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Abstract: N-Acetyl-D-neuraminic acid (NeuS5Ac)
was efficiently synthesized from lactate and a mix-
ture of N-acetyl-D-glucosamine (GlcNAc) and N-
acetyl-pD-mannosamine (ManNAc) by whole cells.
The biotransformation utilized Escherichia coli cells
(Neu5Ac aldolase), Pseudomonas stutzeri cells (lac-
tate oxidase components), GlcNAc/ManNAc and
lactate. By this process, 18.324+0.56 g/liter NeuSAc
were obtained from 65.6142.70 g/liter lactate as an
initial substrate input. NeuSAc (98.4+0.4% purity,
80.87+0.79% recovery yield) was purified by
anionic exchange chromatography. Our results dem-
onstrate that the reported NeuSAc biosynthetic
process can compare favorably with natural product
extraction or chemical synthesis processes.
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Sialic acids are derivatives of neuraminic acids and
are present in higher animals and some microorgan-
isms. They are often found at the terminal position of
glycoproteins and glycolipids on the cell surface.
Sialic acids are involved in several cell functions. For
example, they represent recognition sites for various
physiological receptors, such as selectins and siglecs."!
N-Acetyl-p-neuraminic acid (Neu5Ac), N-glycolyl-p-
neuraminic acid (Neu5Gc), and N-acetyl-9-O-acetyl-
neuraminic acid (NeuS5, 9Ac,) are the three most fre-
quently occurring members of the sialic acid family.
Among sialic acids, only NeuSAc is ubiquitous, while
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the others are not found in all species. NeuSAc can
be prepared by hydrolysis of various natural prod-
ucts,”! enzymatic conversion' or chemical synthesis.!*!
Chemical synthesis of NeuSAc is often restricted to
low yield and unsatisfactory stereoselectivity, in addi-
tion to tedious protection and deprotection steps. En-
zymatic synthesis of NeuSAc from N-acetyl-pD-man-
nosamine (ManNAc) and pyruvate using NeuSAc al-
dolase (EC 4.1.3.3, NanA) as the catalyst has been re-
ported.””! However, preparation of the enzyme,
which requires purification or partial purification,
makes the process more complicated and costly.

In the past decades, biocatalysis using whole cells
has emerged as an important tool for the large-scale
synthesis of bulk chemicals, pharmaceutical and agro-
chemical intermediates, active pharmaceuticals, and
food ingredients. The realistic large-scale synthesis
routes are probably based on the combination of bio-
catalysis and chemocatalysis.®

In this work, we reported an efficient whole-cell
biocatalysis procedure for Neu5Ac synthesis utilizing
NanA and lactate oxidase component (LOX) as cata-
lyzing enzymes and lactate and ManNAc/GIcNAcP"*!
as substrates (Scheme 1).

Because the racemic and stereochemical pure
forms of lactate are much cheaper than pyruvate (the
price is about 17 times lower, calculated by the data
from http://www.sigma-aldrich.com/), the lactate was
used as a starting substrate instead of pyruvate in the
reaction. In our previous work, we have described an
efficient enzymatic route for synthesizing pyruvate
from lactate using whole cells of Acinetobacter sp. or
Pseudomonas sp. The reported LOX produced by
these strains could effectively oxidize lactate into pyr-
uvate."®! Therefore the cells of Pseudomonas stutzeri
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Scheme 1. Procedure for the production of Neu5Ac from GIcNAc/ManNAc and lactate. Step 1, preparation of ManNAc/
GlcNAc by the alkaline-catalyzed epimerization. Step 2, production of Neu5 Ac by coupling whole-cell conversion of lactate

and ManNAc.

SDM capable of efficiently producing LOX were used
to supply pyruvate. From the results of control experi-
ments (-0-, Control A in Figure 1), it was determined
that strain SDM could not synthesize Neu5Ac at all,
but had the ability to catalyze lactate to pyruvate.
The maximum concentration of the accumulated pyr-
uvate was 49.29 +-2.38 g/liter that represents a yield of
83.11 % from lactate (Figure 1 b).

In order to produce NanA on a large scale, we
have constructed a plasmid pET15b-nanA containing
the gene of NanA that was cloned from the E. coli K-
12 strain.”! It is obviously shown that NanA was over-
expressed in the host strain E. coli BL21 (DE3) with
the pET system under the control of T7 promoter by
adding isopropyl-f-p-thiogalactopyranoside (IPTG)
(see Figure S1 in the Supporting Information). The
NanA expression level in the E. coli BL21 (DE3)
(pET15b-nanA) (13.51 U/mg protein) was about 56
times higher than that expressed in the original strain
E. coli K-12 (0.24 U/mg protein). In Figure S1, the
arrow indicates the NanA expressed in the recombi-
nant E. coli strain. The protein molecular weight of
NanA was 33 kDa consistent with a previous report.”)

In the control experiments (-A-, Control B in
Figure 1) strain E. coli BL21 (DE3) (pET15b-nanA)
produced 3.69+1.17 g/liter of Neu5Ac and 7.73+
0.52 g/liter of pyruvate in 40 hours. It was reported
that the “normal” role of NanA was to cleave
Neu5Ac into pyruvate and ManNAc, and an excess of
pyruvate could push the equilibrium toward
NeuSAc.P?! So strain SDM should be used in the reac-
tion to supply enough pyruvate and shift the equilibri-
um to NeuSAc.

We conducted the reaction as a 400-mL batch pro-
cess in a 3,000-mL flask. At the beginning of the reac-
tion, cells of E. coli BL21 (DE3) (pET15b-nanA)
(2.1 g in wet weight, about 625 U NanA), cells of
strain SDM (14.5 g in wet weight, about 727 U of
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LOX), 19.62 g ManNAc/GlcNAc mixture, and 26.25 g
L-lactate were added in the shaking flask. The reac-
tion kinetics were monitored (Figure 1). The concen-
tration of NeuSAc increased with time as the lactate
and ManNAc concentrations decreased. At the maxi-
mum of NeuSAc synthesis (20 h), the mixture com-
prised 18.3240.56 g/liter NeuSAc, 35.15+3.85 g/liter
lactate, 24.4642.80 g/liter ManNAc, and 15.79+
3.27 g/liter pyruvate. The maximal concentration of
pyruvate was 16.28 £3.01 g/liter, which was about 3
times lower than that in control A. This might be
caused by the lower oxygen level in the reaction solu-
tion. We also detected acetic acid in the broth as evi-
dence for the lack of oxygen. To maximize the pro-
duction of NeuSAc, we stopped the reaction at 20 h,
when the concentration of NeuSAc reached the maxi-
mum.

The final purification of NeuSAc from the reaction
mixture was relatively easy and inexpensive. Using
anionic exchange chromatography purification and
crystallization in glacial acetic acid, 5.93+0.19 ¢
Neu5Ac were obtained. The recovery of pure
NeuSAc from raw reaction mixture is 80.87+0.79 %
and its final purity is 98.4+0.4% as determined by
HPLC/UV with detection at 205 nm. The purified
NeuSAc was characterized by "CNMR (see Fig-
ure S2 in the Supporting Information).

NeuSAc can be used as a starting reactant for the
enzymatic or chemical synthesis of biologically impor-
tant derivatives and oligosaccharides. To date, little
has been reported on the synthesis of NeuSAc by
whole cells."”! By combining chemical synthesis and
biocatalysis, we produced 18.32 g/liter of NeuSAc
from 223.18 g/liter of GIcNAc and 65.61 g/liter of lac-
tate. The key component of this process is a biotrans-
formation reaction that used whole cells containing
NanA and LOX, respectively as the catalysts. We are
currently testing a similar system containing LOX to
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Figure 1. Time course for the formation of Neu5 Ac from lactate and ManNAc/GlcNAc by whole cells. (-o-, Control A) P,
stutzeri SDM with LOX only, (-24-, Control B) E. coli that over-expressed NanA only, (-m-) the recombinant of E. coli that
over-expressed NanA and P. stutzeri SDM with LOX. (a), (b), (¢) and (d) indicate the concentrations of Neu5 Ac, pyruvate,

ManNAc and lactate, respectively.

synthesize other compounds such as L-3,4-dihydroxy-
phenylalanine and L-phenylacetylcarbinol from lac-
tate as a starting substrate.

In summary, the advantages of the reported whole-
cell biocatalysis process are as follows: (a) the whole-
cell catalytic process did not require preparation of the
purified or partially purified enzymes; (b) a pyruvate
supplying system catalyzed by LOX was used in the
process so that the inexpensive substrate lactate could
be used as a substitute for pyruvate; (c) the purifica-
tion procedures of NeuSAc were simple and efficient.

Experimental Section

General Remarks

Sodium r-lactate (>80%) was obtained from Wujiang Ci
Yun Fragrance Co., Ltd.; GIcNAc (>97 %) was supplied by
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Shandong Dongying Marine Bio-chemical Co., Ltd.;
Neu5Ac (>98%), ManNAc, GlcNAc, sodium pyruvate and
sodium L-lactate (>99%) were purchased from Sigma.
Anionic Resin HZ-201 was obtained from Hua Zhen Scien-
tific and Technological Co. Ltd.; IPTG was purchased from
Merck Eurolab (Strasbourg, France); the protein weight
marker was obtained from MBI fermentas.

NeuS5Ac, ManNAc, GlcNAc, pyruvate and lactate were
determined using HPLC (Agilent 1100 series, Hewlett-Pack-
ard), equipped with a Bio-Rad Aminex HPX-87H column
(300x7.8 mm) with a mobile phase of 6 mM H,SO,. The
flow rate was 0.5 mLmin~!, and the UV detector was set at
205nm. The column temperature was maintained at
60°C.1""

NanA Cloning and Over-expression

The NanA gene (nanA) was amplified by PCR using E. coli
K-12 (ATCC 47076) chromosomal DNA as a template,!?!
and 5-TTACCATGGATGGCAACGAATTTACG-3" (Ncol
cleavage site underlined) and 5-ATAGGATCCT-
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CACCCGCGCTCTTGCAT-3' (BamHI cleavage site under-
lined) as primers based on the published nanA gene se-
quence (GenBank accession no. D00067). The 0.9-kb PCR
product was digested with Ncol and BamHI and purified
using Wizard® PCR Preps DNA Purification System kit
(Promega).”*"! The purified fragment was inserted between
the Ncol and BamHI sites of pET15b (Novagen) to give
pET15b-nanA. The constructed plasmid pET15b-nanA was
transformed into E. coli BL21 (DE3) (Novagen). E. coli
BL21 (DE3) (pET15b-nanA) was cultured in 300 mL of
medium containing glucose 1%, Na,HPO,12H,O 0.6 %,
KH,PO, 0.3%, NaCl 0.05%, NH,CI 0.5%, MgSO,7H,O
0.055 %, yeast extract 0.2%, and 100 pg/mL ampicillin in a
1-liter flask at 250 rpm, 37°C. After 1 h when the ODyg,, had
reached 1.5, 0.1 mM IPTG was added to induce NeuS5SAc
adolase production for 5 h. Cells were harvested by centrifu-
gation at 5,000x g for 10 min, and washed twice by 0.85%
NaC(l solution. The activity of NanA was assayed according
to the previous work.!l One unit of NanA activity was de-
fined as the amount of NanA which catalyzed the produc-
tion of 1 umol pyruvate per min at 37°C.

Preparation of Pseudomonas stutzeri SDM Cells

The bacterial strain Pseudomonas stutzeri SDM, capable of
oxidizing lactate to pyruvate, was isolated from soil by our
laboratory and deposited at the China Center for Type Cul-
ture Collection (CCTCC No. M 206010). Cells of strain
SDM (18.1 g wet weight, about 907 U of LOX) were cul-
tured and harvested from 1,000 mL medium according to
the previous study.® One unit (U) of the LOX from lactate
was defined as the amount of LOX required for the forma-
tion of 1.0 umol of pyruvate per minute under the test con-
dition.

Preparation of the ManNA ¢/GlcNAc Mixture

The procedure of base-catalyzed epimerization of GIcNAc
to ManNAc was adopted to prepare ManNAc.**! Typical-
ly, 400 g of GlcNAc was dissolved in 1 L of NaOH (55 mM)
aqueous solution and allowed to stand at 25°C for 48 h. The
ManNAc:GlcNAc ratio was approximately 3.5:1.1°% The re-
sulting pale yellow solution was neutralized by the addition
of glacial acetic acid and then air-dried under vacuum. The
residue was reflux extracted by 500 mL methanol for 1 h.
The extracted solution was allowed at 25°C for 4 h, and fil-
tered to remove GIcNAc. The filtrate was concentrated
under reduced pressure to provide a mixture of GlcNAc/
ManNAc. The final mixture of ManNAc/GlcNAcP!>! was
analyzed, and the ratio of ManNAc:GlcNAc was about
5.67:1. In each batch, 293.43 £2.66 g GIcNAc was recovered.
The recovered GIcNAc could be reused in the next cycle.
About 95.37+£10.52 g mixture containing 85.01£3.13% of
ManNAc was obtained from 400 g GlcNAc.

Synthesis of NeuSAc

The production of NeuSAc was carried out in one pot. The
reaction mixture in a 3,000-mL flask contained cells of E.
coli BL21 (DE3) (pET15b-nanA) (2.1g in wet weight,
about 625 U NanA), cells of strain SDM (14.5g in wet
weight, about 727 U of LOX), 19.62 ¢ ManNAc/GlcNAc
mixture, 26.25 g L-lactate (adjusted to pH 7.0 with NaOH),
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4 mL toluene (to permeabilize the cells), and 16 mL 1M
Tris-HCl (pH=7.0). Then, deionized water was added to
bring the total volume to 400 mL. Reference batches with
only one type of cells contained the same amount of sub-
strates and other materials dispersed in water. One is Con-
trol A which contained only strain SDM, and the other is
Control B which contained only strain E. coli BL21 (DE3)
(pET15b-nanA). The reaction was carried out at 30°C with
agitation (200 rpm) for 16-40 h. Triplicate experiments were
performed under the same conditions.

Isolation of Neu5Ac after Biotransformation

After biotransformation for 20 h, the reaction solution was
centrifuged at 5,000 x g for 10 min to remove pellets, and the
supernatant was adjusted to pH 4.5 with glacial acetic acid.
Then, the supernatant was loaded onto an anionic resin
column (800 mL) which had been pre-treated with 2M
formic acid. The unreacted GIlcNAc and ManNAc were
washed clear with deionized water. NeuSAc was eluted with
a linear gradient of 0-1M formic acid in 160 min with the
flow rate at 10 mLmin~". The desired fraction was concen-
trated to approximately 125 g/liter NeuSAc on a rotary
evaporator. Neu5Ac was crystallized by adding 5 volumes of
glacial acetic acid. After standing for 2 days at 4°C, the
solid part was recovered by vacuum filtration and washed
with fresh glacial acetic acid before drying at 40°C to a con-
stant weight.
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