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Introduction

Many sialyltransferases have been employed for the sialylation of many oligosaccharides and glycoconjugates because they offer complete regioselectivities and stereospecificities without complicated protection/deprotection steps. Especially, recently cloned bacterial sialyltransferases have made it possible to overcome the problem of availability of the enzymes generally cloned from mammalian sources and to produce sialyloligosaccharides in a large scale. However, the expensive substrate of sialyltransferases, i.e. cytidine 5(-monophosphate N-acetylneuraminic acid (CMP-NeuAc), still causes the inefficiency of the process using sialyltransferase. For the production of CMP-NeuAc, various processes have been developed. Especially, Liu et al. (1992) devised a process producing CMP-NeuAc directly from cheap starting materials, N-acetyl mannosamine (ManNAc), pyruvate and cytidine 5(-monophosphate (CMP) using several enzymes. The process, however, employed several purified enzymes, leading to economical disadvantage. 
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Here we attempt to overcome the above problems by using a recombinant E. coli engineered to co-express CMP-NeuAc biosynthetic enzymes as a biocatalyst. We designed an enzymatic reaction, shown in Figure 1, for the production of CMP-NeuAc based on the process devised by Liu et al. (1992) and constructed a recombinant E. coli expressing all the enzymes required. For this purpose, CMP-kinase, sialic acid aldolase, and CMP-NeuAc synthetase were recombinantly co-expressed in the E. coli. For the conversion of CDP to CTP and for the ATP regeneration, we employed endogenous acetate kinase in E. coli. In this study, we characterized the process for CMP-NeuAc using the recombinant E. coli as an enzyme source. In addition, we tried to produce sialic acid from N-acetylglucosamine (GlcNAc) using recombinant E. coli co-expressing GlcNAc-2-epimerase and sialic acid aldolase. 
Materials and methods

Materials 

Ingredients were purchased from Sigma (MO, USA). pNSY05 harboring the CMP-NeuAc synthetase gene from Neisseria meningitidis was kindly donated from National Research Council (Ontario, Canada). pHSP210 harboring the CMP kinase gene from E. coli and pET24ma containing p15A replication origin were kindly donated from Dr. Hiroshi Sakamoto (Pasteur Institute, Paris, France).

Plasmid construction and expression of enzymes

The plasmid pET15b containing the colE1 replication origin, ampicillin resistance gene, and T7 promoter was used for the construction of the plasimid expressing both sialic acid aldolase and CMP-NeuAc synthetase. The plasmid pET24ma, a derivative of pET24a, which contains the p15A origin, kanamycin resistance gene, and T7 promoter was used for the construction of the plasmid expressing CMP kinase. The sialic acid aldolase gene was amplified by PCR using the 5( primer (24-mer: 5(-GGTATCCATGGCAACGAATTTACG-3()  and the 3( primer (23-mer: 5(-GGTAGGCTCGAGCGAGGGGAAAC-3() and the genomic DNA of E. coli C600 as the template, and cloned into the NcoI and XhoI sites of pET15b to give pET15b-nan. The CMP-NeuAc synthetase gene was amplified using the 5( primer (32-mer: 5(-CCATGGAAAAACAAAATATTGCGGTTATACTT-3() and the 3( primer (36-mer: 5(-CTCGAGTTAGCTTTCCTTGTGATTAAGAATGTTTTC-3() and the pNSY05 as the template, and cloned into the NcoI and XhoI sites of pET15b to form pET15b-neu. To obtain pET15b-nan-neu, the region from the promoter to the CMP-NeuAc synthetase gene in pET15b-neu was amplified using the 5( primer (33-mer: 5(-GAATTCCGCGAAATTAATACGACTCACTATAGG-3() and the 3( primer (33-mer: 5(-GACGTCCAAAAAACCCCTCAAGACCCGTTTAGA-3(), and cloned into the EcoRI and AatII sites of pET15b-nan. The plasmid pET24ma-cmk was obtained by digesting the plasmid pHSP210 harboring the CMP kinase gene with NdeI and EcoRI and cloning the NdeI-EcoRI fragment into the NdeI and EcoRI sites of pET24ma. E. coli BL21 (DE3) carrying the expression plasmids was grown at 37 (C in 5 ml LB medium containing ampicillin (50 (g/ml) and kanamycin (50 (g/ml), induced with 1 mM isopropyl -D-thiogalactopyranoside (IPTG), and pelleted.

HPLC analysis

Various nucleotides was measured using a Waters 660 liquid chromatograph as follows. A reverse phase column (3.9 ( 150 mm Symmetry(C18, Waters) was eluted at a flow rate of 1 ml/min by the following gradient program: 100% Eluent A (100 mM KH2PO4/K2HPO4 and 8 mM tetrabutylammonium hydrogen sulfate at pH 7.0) for 10 min; 0% to 30% Eluent B (methanol) over 10 min; 30% Eluent B for 10 min. Eluted nucleotides and CMP-NeuAc were monitored by absorbance at 270 nm. The retention times were as follows: cytidine (1.7 min), CMP (2.4 min), CMP-NeuAc (3.8 min), CDP (5.5 min), AMP (8.4 min), CTP (12.4 min). ADP (22 min), and ATP (24.7 min).

Results and discussion

Effect of ATP, Mg 2+  and acetyl phosphate concentrations on the production of CMP-NeuAc

In order to determine the availability of the recombinant E. coli for the production of CMP-NeuAc, we firstly optimized the reaction using the crude cell extracts of E. coli/pET15b-nan-neu/pET24ma-cmk. In the process shown in Figure 1, ATP, Mg2+, and acetyl phosphate are not major substrates but important factors affecting the production efficiency of CMP-NeuAc. Thus, we investigated the effect of these factors on the reaction efficiency by varying their concentrations. In these experiments, initial CMP, ManNAc, and pyruvate concentrations were fixed at 20 mM, 40 mM, and 60 mM, respectively, and pH 8.0 was used for compromising the optimal pHs of CMP-NeuAc synthetase (optimal pH: 8.5) with that of other enzymes (optimal pH: 7.5).
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For compromising the cost of ATP and the reaction efficiency for CMP-NeuAc, the production rate of CMP-NeuAc was measured at various concentrations of ATP (Figure 2(a)). The optimal Mg2+ ion concentration for CMP-NeuAc synthetase from N. meningitidis, i.e. 20 mM, was used in the reaction. The figure shows that CMP production rate could be maximized by using at least 1 mM ATP (5 % amount of initial CMP). This result would be reasoned by considering the Km value of E. coli acetate kinase for ADP, i.e. 0.5 mM (Fox and Roseman, 1986), because generally the starting concentration of ATP should be ca. two times of Km for ADP in ATP regeneration system to achieve maximized ATP regeneration turnover number. Most of the enzymes involved in the process of Figure 1 require metal ion, especially, Mg2+, for their catalytic activities. To determine the required optimal Mg2+ concentration for the whole CMP-NeuAc production process, we examined the effect of Mg2+ on the CMP-NeuAc production rate by varying the MgCl2 concentration from 0 to 60 mM (Figure 2(b)). CMP-NeuAc production rate could be maximized by using above 20 mM MgCl2. Acetyl phosphate plays a role as a phosphate donor for the conversion of CMP to CTP, and theoretically approximately two equivalent mole of acetyl phosphate to CMP are required for the complete conversion, if the catalytic amount of ATP is neglected. However, as shown in Figure 2(c), when two equivalent mole of acetyl phosphates was used, the 70% conversion yield was achieved, and above 90% conversion yield was obtained with three equivalent mole of acetyl phosphate. This would be caused by the instability of acetyl phosphate.

Figure 2. (a) Effect of [ATP] on the CMP-NeuAc production rate. 0 mM ((), 0.2 mM ((), 0.4 mM ((), 1 mM ((), 2 mM ((). (b) Effect of [MgCl2] concentration on the CMP-NeuAc production rate. 0 mM ((), 10 mM ((), 20 mM ((), 40 mM ((), 60 mM ((). (c) Effect of [acetyl phosphate]/[CMP] on the conversion yield of CMP-NeuAc. All reactions were performed with 20 mM CMP, 40 mM ManNAc, 60 mM pyruvate. 

Availability of endogenous pyruvate kinase or polyphosphate kinase

Besides acetate kinase, pyruvate kinase and polyphosphate kinase are the enzymes which can be used for ATP regeneration. Pyruvate kinase and polyphosphate kinase convert ADP to ATP by using phosphoenolpyruvate (PEP) and polyphosphate as a phosphate donor, respectively. To examine whether or not the endogenous level of pyruvate kinase or polyphosphate kinase can also be employed for the reaction for CMP-NeuAc, we carried out the reaction by adding PEP or polyphosphate instead of acetyl phosphate, and compared with the reaction using endogenous acetate kinase. The addition of PEP and polyphosphate could not induce both ATP regeneration and the production of CMP-NeuAc, suggesting that the regeneration of ATP could not be easily obtained by the endogenous pyruvate kinase or polyphosphate kinase.

Production of CMP-NeuAc using the recombinant E. coli as whole cell catalyst

Industrially, the use of whole cell enzyme is more advantageous than using free enzyme extract since harvested cells can be directly used without any additional steps. Thus, CMP-NeuAc production was performed using the recombinant whole cell under the optimum condition previously determined by using cell free extract. By incubating 25 mg (wet weight)/ml of the recombinant E. coli with 20 mM CMP, 40 mM ManNAc, 60 mM pyruvate, 1mM ATP and 80 mM acetyl phosphate in 200 mM Tris buffer (pH 8.0) containing 20 mM MgCl2, about 90% conversion yield of CMP-NeuAc could also be obtained like the case of using cell free extract, and cytidine produced from CMP by phosphatase activity was not nearly detected. 

Sialyltransferase catalyzed sialylation of disaccharide with in situ regeneration of CMP-NeuAc

The final purpose of the production of CMP-NeuAc is using it as a sialyl donor in sialyltransferase catalyzed sialylation. Although CMP-NeuAc can be utilized as substrate in the reaction after production and purification, a method regenerating CMP-NeuAc in situ suggested has been generally used in sialyltransferase catalyzed reactions in order to overcome product inhibition as well as cost problem. Thus, we investigated that the engineered E. coli could also be employed as an enzyme source for the in situ regeneration of CMP-NeuAc in sialyltransferase reaction. For this, a sialyltransferase catalyzed sialylation of N-acetyllactosamine (Gal(1,4)GlcNAc) was carried out by coupling the sialyltransferase reaction with the engineered E. coli catalyzed CMP-NeuAc production system using catalytic amount of CMP. About 90% conversion yield of sialyl-N-acetlyllactosamine could be obtained, indicating that regeneration of CMP-NeuAc was efficiently performed in the sialyltransferase catalyzed reaction.
Production of sialic acid from GlcNAc

Sialic acid is a precursor for neuraminidase inhibitors as well as for CMP-sialic. Thus, we tried the production of sialic acid from GlcNAc, more economical substrate than ManNAc. GlcNAc-2-epimerase and sialic acid aldolase were cloned into pET15b and pET24ma, respectively, and co-expressed in one E. coli. Using the extract of the E. coli as an enzyme source, we could obtain sialic acid by about 60% conversion yield from 100 mM GlcNAc, 200 mM pyruvate.
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Figure 1.Schematic diagram of


the reaction for the production


of CMP-NeuAc.
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