lyase sep-
arately in E. coli BL21 (DE3) cells, a novel whole cell system
was developed for the production of NeuAc from GlcNAc
and pyruvate. Under our conditions, a maximal productivity
of 10.2 g NeuAc l−1 h−1 could be achieved in 12 h, which is
higher than previously reported NeuAc productivity using enzy-
matic process (Maru et al., 1998; Tabata et al., 2002). Moreover,
the expensive activator, ATP, necessary for free enzyme pro-
cess could be omitted in our whole cell enzyme system. These
findings should open the possibility to develop a cost-effective
enzymatic process for the commercial production of NeuAc
from GlcNAc and pyruvate.
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