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A&tmct Syntheses of both title compounds have. been achieved on a multigram scak by erqmic +ksis. For 
muhiple use the enzymes were recovered by means of ukmfikration. S-Azido-neursminic acid was obtained by 
enzymic aIdol condensation star@ from Z-azido-Z-duxy-D-ma and pyruvic acid with N-acetyIneumminic 
acid al&&se. IsN-L-gIutamic acid was obtakd by reductive amination with glutamate dehydrogcnase and 
regeneration of the cofactor. For both stems optimization of reaction conditicns led to simplified downstream 
processing. HF’LC-amlysis was used to follow the reactions and to verify optical purity. 

Introduction 
Biotechnology offers a great potential for the synthesis of chiral compounds as drugs and pharmaceutical 

intermediates.1 Whole microorganisms as well as purified enzymes are used for the production of valuable 
products, even in industrial scale synthesis. 2 Both types of biocatalysts show specific advantages and 
disadvantages as discussed e1sewhere.u According to the high costs of some biocatalysts, their separation 

from products and reactants and subsequent reuse is a major goal. For isolated enzymes there are two main 
methods: immobiliition on an insoluble support by adsorption or covalent coupling,4 and membrane 
ultrafiltration of the medium with retention of the soluble biocatalyst, e.g. in an enzyme membrane reactor.3 
Both methods are used from bench scale up to large scale industrial syntheses. Enzymes immobilized on a 

support often show better stability than the soluble form and may be used in batch- or continuously operating 
processes. The major disadvantage is a loss of activity during the immobiition step and, in some cases, low 
volumetric activity of the immobilized biocatalyst. If soluble enzymes show sufficient operational stability in 
this form their application is advantageous as there are no mass transfer limitations. Recovery of the 
biocatalysts may be achieved by ultrafiltration membranes. For bench scale synthesis enclosure of enzymes in 
dialysis membranes has been described. 5 In this case mass transport across the membrane becomes rate 
limiting. 

Here we describe a method for multigram scale syntheses using soluble enzymes. They were recovered 

by means of ultrafiltration. The technique of repetitive batch synthesis has been proven to be very effective and 
easy to handle. Commercially available stirred ultrafiltration cells were used for this purpose. These cells and 
membranes are available from many suppliers e.g. Amicon, Filtron, Sartorius or Millipore, with vohunina 
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from 3 mL up to several litres.6 Fig. 1 shows the principle of this technique, which is described in the 
following: 

l filling of the cell with substrate and enzyme solution 
l reaction 
l pressurizing the cell with argon or nitrogen to remove the product solution by filtration; the retentate is 

concentrated to 5% to 10% of the initial volume; the enzymes are retained within the cell by an 
ultrafiltration membrane 

l addition of fresh substrate solution and repeating the cycle. 
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Figure 1: Principle of repetitive batch technique 

The major advantages of the repetitive batch technique are: 

l no enzyme immobilization with loss of activity 
l soluble enzymes canse no mass transfer limitations 
l repeated use of enzymes reduces costs 
l high volumetric activity possible to convert poor substrates at reasonable rates 
l easy supply with fresh enzyme 
l protein-free product solution 

After synthesis is finished the enzyme may be washed several times with an appropriate buffer and stored 
in a refrigerator or deep freezer for further use. 

Synthesis of S-azido-neuramm ’ ‘cacid 
Derivatives of N-acetylneuraminic acid (NeuSAc), the most common compound of a CI~SS of 

carbohydrates known as sialic acids, are valuable building blocks for the synthesis of non-natural 
oligosaccharides.7 They may act as enzyme inhibitors or influence biological recognition processes. A suitable 

’ access to NeuSAc and its derivatives is via enzymatic synthesis using N-acetylneurannn ic acid aldolase (E.C. 
4.1.3.3) henceforth abbreviated as ‘aldolase’. The aldolase catalyses the reversible condensation of pytuvate 
with N-acetylmannosamine. Variation of the carbohydrate gives an easy acces to Neu5Acderivatives.8 
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Here we describe the multigram synthesis of 5-ezido-3.5dideoxy-o-glycero-D-galacro-nonuloson 
acid 3 (5-azido-neuramini c acid) using the repetitive batch technique (scheme 1). The azido-group may be 
easily converted to the tiee amine and is therefore a valuable intermediate functionality. The first synthesis 
using immobilized aldolase has been described by Augt? et aLg 
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Scheme 1 

Z-Axido-2deoxy-n-mannose 1 was synthesized in high yield by treatment of tert-butyldimethylsilyl- 
3,4,6-tri-O-acetyl-2-axido-2deoxy~n-mannopyranoside1o with sodium methoxide followed by neutralisation 
with cation exchange resin. The silyl ether was cleaved by treatment with I-Wpyridine in THF.” The product 
was puritkd by flash-chromatography and was free of corresponding epimeric D-gluco derivative. 

Following the results of a detailed investigation of thermodynamic and kinetic properties of the reaction 
system for the synthesis of Neu5Ac the conditions for the synthesis of 3 were chosen accordingly.12 To 
determine conditions for achieving high conversion different concentrations of 1 and 2 were incubated together 
with aldolase. The change of concentrations during the reaction was followed by HPLC. In Fig. 2 conversion 
is shown as a function of reaction time. 

time / h 

Figure 2: Synthesis of 3 at different substrate concentrations. 0 100 mM 1, 400 I&I 2; 0300 mM 1. 
600 mM 2; A300 mM 1, 1200 mM 2; aldolase 4g/L. pH 7.5.25 “C. 
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As in other experiments using NeuSAc-aklolase no buffer, stabilirers or antibacterial agents were added. 
Especially buffer salts may be avoided as there is no pH-shift during the reaction. Furthermore. by omitting 
these compounds product isolation becomes easier. Increasing the overall substrate concentration the 
maximum conversion of 95% was obtained at only four-fold excess of pyrnvate at reaction times of about one 
day. 

For repetitive batch synthesis the highest substrate concentrations depicted in Fig. 2 were used. The 
reaction was performed in an ultrafiltration cell (max. volume 200 mL). After one day equilibrium conversion 
was achieved. The product solution was filtered off and fresh substrate solution was added. Seven batches were 
performed with the same enzyme yielding 700 mL product solution containing 60 g 3. The product was 
recovered by ion-exchange chromatography on Dowex 1x2, formate form, by isocratic elution with 1 M formic 
acid. Fractions contnining 3 were collected and lyophilised giving an overall yield of 80%. The product was 
identified by lH-NMR and mass spectrometry. The IR-spectrum shows the characteristic N3 absorption. 

Synthesis of lti-gIutamIe acid 
Glutamic acid is an imPortant amino acid residue in proteins and peptides and au important compound 

within the cell energy metabolism.b Isotope labelled glutamic acid may be useful for in viva NMR studies or 
studying reaction centers of biologically active proteins. Recently, methods for the syntheses of 13C- and lsN- 
Iabelled L-glutamic acid have been developed. l4 

Here we decribe the improved enzymic synthesis of 15N-L-glutamic acid 6 by reductive amination of 2- 
oxoglutaric acid 4 (2~xo~n~~oic acid, a-ketoglutaric acid) using glutamate dehydrogenase (GlDH, EC. 
1.4.1.3) applying the repetitive batch technique. Modifying the method used before, cofactor regeneration is 
done by formate dehydrogenase (FDH, E.C. 1.2. 1.2)15 (scheme 2), a well established method even for 
industrial scale syntbesis.3*16 By applying a high concentration of formate 7 the equilibrium of the reduction 
reaction is shifted towards the product side. 
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Hcoo- \ co, 
FDH 

7 

Scheme 2 

For optimization of the reaction conditions smali batch experiments were performed with non labelled 
material. Owing to wutradictonary data about the enzyme, reaction conditions were simplified by omitting 
buffer substances, ADP and Zn2+ -ions. During the reaction no pH-shift was observed due to the buffer 
capacity caused by the reactants. Therefore there is no need for additional buffer substances. ADP is reported 
to be an activator for glutamate oxidation. l7 Inhibition and activation are reported for Zn2 + . l7 No significant 
loss of activity for the repeated use of GlDH lead to the conclusion, that zinc must be bound firmly to the 
protein, if it is required for enzymatic activity. 

Some amino acids show quite low solubilities in water, especially at isoelectric pH. For glutamic acid, 
water solubility is given to be about 0.8 g/l00 mL at 25 “C (equivalent to 54 mM), the isoelectric pH to be 
3.2.t8 By increasi g n the concentration of 4 from 40 mM up to 200 mM the downstream processing is 
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simplified to a large extent. The enzymes are removed by ultrafiltration of the solution. By adjusting the pH to 
3.2 with concentrated hydrochloric acid and cooling 60% of formed 6 may be cristalbzed in a tirst step. 

Repeating this procedure after concentration of the remaining solution, most of the product is easily isolated in 
high purity. Ion-exchange work-up after the last cristallisation step is used to recover remaining 6. 

The concentrations finally used are su mmarized in table 1. For the labelled material a high conversion 
should be reached. Therefore no excess of ammonia 5 was used. 

Table 1: Concentrations used for the synthesis of 15N-L-glutamic acid 6: the reaction was performed at 
pH 8.0 and 25 “C. 

Compound Concentration 

2-oxoglutaric acid 4 200mM 
fiNH4C1 ‘5’ 2OOmM 
Na-formate ‘7’ 400mM 
NAD+ 1mM 
GlDH 20 u/mLa 
FDH 1 u/mLa 

____________________---- 

a units as defined in the data sheet 

Concentrations of 4 and 6 were determined by HPLC. Under these conditions equilibrium conversion of 
4 was found to be more than 95%; it was obtained after a reaction time of about four hours. Preparative scale 
synthesis was done in two series of batch experiments using two ultrafiltration cells with n maximum volume of 

200 mL and 50 mL, respectively. Altogether six large batches and seven small batches were performed with 
the same enzymes yielding 1400 mL product solution containing 37 g 6. To follow the reaction a small amount 
of the reaction mixture was put into a polarimeter and tbe change in optical rotation at 435 nm was recorded as 
depicted in Fig. 3 for five batches in the 200 mL cell. 
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Figure 3: Change in optical rotation during repeated synthesis of 6; measurement at 435 nm, 25 “C; 
reaction conditions as given in table 1. 
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As the optical rotation of amino acids is sensitive towards small variations in the pH of the solution the 
final value varies. The maximum value is reached after three to four hours. The filtration step requires the same 
time concentrating the solution to 5% to 10% of the initial vohune. The figure also shows that the productivity 
of the reaction may be increased to a large extent if tiltration and supplying with fresh substrate solution would 
be done as soon as possible. 

The slope of the curves increases after two hours indicating a substrate surplus inhibition of GlDH. Due 
to the quite large inhibition constant of 24 mM lg. batch experiments are possible using high substrate 
concentrations. With smaller inhibition constants low reaction velocities at high substrate concentrations 

would be obtained. In this case continuously operating systems like the enzyme membrane reactor turn out to 
be advantageous as they are operating at high conversion corresponding to low stationary substrate 
concentrations.m 

Crystallisation of the product at isoelectric pH yielded 33.7 g of 6 in three subsequent crops. From the 
remaining solution additional 2.4 g were obtained by ion-exchange chromatography, meaning an overall yield 

of 85% based on the labelled starting material. According to mass spectrometry the enrichment of nitrogen was 
98%. The optical purity was checked by HPLC (Pig.4) using precolumn derivatixation with ortho- 

phthalaldehyde and N-acetyl+cysteine. The optical purity of the glutamic acid derivative was found to be 
,99.5%. 

b 

S I I , 
30 LO 50 

retention time (min) 

Figure 4: Optical purity determination of OPA-NAC-derivative of glutamlc acid 6 by HPLC; a. analysis 
of a 70/30 mixture of L- and o-glutamic acid; b. optical purity of synthesized f5N-glutamic acid (,99.5%); 
conditions are given in experimental section. 
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As shown with these two examples, repetitive batch technique seems to be a feasible method for 
multigram enxymic syntheses avoiding additional expenditure on immobiixing the enzymes. The mquired 
apparatus is reasonably cheap and easy to handle. The method may be scaled up, limited only by the amount of 
enzyme or substrate available. Larger volumlne may be handled using membrane stacks in ultratlltration 
moduls possesing a large f&ration area. 

Furthermore some simple aspects for the optimization of reaction conditions were demonstrated. The 
major goal in each case was to simplify downstream processing. For 3 this was reached by reducing the 
required excess of 2 and by increasin g the overall substrate concemration. Increasing the substrate 
concentration above product solubility at isoelectric pH, the major part of formed 6 has simply been isolated by 
precipitation. Buffers are often used in enxymic synthesis, but may be omitted to slmpllfy product isolation if 
they have no stabii effect on the enzyme. 

The biocatalyst consumption per unit weight of product, most often given as units (II) per kg product 
formed, is important for the evaluation of the process. By detalled thermodynamic and klnetlc investigations 
this figure may be reduced to a large extent. For the synthesis of 3 18f)OOO U aldolase per kg were consumed, 6 
required 27200 U GlDH and 1400 U FDH per kg product formed. Especially for the latter process these values 
may be reduced by applying lower enzyme concentrations or higher substrate concentration. 

For the synthesis of 6 it is also shown that cofactor regeneration is not a problem preventing cost 
reduction for reactions catalyxed by dehydrogenase&. Applying a relatively high cofactor concentration of 
1 mM a low cycle number of 200 was reached. Table 2 shows estimated costs for the synthesis of one mo16 
based on the conditions used here, which are not optimized to achieve lowest costs. By optimization of 
reaction conditions cycle numbers up to 6ooooo and enzyme consumptions less than 1000 U per kg product are 
possible.3 

Table 2: Estimated costs (chemicals and enzymes) for synthesis of 1 mol IsN-L-glutamic acid 6 (148 
g/mol) based on 85% yield 

Compound costs 

2axoglutaric acid 4 (1 mol) 
14NH4C1 ‘5’ (1 mol) 
15NI-14c1 ‘5’ (1 mol) 
Na-formate ‘7’ (2 mol) 
NAD+ (5 mmol. cycle number 200) 
GlDH (4000 U) 
FDHW)u) 
NADH (1 mol. no regeneration) 

____________________---- 

a SIGMA, b ICON. ’ Bechriuger 

62 
6 

4 
145 
94 

241 
86060 

DW 
DMa 
DMb 
DMa 
DMa 
DW 
DIW 
DMa 

JXxpfrimentai 
General. Chemicals were purchased from FLUKA. Buchs, or SIGMA, Deisenbofen. otherwise 

indicated. tiNH4Cl (98%) was obtained from ICON (Services Inc.). NAD+, f?ee acid, was obtained from 
Merck, Darmstadt. All chemicals used were of the highest purity available. 
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Concentrations were deteti& by HPLC. Conditions for 1, 2,3,4 and 7: BiuRad Aminex HPX-87H 
cohzmn, efuent 6 mM sulfuric acid, 65 “C, 0.8 mUmin, phutometric dete&un at 205 nm, Cunditiuns fur 6: 
Supeqher RP 18 column, CS, Langerwehe, buffer A: 11 mM phosphate, pH 7.2,0.5% YIYHF, buffer B: 50% 
11 mM phosphate pH 7.2, 35% methanol, 15% acetonitrile, gradient 50% A to 100% B within IO min., 
O,9 mI.,/min, 40 “C, precolumn derivatisation with ~&.qhthakklehyde, exitation/emisasion wavelengths 
330/450 nm. 

Conditions for determination of optical puri@ of 6: RP C 18 Spherisorb UDS-2 (S pm) Pharmacia 
cufumn (25Ux4mm), buff&r A: 3U rriM sudium acetate pH 4. buffer B: 50% 30 mM sodium mte pH 7.6,50% 
acetonitrifc, gradient 5% B tu 20% I3 witftin 60 rnin, 0,4 mL/min, 25 “C, prrxofumn derivatiaation with or&- 
phtimlaldehyde and !V-acetyk-cysteine, exitationknisssion wavelengths 36Q/405 nm. 

NADH was estimated photometrically at 340 nm using 0.1 or 1 cm cuvettes (E 6220 moY(L*cm)). 
Isotopic enrichment of the di-n-butyl-N-trifluaroacetyl derivative of 6 was measure?b with a Figan 

MAT 900 mass spectrometer @I, 70 eV). 

Emymss, NeuSAc-aIdulase (1E.C. 4.1s3.3, E. c&j was pmhsed fmrn Toy&w, Osaka, fqxm, 
respectively from the European distributor Seppim, Sees, France. GZutarmte deydro~nlrse @X-I, E.C. 
1.4.1.3, bovine liver) was purchased from SIGMA as solution in 50% glycerol, lyaphilized formate 
dehydrogenase (FDH, E.C. 1.2.1.2, Candida boidinii) WBS from k&ringer, Mannheirn. 

Synthesis s-f 2-tz&kG-c&~xy-~-~~~ 1. f~~-Buty~ddime~y~sily~-J,4,6-tri-O-actt2~xy- 
~-~-~~~~USj~~Q was treated wioh sodium methuxide followed by neutralisrrtion with ttcidic im 

exchange resin @owex 5OWxg). The anomeric silyi ether was cleaved by treatment with HlVpyridine in THF 
at 0 “C (85% yield). 1 was purified by flash-chromatography using chlamform/methanol(7:7: I v/v) as eluent , 
The product was free of corresponding epimeric D-gluco derivative, The lH-NMR data (23 UNCZ) agreed with 
hose reported in reference.22 [a]~-,~ = -32.0 (c = 0.5, methanol), lit. -36.4 (c = 1.1, mtimol),” The IR- 
spectrum shows the characteristic N3 absorption at 2103 cm-l. 

Synrksis of S-azidu~3,~-_d-~-~~~~~~~-~-~~~~~r~-~~~~~~u~’~ acid 3 f&r&i.o-~wm~~~c acid). 
90 16 of a solution containing 6.15 g 1 and 10.56 g 2, sodium salt, is plaid in an stirred ukafiitration cell 
(Amicon, Model 202 respectively 8200, equipped with a membrane YM 5, cutoff 5 ,ooO g/m& after having the 
pH adjusted to 7,s with diluted NaOH. 400 mg of aldolasc (spezific activtity 23 U/mg)= are solubiked in 
10 mL deionized water and added to the reaction satution (final concentrations: enzyme 4 g/L, f 300 mM, 
2 I200 mM). To follow the reaction samples arc wMdmwn at appropriate tke intenrats and analysed by 
HPLC. After 24 hours at 25 “C equilibrium conversion is reached (95% bat+& on 1). The solutiun contain@ 
product and non-reacted substrates is separated from the enzyme by pressurizing the fiftration cell with argan 
or nitrogen. The retentate is concentrated to 10 I&. SK) mL fresh substrate solution containing 1 and 2 in the 
mm concentrations is added to the remaining solution in the filtration cell and treated as the tit batch. Seven 
batches yielding 700 mL product solution containing 290 r&I 3 were performed, To recover the product 
100 mL of tile soIution are applied to an column (5x50 cm) with Dowex 1x2,2OO-4OO mesh, furmate form. 
Remaining 1 is removed by washing with water. 3 and 2 are &ted isocraticaLly with Z M formic acid. 
Fractions containing 3 are colkcted and fyophilised. Traces of furmic acid anz x-emuved by dissufving 3 in a 
small amount of water and lyophilising a second time to give a white powder. After purification 85% of the 
product are recovered, giving an overall yield of 80%, The lH-NMR data (580 MHz, D#) agreed with those 
reported in referenceTg From the signal intensity the anomeric ratio a:@ was estimated to be 1:9, The IR- 
spectrum (nujo1) shows the characteristic N3 absorption at 2100 cm -I. [M-H] + was found at 292 m/z (FAB- 
MS), [alDm = -62.2 (c = 0.66, H20), lit, -54.8 (c = 5).% 



Enzymic synthesis of 5-azido-neuraminic acid 1201 

Synthesis of %L-&tamic acid 6. Only the proccdurc for the synthesis using the large ultrafiltration cell 

(Amicon, Model 202 respectiviely 8200, equipped with a membrane YM 5. cutoff 5,080 gAuo1) is described, 
which is the same as tbr the smaller cell (Amicon, Model 8050, equipped with a membrane YM 5, cutoff 
5,000 g/mol). 1450 mL substrate solution containing 200 mM 4 (6ee acid), 200 mM 15NH4C1 (‘5’) and 
400 r&l Na-formate (‘7’) were prepared. The pH was adjusted to 8.0 using NaOH. 190 mL of the solution 
were placed into the stirred ultrat?hration cell. 133 mg NAD +, free acid, 300 mg FDH (0.6 U/mg) and 1 mL 
GlDH solution (3900 U/mL) were added. After mixing 1 mL of this solution was placed into a polarimeter 
cuvette and the change of the optical rotation was recorded using a Perkin-EImer 241 polarimeter. The 
ultrafiltration cell was kept at 25 “C. When a steady state for the optical rotation was reached, samples were 
withdrawn for HPLC analysis. By pressurizing the ultrafihration cell with argon the solution containing 
product and non-reacted substrates is separated from the enzymes. The retentate is concentrated to 10 mL. 180 
mL fresh substrate solution and 133 mg NAD+ are added to the remaining solution in the filtration cell and 
treated as the first batch. Six large batches and seven small batches were performed yielding 1400 mL product 
solution containing 37 g 6 accotding to HPLC analysis. Each of the seperate. batches were acidified with 
concentrated hydrochloric acid and cooled overnight at 4 “C. The crystalhne precipitates were filtered off and 
washed with cold water yielding 22.7 g of 6. The residual filtrates were combined and concentrated until some 
precipitation occurs. The solids were redissolved by adding some water and the procedure of acidification was 
repeated. A second and thitd crop of 8.9 g and 2.7 g. respectively, were obtained. The remaining liquid was 
passed through a column (4x25 cm) packed with Dowex 1x8 ion-exchange resin, formate form. After washing 
with water, 6 was eluted with 1 M formic acid. Repetitive lyophihsation yielded another 2.4 g. resulting in a 
total quantity of 36.7 g 6 (86% yield). lH-NMR (200 MHz.NaOD/DZO) and UC-NMR (50.1 MHz, 
NaOD/D20) data were in agreement with the literature.14 The presence of fiN-isotope is shown by the 
splitting of C2-signal (56.5 ppm) in the UC-NMR spectrum (lJ(“N-%) 4 Hz). MS analysis (EI, 70 eV) of 
the di-n-butyl-N-trifluoroacetyl derivative of 6 gives the characteristic signals14, each one mass unit more than 
in the spectrum of natural abundant 6: m/z 283 (20%), 255 (lOO%), 199 (90%), 181 (80%), 153 (65%). The 
enrichment of nitrogen was determined as 98%. The optical purity was determined by HPLC as being k99.546. 
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