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Production of N-acetyl-D-neuraminic acid (Neu5Ac) via biocatalysis is traditionally conducted using isolated
enzymes or whole cells. The use of isolated enzymes is restricted by the time-consuming purification process,
whereas the application of whole cells is limited by the permeability barrier presented by the microbial cell
membrane. In this study, a novel type of biocatalyst, Neu5Ac aldolase presented on the surface of Bacillus
subtilis spores, was used for the production of Neu5Ac. Under optimal conditions, Neu5Ac at a high concen-
tration (54.7 g liter�1) and a high yield (90.2%) was obtained under a 5-fold excess of pyruvate over N-acetyl-
D-mannosamine. The novel biocatalyst system, which is able to express and immobilize the target enzyme
simultaneously on the surface of B. subtilis spores, represents a suitable alternative for value-added chemical
production.

N-Acetyl-D-neuraminic acid (Neu5Ac), a major representa-
tive of sialic acid, has attracted researchers’ attention because
of its versatile biological functions and considerable contribu-
tion in the therapeutics field (25, 35). Neu5Ac is traditionally
prepared by extraction from natural sources and chemical hy-
drolysis of colominic acid (a homopolymer of Neu5Ac) (25).
These methods are limited by the low yield and unsatisfactory
stereoselectivity (25, 38). In the past decades, biocatalysis has
emerged as an important tool for large-scale synthesis of
Neu5Ac (29, 30), because of its high application potential and
environment-friendly properties.

Production of Neu5Ac via biocatalysis can be conducted
using purified enzymes or whole cells. The use of isolated
enzymes requires an extraction and a time-consuming purifi-
cation or partial purification procedure. Although this problem
can be overcome through the use of whole cells, the mass
transfer limitation caused by the microbial cell membrane re-
stricts the application of whole cells (20). Thus, a novel bio-
catalyst which excludes the permeability barrier and the time-
consuming enzyme purification procedure would represent a
suitable alternative for Neu5Ac production.

Surface display, a powerful technique that uses different
microbial components to express heterologous peptides or pro-
teins, can effectively display the bioactive molecules on the

surfaces of cells (16, 32). Target proteins anchored on the
outside of cells play a role in biocatalysis without the need for
any purification or permeation procedure. Among the numer-
ous systems that have been employed in surface display, bac-
terial spores offer considerable advantages because of their
resistance to heat, radiation, and chemicals in a harsh environ-
ment (27). Enzymatic transgalactosylation by using the spore-
displayed enzyme as a catalyst has been reported (20).

Neu5Ac synthase (EC 4.1.3.19) and Neu5Ac aldolase
(NanA, EC 4.1.3.3) have been used in the production of
Neu5Ac. NanA is preferred because its substrate (pyruvate) is
much more readily available than that of Neu5Ac synthase
(phosphoenolpyruvate) (28, 33). In the present study, a Bacil-
lus subtilis surface display system was constructed. After active
NanA was successfully observed on the surface of B. subtilis
spores, the potential of recombinant spores in the production
of Neu5Ac was confirmed.

MATERIALS AND METHODS

Chemicals. N-Acetyl-D-glucosamine (GlcNAc) (�97% purity) and sodium
pyruvate were purchased from Shandong Dongying Marine Bio-chemical Co.
Ltd. All restriction enzymes used for DNA manipulations were supplied by
Takara (Dalian, People’s Republic of China). Trypsin and proteinase K were
purchased from Sigma. N-Acetyl-D-mannosamine (ManNAc) (�90% purity) was
prepared from GlcNAc in our laboratory by using alkaline epimerization (38).

Bacteria, plasmids, and culture conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. B. subtilis strains were cultivated in
glucose-yeast extract-salt (GYS) medium consisting of (NH4)2SO4, 2 g liter�1;
yeast extract, 2 g liter�1; K2HPO4, 0.5 g liter�1; glucose, 1 g liter�1; MgSO4,
0.41 g liter�1; CaCl2 � H2O, 0.08 g liter�1; and MnSO4 � 5H2O, 0.07 g liter�1 at
37°C and 250 rpm for 24 h (20). Escherichia coli strains were grown in Luria-
Bertani (LB) medium at 37°C.

Plasmids and strain construction. The spore coat, a multilayered structure
surrounding the spore, is composed of more than 25 highly cross-linked poly-
peptide species and renders the spore resistant to treatment with chloroform or
lysozyme (2). Many outer coat proteins of the spores, including CotB (7), CotC
(26, 42), and CotG (13, 14, 20), have successfully been used for spore surface
display of either antigens or bioactive molecules. To display NanA on the surface
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of B. subtilis spores, we constructed a genetic fusion of cotG from B. subtilis and
nanA from E. coli K-12. The DNA fragment with the cotG promoter and struc-
ture gene was amplified using primers P1 and P2 from the B. subtilis 168 genome,
digested with EcoRI and SpeI, and ligated into pEASY-T3 cloning vector to
generate the plasmid pEASY-T3-cotG (a flexible linker [Gly-Gly-Gly-Gly-Ser]
was inserted at the C terminus of the cotG structural gene product). The nanA
gene, amplified using primers P3 and P4 and E. coli K-12 chromosome as a
template, was digested with SpeI and PstI and cloned into the same restriction
endonuclease sites of the plasmid pEASY-T3-cotG to yield an intermediate
plasmid, pEASY-T3-cotG-nanA.

The fusion gene cotG-nanA was cleaved with EcoRI and PstI and inserted into
the shuttle vector pHP13, treated with the same enzymes, to yield recombinant
plasmid pHP13-cotG-nanA (1). The plasmid was transformed into the multiple-
protease-deficient B. subtilis WB600 by electroporation transformation as de-
scribed previously (1). Chloramphenicol (100 �g ml�1) was added for the selec-
tion of recombinant B. subtilis harboring the shuttle plasmid pHP13-cotG-nanA.

The spectinomycin resistance gene was amplified using pDG1728 as a tem-
plate (7), with Spc-up and Spc-down as primers. The fragment was digested using
ApaI and XhoI and inserted into the high-copy-number vector pGJ103, treated
with the same enzymes (39), to yield the high-copy-number E. coli-B. subtilis
shuttle vector pEB03. Plasmid pEB03 was further digested and ligated in the
same manner as was pHP13, to create the plasmid pEB03-cotG-nanA. The
plasmid pEB03-cotG-nanA was then transformed into B. subtilis WB600 (37).
Spectinomycin (100 �g ml�1) was added for the selection of recombinant B.
subtilis harboring the shuttle plasmid pEB03-cotG-nanA (see Fig. S1 in the
supplemental material).

Spore purification. After cultivation in the GYS medium at 37°C for 24 h,
spores and sporangial cells of B. subtilis WB600 with recombinant plasmids were
harvested by centrifugation and resuspended in 67 mM phosphate buffer (pH
7.4). The suspension was lysed by 0.5% lysozyme at 37°C for 1 h and then
centrifuged for 30 min at 12,000 rpm. After the resulting pellets were washed
with 1 M NaCl, 1 M KCl, and phosphate buffer, the purified spores were
obtained and resuspended in phosphate buffer at 4°C. Phenylmethylsulfonyl
fluoride (1 mM) was added throughout the process to inhibit proteolysis.

NanA activity assay. Activity of NanA was determined at 37°C in 1 ml of 67
mM phosphate buffer (pH 7.4), 4 mM Neu5Ac, and the purified spore suspen-
sion. After a 10-min reaction, 500 �l of 1 M NaOH was added and the resulting
mixture was subjected to high-performance liquid chromatography (HPLC). One

unit of enzyme activity is defined as the amount of NanA required to catalyze the
production of 1 �mol pyruvate per min (38).

Analytical procedures. Pyruvate, ManNAc, and Neu5Ac were determined by
HPLC (Agilent 1100 series; Hewlett-Packard), using a Bio-Rad Aminex HPX-
87H column (300 by 7.8 mm) as described by Xu et al. (38). The number of
spores was calculated by direct counting with a Burker chamber under an optical
microscope.

Biotransformation by spores with NanA activity. For the optimization of
biotransformation conditions, 20 ml of the reaction mixture in a 100-ml Erlen-
meyer flask was used with variations as follows. The NanA concentrations ranged
from 0.075 to 1.2 U ml�1. Temperatures ranged from 30 to 70°C. The ratio of
[pyruvate]/[ManNAc] was 1 to 10. After addition of 1 M NaOH to stop the
reaction, the resulting mixture was centrifuged. The concentrations of Neu5Ac
were analyzed by HPLC as described above.

RESULTS

Construction of surface display system. CotG, a 23.9-kDa
outer spore coat protein, was used as the anchoring protein for
the display of NanA on the surface of B. subtilis spores (20). A
flexible linker composed of 5 amino acids (Gly-Gly-Gly-Gly-
Ser) was inserted at the C terminus of the cotG gene product
and the N terminus of the nanA gene product to obtain the
cotG-linker-nanA fusion gene (see Fig. S1 in the supplemental
material). A cotG-specific promoter was employed in the sur-
face display system to initiate expression of NanA and sporu-
lation of B. subtilis synchronously.

Since proteases may destabilize target enzymes, the multi-
ple-protease-deficient strain B. subtilis WB600 was used for the
display of NanA (37). The recombinant vectors pHP13-cotG-
nanA and pEB03-cotG-nanA were constructed and trans-
formed into B. subtilis WB600. The NanA activities of B. sub-
tilis spores were assayed. As shown in Fig. 1, spores not
harboring the recombinant plasmid had very low NanA activ-

TABLE 1. Strains, plasmids, and primers used in this work

Strain, plasmid, or primer Description Source or reference

Strains
Escherichia coli Mach1 F� �80 (lacZ) �M15 �lacX74 hsdR(rK

� mK
�) �recA1398 endA1 tonA Transgene

Bacillus subtilis 168 Type strain Bacillus Genetic Stock
Center (BGSC)

B. subtilis WB600 trpC2 �nprE �aprE �epr �bpf �mpr �nprB Bacillus Genetic Stock
Center (BGSC)

E. coli K-12 Type strain Laboratory stock

Plasmids
pEASY-T3 Cloning vector Transgene
pEASY-T3-cotG-nanA pEASY-T3 with fusion gene cotG-nanA This study
pHP13 Low-copy-number E. coli-B. subtilis shuttle vector Alan D. Grossman
pHP13-cotG-nanA pHP13 with fusion gene cotG-nanA This study
pDG1728 E. coli-B. subtilis shuttle vector with spectinomycin resistance gene 7
pGJ103 High-copy-number E. coli-B. subtilis shuttle vector 39
pEB03 High-copy-number E. coli-B. subtilis shuttle vector This study
pEB03-cotG-nanA pEB03 with fusion gene cotG-nanA This study

Primersa

P1 5�-GCCTTTGAATTCAGTGTCCCTAGCTCCGAG-3� This study
P2b 5�-CTATTGACTAGTTGAACCCCCACCTCCTTTGTATTTCTTTTTGACTA-3� This study
P3 5�-AGACTAGTATGGCAACGAATTTAC-3� This study
P4 5�-TCCTGCAGTCACCCGCGCTCTT-3� This study
Spc-up 5�-TTGGGCCCGAATGGCGATTTTCGTTC-3� This study
Spc-down 5�-TGCGCTCGAGCCAATTAGAATGAATATTTC-3� This study

a The italicized letters indicate the introduction of restriction sites.
b The underlined letters indicate the introduction of a flexible linker at the C terminus of the cotG structural gene product.
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ity. The activity of NanA obtained using pEB03 as the expres-
sion vector was 6-fold higher than that obtained using pHP13
as the expression vector. The pEB03 vector used in the present
study contained the pMB1 replicon used in E. coli, as well as
the pGDV1 replicon used in B. subtilis. This enabled the re-
combinant plasmid to have a high copy number not only in E.
coli but also in B. subtilis (39). This may explain the higher
activity of NanA in the system in which plasmid pEB03 was
used as the expression vector.

The expression of NanA on the external surface of B. subtilis
spores was verified by protease treatment. Purified spores of
WB600(pEB03-cotG-nanA) and WB600(pHP13-cotG-nanA)
were suspended in 67 mM phosphate buffer (pH 7.4) contain-
ing 0.1% trypsin or 0.1% proteinase K for 1 h. A control
sample with the spores was also prepared in phosphate buffer
without protease. As shown in Fig. 1, spores treated with pro-
tease had lower NanA activity than did intact spores. For
exogenously added protease that cannot penetrate through the
spore wall, this result means that the NanA is located on the
surface of spores (14).

Optimization of biocatalysis conditions. ManNAc is con-
densed with pyruvate by NanA to produce Neu5Ac without the
need for cofactors. Therefore, the synthesis of Neu5Ac from
ManNAc and pyruvate in a simple biocatalysis system, using
spores with NanA activities as the biocatalyst, should be fea-
sible. Initially, the reaction conditions for the efficient produc-
tion of Neu5Ac were optimized.

To obtain the maximum Neu5Ac yield, we studied the effect
of the amount of NanA on bioconversion. The reaction mix-
ture contained 0.5 M pyruvate and 0.2 M ManNAc as the
substrates and different concentrations of spore-displayed
NanA as the biocatalyst. After 24-h biotransformation at 30°C,
the optimum concentration of NanA was confirmed to be 0.3 U
ml�1, corresponding to an approximately 82% yield of Neu5Ac
(see Fig. S2 in the supplemental material). The influence of the
reaction temperature on Neu5Ac production was studied at
temperatures ranging from 30 to 70°C. The highest Neu5Ac
production was detected at 50°C after 16 h (data not shown).

In a dilute solution, the reaction catalyzed by NanA is the

cleavage of Neu5Ac. The equilibrium lies on the side of pyru-
vate and ManNAc. Thus, for the production of Neu5Ac, excess
pyruvate and ManNAc are needed to achieve a high yield (23).
Because ManNAc is very expensive and not readily available in
large quantities, an excess of pyruvate over ManNAc is gener-
ally used. The ratio of [pyruvate]/[ManNAc] had a consider-
able effect on the yield of Neu5Ac (see Fig. S3 in the supple-
mental material). The use of a 5-fold ratio of pyruvate to
ManNAc gave the highest Neu5Ac yield.

Biotransformation under optimal conditions. A biotransfor-
mation system was developed using a combination of the op-
timal catalysis conditions described above. The preparation of
Neu5Ac was carried out under the following optimal condi-
tions: spore-displayed NanA, 0.3 U ml�1; 67 mM phosphate
buffer, pH 7.4; temperature, 50°C; pyruvate, 1.0 M; and Man-
NAc, 0.2 M. As shown in Fig. 2, 54.7 g liter�1 Neu5Ac, rep-
resenting a yield of 90.2%, was produced after 16 h of bio-
transformation.

Spores have the characteristic of easy purification by cen-
trifugation or filtration, and therefore, the recombinant spores
were reused for the Neu5Ac production. All reactions were
conducted at 50°C for 16 h with 1 M pyruvate and 0.2 M
ManNAc as the substrates. After 1 reaction cycle, the spores
were isolated by centrifugation at 10,000 � g for 10 min and
washed twice with 67 mM phosphate buffer. The recombinant
spores could be used for up to 3 reaction cycles without a
significant decrease in the conversion rate (Fig. 3).

As shown in Fig. 3, the specific activity of NanA in the spores
of WB600(pEB03-cotG-nanA) was not affected throughout the
reutilization process. However, the amount of WB600(pEB03-
cotG-nanA) spores recycled decreased after the biocatalysis
process (see Fig. S4 in the supplemental material). As men-
tioned above, addition of excess pyruvate is needed to achieve
a high yield of Neu5Ac. Falcone and Bresciani (4) reported
that pyruvate caused germination of B. subtilis spores. Nisin, a
34-amino-acid peptide produced by Lactococcus lactis subsp.
lactis (8), can inhibit the germination of Bacillus spores (Fig.
4). Addition of nisin to the biocatalytic system might result in
a higher reutilization potential of the surface-displayed NanA
(see Fig. S5 in the supplemental material).

FIG. 1. Activities of N-acetyl-D-neuraminic acid (Neu5Ac) aldo-
lase (NanA) displayed on spore surface. z, intact spores; p, spores
treated with 0.1% trypsin for 1 h; o, spores treated with 0.1%
proteinase K for 1 h.

FIG. 2. Time course of production of Neu5Ac under optimum con-
ditions. Œ, N-acetyl-D-mannosamine (ManNAc); f, Neu5Ac.
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DISCUSSION

Enzymatic synthesis of Neu5Ac from ManNAc and pyruvate
by using NanA has been widely studied. In previous studies,
free NanA, immobilized NanA, and whole cells containing
NanA were used for Neu5Ac production (34). In recent years,
biological surface display has been used in various areas such
as screening of polypeptide libraries, production of live recom-
binant bacterial vaccines, and industrial and environmental
utilization of whole-cell adsorbents (5). In this study, we intro-
duced a novel system using surface-displayed NanA for the
enzymatic synthesis of Neu5Ac.

Bacterial spores constitute a metabolically dormant form of
an organism’s life cycle, developed in response to nutrient
starvation. Bacterial spores have been reported to be good
carriers of target proteins. Spores of Bacillus species, including
B. subtilis, B. clausii, B. coagulans, B. cereus, and B. natto, are
generally recognized as safe and are employed as additives in
human and animal food, as well as used for oral bacterio-
therapy and bacterioprophylaxis of gastrointestinal disorders
(6, 9). Among the various Bacillus species, B. subtilis attracts
considerable attention because of its advantages of easy mo-
lecular genetic manipulation (31) and detailed genetic and
structural information (3, 12, 19). These attributes, which fa-
cilitate the construction of recombinant spores, make B. subtilis
an attractive vehicle for displaying heterogenous proteins on its
surface.

Coat proteins are mainly used as anchors for spore surface
display (2). It has been reported that the absence of some coat
structural proteins such as CotA, CotB, CotC, CotD, CotF,
and CotG does not alter spore properties of viability, resis-
tance, and germination (2). CotG, a 23.9-kDa outer coat pro-
tein, was a convincing example of a coat protein that resulted
in the display of functional enzymes (15, 20, 40). Thus, in this
study, we used CotG as the anchoring protein for the display of
NanA on the surface of B. subtilis spores. The fusion gene
cotG-nanA, constructed using the cotG transcriptional and

translational signal, was inserted into the expression vectors
pEB03 and pHP13, to ensure expression of the enzyme during
the sporulation process.

Most strategies of genetic construction to display the heterog-
enous protein on spores utilize low-copy-number expression vec-
tors (13, 14, 42) or chromosomal integration (11, 20, 26) with
characteristic stable expression. The expression vector pEB03
constructed in our study has a high copy number in E. coli and
also in B. subtilis. This advantage resulted in higher NanA activity
(Fig. 1) than that obtained using pHP13 as the expression vector.
Thus, the recombinant spores harboring the pEB03-cotG-nanA
plasmid were used as biocatalysts for the successive biotransfor-
mation process.

After optimization of the procedure, recombinant spores
harboring the pEB03-cotG-nanA plasmid were able to catalyze
0.2 M ManNAc into 0.18 M (54.70 g liter�1) Neu5Ac in 16 h.
In previous studies, NanA was purified and immobilized to
understand the conversion reaction and circular catalysis (10,
23, 36). In our study, we were able to easily separate the
recombinant spores from the catalysis system and subject them
to circular catalysis. Compared with previous studies, the im-
mobilized Neu5Ac on the surface of the recombinant spores
represents a promising alternative for Neu5Ac production, be-
cause it excludes the purification and immobilization process.
The pyruvate in the biocatalytic system caused germination of
spores and decrease of NanA activities. Addition of nisin could
inhibit the germination of Bacillus spores (Fig. 4). Introducing
a mutation that could not germinate in the presence of pyru-
vate might also avoid the germination of spores and enhance
the reutilization potential of surface-displayed NanA. On the
other hand, ManNAc is very expensive and not readily avail-
able in large quantities. It is generally prepared from the rel-
atively cheaper substrate GlcNAc by epimerization. By cou-
pling of the GlcNAc 2-epimerase (AGE, EC 5.3.1.8) with
NanA, a 2-step enzymatic approach was developed for Neu5Ac
production (21, 22, 41). This procedure is regarded as the most
cost-effective enzymatic method for Neu5Ac production on an

FIG. 3. Reuse of the spore-displayed NanA. The reaction mixture
contained 1 M pyruvate and 0.2 M ManNAc, and the spore-displayed
enzyme was incubated at 50°C for 16 h. f, specific activity of NanA; p,
yield of Neu5Ac.

FIG. 4. Effects of pyruvate and nisin on the spore-displayed NanA.
o, residual NanA activity; p, residual amount of spores. Purified
spores of WB600(pEB03-cotG-nanA) were suspended in phosphate
buffer (pH 7.4) containing 1 M pyruvate and different concentrations
of nisin for 24 h. A control sample with the spores was also made in
phosphate buffer (pH 7.4) without pyruvate.

3200 XU ET AL. APPL. ENVIRON. MICROBIOL.



industrial scale (17, 18, 24, 25). Further improvement of its
application potential, by simultaneously displaying GlcNAc
2-epimerase and NanA on the spore surface, represents a new
strategy for the enzymatic production of Neu5Ac.

Other than simple purification, the natural robustness of
spores in the presence of heat, solvents, pH, oxidizing agents,
and salts has been reported (27). Surface-displayed 	-galacto-
sidase and NADPH-cytochrome P450 oxidoreductase showed
higher thermostability than the respective native forms (20,
40). The stability of surface-displayed 	-galactosidase in the
presence of various organic solvents has enabled it to be used
as a biocatalyst for transgalactosylation in water-solvent bipha-
sic reaction systems (20). In this study, we introduced a value-
added chemical production process by using surface-displayed
NanA in an aqueous system. The spore-displayed enzymes
could help to meet the ever-increasing industrial demand for
preparation and stabilization of biocatalysts and may be gen-
erally applicable to numerous biocatalytic reactions.
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