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UB-CARDEX 

1. Bij afwezigheid van gegevens omtrent de evenwichtsligging van enzym-gekatalyseerde 
reacties is optimalisatie van de reactiecondities niet erg zinvol. 

Dit proefschrift. 

2. De door Visscher en Taylor beschreven kwantitatieve omzetting van mercaptoappelzuur 
in fumaarzuur door celextracten van Rhodopseudomonas sp. is in tegenspraak met de 
ligging van het evenwicht van deze reactie en het niet ophopen van L-appelzuur door het 
aanwezige fumarase. 

Visscher, P.T. and B.F. Taylor. 1993. Organic thiols as organolithotrophic substrates for growth of 
phototrophic bacteria. Appl. Environ. Microbiol. 59, 93-96. 
Vairavamurthy, A. and Mopper, K. 1987. Geochemical formation of organosulphur compounds (thiols) 
by addition of H2S to sedimentary organic matter. Nature 329, 623-625. 

3. De door D'cunha et al. beschreven omzetting van de methylester van kaneelzuur door 
phenylalanine ammonia-lyase uit hele cellen van Rhodotorula glutinis is in tegenspraak 
met het reactiemechanisme van dit enzym en is waarschijnlijk het gevolg van de 
aanwezigheid van esterase-activiteit in dit micro-organisme. 

D'cunha, G.B., Satyanarayan, V. and P.M. Nair. 1994. Novel direct synthesis of L-phenylalanine 
methyl ester by using Rhodotorula glutinis phenylalanine ammonia-lyase in an organic-aqueous biphasic 
system. Enzyme Microb. Technol. 16, 318-322. 
Hermes, J.D., Weiss, P.M. and Geland, W.W. 1985. Use of Nitrogen-15 and deuterium isotope effects 
to determine the chemical mechanism of phenylalanine ammonia-lyase. Biochemistry 24, 2959-2967. 

4. De activatie-energie voor L-serine dehydratase wordt door Farais et al. ten onrechte 
gelijkgesteld aan de Gibbs-vrije-energie van activering (AC). 

Farais, M.E., Strasser de Saad, A.M., Pesce de Ruiz Holgado, A.A. and G. Oliver. 1988. 
Characterization of a L-serine dehydratase activity from Streptococcus faecalis. Le Lait 68, 177-188. 

5. Om verzekerd te zijn van een continue stroom van publikaties dient het aanbeveling om 
de afbraak van, telkens een andere, gesubstitueerd polycyclische aromatische verbinding 
door, telkens een andere, wit-rot schimmel te bestuderen. 



6. Een grote tijdsspanne tussen publikatie en acceptatie van wetenschappelijke artikelen 
remt de voortgang van de wetenschap. 

7. Sportlieden die zich voor meer dan 100% kunnen inzetten, bezitten bovenmenselijke 
gaven. 

8. De "kracht" van Omo Power ligt niet alleen in de marketing. 

9. De media besteden vaak onevenredig veel aandacht aan hun interne aangelegenheden. 

10. Geboortenbeperking is op de lange termijn de meest effectieve milieumaatregel. 

11. Als je werk je hobby niet is, kun je beter geen A.I.O. worden. 

Stellingen behorende bij het proefschrift "Production of D-malate by maleate hydratase 
from Pseudomonas pseudoalcaligenes". 

Mariët J. van der Werf 
Wageningen, 19 oktober 1994 
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CHAPTER 1 

GENERAL INTRODUCTION 

D-MALATE: APPLICATIONS AND SYNTHESIS 

D-Malate is an optically active a-hydroxy acid that only sporadically occurs in nature 
where it has been detected recently for the first time in the plant Fumaria officinalis (17). 
The opposite enantiomer of D-malate, L-malate, is considered the naturally occurring isomer 
(59). However, in the past the enantiomeric composition of the malate present in natural 
sources was usually not established. Apples, pears and grapes, however, only contain the L 
enantiomer of malate (14). The detection of D-malate in juices of these fruits is therefore a 
convenient method to determine if any DL-malic acid has been added to adulterate the juice 
(14). Since babies are not able to convert D-malic acid, which may lead to a watery motion, 
it is not allowed to add DL-malic acid to food for infants (23). Several properties of D-malate 
are listed in Table 1. 

Table 1. Properties of D-malic acid 

Other names 

Structural formula 

(/?)-(+)-Malic acid, (Ä)-hydroxysuccinic acid, 
(/?)-2-hydroxybutanedioic acid 

OH 

HOOC 
COOH 

Molecular formula 
Molecular weight 
Melting point 
Density 
Dissociation constant 

Mr.20 

Safety 
Taste (sodium salt) 

ptfa, 
pfCsLz 

C,H605 

134.09 g-mot' 
98-102°C 
1.601 kgm'3 

3.40 
5.11 
+27° (c=3, H20) 
Harmful by inhalation and if swallowed 
Tasteless (24) (L enantiomer tastes salt) 
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Figure 1. Number of publications (from Chemical Abstracts) during the last 20 years using D-malic acid in 
organic synthesis. The different application areas in which the D-malic acid was used are indicated. 

APPLICATIONS OF D-MALATE IN ORGANIC CHEMISTRY 

D-Malate is becoming a valuable source of chirality for various applications, and in recent 
years an increase in the number of publications on its application in organic chemistry has 
been observed (Fig. 1). Many of these publications are in the patent literature, indicating the 
industrial importance of the compound. The three major areas for the use of D-malate in 
organic chemistry are discussed below. 

Application of D-malic acid as a chiral synthon 
Optically active malic acid is a versatile chiral synthon (building block for organic 

syntheses) in the synthesis of various important compounds (13,41). In this area, this hydroxy 
acid is especially useful as it is available in both enantiomeric forms. D-Malic acid is, 
however, not as readily available as the natural occurring L enantiomer (51) and, 
consequently, is much more expensive (55). Therefore, many more syntheses starting with 
L-malic acid rather than with D-malic acid have been described. However, the procedures as 
described for L-malic acid in the synthesis of enantiomerically pure compounds are also 
applicable to D-malic acid and will result in the opposite enantiomer of the product (41). 

Malic acid is not the most optimal chiral synthon as it lacks highly electrophilic centres 
(41). However, malic acid can easily be converted into several other chiral compounds which 
subsequently can be used readily as synthons (41). The strategies which have most frequently 
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Figure 2. Most frequently used initial transformation steps of D-malic acid in organic synthesis. A, D-Malic 
anhydride; B, D-malic acid 1-mono ester; C, (Ä)-3-hydroxy-4-butyrolactone;D, (/?)-2-hydroxy-4-butyrolactone; 
E, D-malic acid 4-mono ester; F, D-malate diester; G, D-3,3-dialkyl-maIate diester; H, (Ä)-l,2-epoxy-4-halo-
butane; I, y?)-l-alkyl-3-hydroxy-2,5-pyrrolidinedione;J, (R)-l-alkyl-4-hydroxy-2-pyrrolidinone;K, (Ä)-l-alkyl-
3-pyrrolidinol; L, (R)-l,2,4-butanetriol; M, (J?)-2-aIkyl-4-hydroxymethyl-l,3-dioxane; N, (S)-l,3-butanediol; 
O, (K)-2,2-dialkyl-l,3-dioxolane-4-ethanol;P, (K)-3-hydroxy-tetrahydrofuran. a: 1 step (19,28,38,47); b: 1 step 
(19,28,47); c: 1 step (19); d: 2 steps (47); e: 2 steps (9); f: 1 step; g: 2 steps (mono alkylering) or 4 steps 
(dialkylering)(58); h: 6 steps (21,42); i: 1 step (48); j : 5 steps (2); k: 1 step (48); 1: 1 step (20,7); m: 1 step 
(20); n: 3 steps (22); o: 1 step (7,31); p: 1 step (53). 
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been adopted for the further conversion of D-malic acid are illustrated in Fig. 2. The 
C4-synthons formed in this way can be used for the synthesis of various chiral 
pharmaceuticals (2,6,7,47,48), antibiotics (28,54), D- and L-carnitine (9,38), the pheromone 
(S)-ipsdienol (31) and the vitamin (Ä)-pantothenic acid (58). D-Malic acid has also been used 
in the synthesis of many natural compounds (1,37,43,44,49,57) to establish the 
stereochemistry of these compounds. 

Application of D-malic acid as a resolving agent 
D-Malic acid is also used as a resolving agent for the resolution of racemic bases by 

diastereomeric salt formation. Diastereomeric salt formation is based on the interaction of 
a racemic product with an optically active compound (resolving agent), to give two 
diastereomeric salts. These diastereomeric salts have different physical properties and, 
consequently, can be separated in a number of ways, e.g. by crystallization (8). Resolutions 
in which D-malic acid is used as a resolving agent are the resolution of a neuroleptic (11) and 
of a muscle relaxant (45). 

Application of D-malic acid as a ligand in asymmetric synthesis 
The last application area for D-malic acid in organic synthesis is to use it as a ligand 

(chiral catalyst) in asymmetric synthesis to enhance the stereospecificity of the reaction. Due 
to the interaction of D-malic acid with the catalyst(s) and/or the substrate(s), the enantiomeric 
purity of the product can be enhanced. Illustrative examples of the use of D-malic acid as a 
ligand are found in asymmetric hydrogénation (18,52). However, the products formed in 
these studies had only moderate optical purities (18,52). 

PRODUCTION OF D-MALATE 

In contrast to L-malic acid, which is made biocatalytically from fumarate with the enzyme 
fumarase (51), D-malic acid is not easily prepared. Several ways to produce D-malate have 
been described. In this paragraph an overview is given on chemical, physical and 
bio(techno)logical ways to produce D-malate. 

Chemical D-malate production 
In literature, several ways to chemically produce D-malate have been described (Table 2). 

The classical route is from (2Ä,3R)-tartaric acid (41), a compound of the chiral pool (i.e. 
relatively inexpensive, readily available optically active natural products). (2fl,3/?)-Tartaric 
acid is the 'natural' stereoisomer of tartaric acid and is a waste product of wineries (41). Six 
different ways to chemically transform (2/?,3/?)-tartaric acid into D-malate of high 
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Table 2. Chemical and physical methods to produce D-malate 

Starting compound(s) 
Asymmetric catalyst/ 
Resolving agent 

Chemical D-malate production 

Chiral-vool approach: 

(2K,3/0-Tartaric acid 
(2Ä,3Ä)-Tartaric acid 
(2fl,3fl)-Tartaric acid 
(2/?,3K)-Tartaric acid 
(2/J,3/?)-Tartaric acid 
(2Ä,3Ä)-Tartaric acid 
(+)-Phyllodulcin 
D-Aspartic acid 

Asymmetric synthesis: 

Ketene and chloral 
Epoxysuccinate 

Quinine 
Rhodium catalysts 

Physical D-malate production 

Optical resolution: 

Malonic acid and chloral 
DL-Malic acid 
DL-Malic acid 

DL-Malic acid 

Quinine 
(5)-(-)-1 -Phenylethy lamine 
(-)-1 -(Isopropylpheny 1)-
ethylamine 
Propy Iammonium-(+)-malate 

Steps 

3 
4 
4 
3 
2 
4 
1 
1 

3 
1 

3 
1 

1 
1 

Molar 
yield 
(96) 

48 
42 
47 
56 
67 
55 

85 

79 
62 

<22 
13 

16 

Enantiomeric 
purity 

(%) 

>98 
>95 
>95 
>98 
pure 
pure 
>98 
>96 

89 
<81 

>98 
>98 

97 
95 

Product" 

E 
E 
E 
E 
E 
E 
A 
A 

A 
A 

A 
A 

A 
A 

Refs 

15 
22,41 
22,41 
12 
3 
16 
4 
19,25 

60 
10 

27 
43 

39 
46 

' A, free acid; E, diester of D-malate. 

enantiomeric purity have been described (Table 2). D-Malate can also be synthesized from 
the more expensive optically active compounds D-aspartic acid and the natural product (+)-
phyllodulcin (Table 2). 

Another approach to produce D-malic acid chemically is by asymmetric synthesis. In this 
case a prochiral compound is converted into optically active D-malate. Two different methods 
to produce D-malate using the asymmetric synthesis approach have been described in 
literature (Table 2). The asymmetric synthesis of D-malate from ketene and chloral using 
quinine as the asymmetric catalyst (60) has been commercialized by Lonza (Basel, 
Switzerland)(50,55). 

D-Malate production by physical resolution 
D-Malate can be produced by enantioselective crystallization of the diastereomeric salts, 

formed in the presence of a chiral resolving agent, by making use of the different physical 
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properties of opposite diastereomeric salts. Four different optically active amines have been 
described in literature for the separation of D-malic acid from DL-malic acid (Table 2). 

Bio(techno)logicaI D-malate production 
The bio(techno)logical production of D-malate has only recently been investigated: all 

publications have appeared after 1990 (Table 3). D-Malate can be produced either 
microbiologically or enzymatically. 

Microbiologically, D-malate can be produced by using a microorganism which only 
metabolizes L-malate. When such a microorganism is grown on DL-malate, the L enantiomer 
is consumed leaving optically pure D-malate in the culture broth. Several microorganisms 
used for the production of D-malate in this way have been described (26,29,30)(Table 3). 
Disadvantages of this microbiological method are the fact that high substrate concentrations 

Table 3. Bio(techno)logical methods to produce D-malate 

Biocatalyst 
Product Molar Enantiomeric 

concentration yield purity Product* Refs 

(g/1) (%) (%) 

Microbiological D-malate production 

Stereoselective assimilation 

Pseudomonas putida 
Acinetobacter Iwqffi 

Enzymatic D-malate production 

Enzymatic resolution 

5 
35 

49 
35 

99.8 
100 

A 
À 

26 
29,30,35 

Pig liver esterase 
Rhizopus lipase 

Asymmetric synthesis 

a. Stereospecific reduction 

Lactobacillus ferment urn 

b. Stereospecific addition 

Arthrobacter globiformis 
Pseudomonas fluorescens 
Providencia stuarti 
Ustilago sphaerogena 
Arthrobacter sp. 
Pseudomonas pseudoalcaligenes 

1.7 
4 

1.2 

5 
6.9 
9.1 

41 
87 

215 

42 
20 

58 

50 
69 
78.8 
49.6 
72 
99.4 

96.5 
>98 

90 

90.5 
99.5 

100 
99.6 

100 
99.96 

E 
E 

E 

A 
A 
A 
A 
A 
A 

40 
56 

40 

33 
36 
34 
32 
5,61 
This thesis 

A, free acid; E, diester of D-malate. 
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severely hamper the growth of the microorganism and the fact that besides D-malate also 
huge amounts of biomass are produced. 

Enzymatic methods to produce D-malate comprise both enantiomeric resolution and 
asymmetric synthesis approaches (Table 3). Enzymatic resolution of the diester of malate can 
be achieved using lipases or esterases, resulting in the transformation of one of the isomers 
to the mono-ester-mono-acid (40,56). The enantiospecific reduction of prochiral diethyl 
oxalacetate can be used to produce the diethyl ester of D-malate (40). The most recently 
described biotechnological approach for the production of D-malate involves the stereospecific 
addition of water to maleate thus forming D-malate (Table 3). 

Comparison of the different D-malate synthesis methods 
Chemical, physical and bio(techno)logical methods can be used to produce D-malate (Table 

2 and 3). The chiral pool approach and physical resolution generally result in D-malate of 
high (>95%) optical purity. However, with chemical asymmetric synthesis, D-malate with 
an enantiomeric purity of only 80-90% was produced (Table 2). The yields obtained with 
both chemical and physical methods are, however, quite low (—50%). This is generally due 
to the fact that more than one reaction step is required to produce D-malate. 

The bio(techno)logical routes also result in D-malate of high optical purity, but the yield 
depends very much on the method used (Table 3). While the bio(techno)logical production 
of D-malate by means of resolution and stereoselective assimilation have maximal yields of 
only 50%, the production of D-malate by means of enantiospecific reduction or 
enantiospecific addition can, theoretically, result in a yield of 100%. However, when 
D-malate is produced by means of enantiospecific reduction, cofactor recycling is required, 
making the process very complex. 

Therefore, the production of D-malate using maleate hydratase seems to be the most 
promising method. The substrate, maleate, is a cheap bulk chemical which is presently used 
in the production of polyester resins. It is converted into D-malate in a simple one step 
bioconversion. This process does not require cofactor regeneration and the theoretical yield 
of the reaction is 100% while the enantiomeric purity of hydroxy acids produced by 
hydratases is generally 100%. 

OUTLINE OF THIS THESIS 

In this thesis, several aspects of the conversion of maleate into D-malate catalyzed by 
maleate hydratase (malease; EC 4.2.1.31) are described. Malease belongs to the enzyme 
class of the lyases (EC 4). Lyases are enzymes catalyzing addition and, reversibly, 
elimination reactions. These enzymes are potentially very interesting for the production of 
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optically pure compounds as they do not require cofactor recycling, show an absolute 
stereochemistry, and have a theoretical yield of 100%. Until now, however, not many of 
these enzymes have been studied for their capability to produce optically active compounds. 
Chapter 2 gives an overview of lyase-catalyzed reactions. 

In Chapter 3 the screening of over 300 microorganisms for the presence of malease is 
described. Pseudomonas pseudoalcaligenes NCIMB 9867 was selected as the best biocatalyst. 
The optimal growth substrate for the induction of malease activity in this microorganism has 
been determined (Chapter 4). Subsequently, malease from P. pseudoalcaligenes was purified 
and characterized, especially in relation to cofactor dependency and substrate specificity 
(Chapter 5). To be able to determine the effect of pH and temperature on the maximal yield 
of this hydration reaction, the thermodynamic constants of the maleate hydration reaction 
were determined (Chapter 6). As P. pseudoalcaligenes probably lacks a transport mechanism 
for maleate (Chapter 3) cells need to be permeabilized to be able to use them for the 
conversion of maleate into D-malate (Chapter 7). The effect of the maleate counter-ion on 
the malease activity and substrate and product inhibition were studied (Chapter 8) in relation 
to the conversion of high concentrations of maleate. Ca2+ was the best counter-ion resulting 
in the formation of a crystal-liquid two-phase system. This crystal-liquid two-phase system 
was used to convert 1 kilogram of maleate into D-malate (Chapter 9). Finally, in Chapter 10, 
the production of D-malate with malease from P. pseudoalcaligenes is compared with other 
malease containing biocatalysts. 
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CHAPTER 2 

THE POTENTIAL OF LYASES 
FOR THE INDUSTRIAL PRODUCTION 
OF OPTICALLY ACTIVE COMPOUNDS 

Mariët J. van der Werf, Will J.J. van den Tweel, Johan Kamphuis, 
Sybe Hartmans and Jan A.M. de Bont 

SUMMARY 

Lyases catalyze the cleavage of C-C, C-N, C-0 and other bonds by elimination to produce 
double bonds or, conversely, catalyze the addition of groups to double bonds. These enzymes 
do not require cofactor recycling, show an absolute stereospecificity and can give a 
theoretical yield of 100% compared with only 50% for enantiomeric resolutions. Lyases are 
therefore attracting considerable interest as biocatalysts for the production of optically active 
compounds, and have already found application in several large commercial processes. 

Published in: Trends in Biotechnology (1994) 12, 95-103 



Chapter 2 

INTRODUCTION 

The dramatic variation in biological activity that enantiomers of a chiral compound can 
display is of key importance to the pharmaceutical, agrochemical and food industries (13). 
For example, the presence of the 'wrong' stereoisomer in a preparation of a chiral 
pharmaceutical compound can have severe adverse effects on patients or, in the case of a 
chiral agrochemical, may cause an additional environmental load (8). To obtain approval for 
new chiral drugs, pharmaceutical companies are required to determine the effects of all 
stereoisomers present, and any stereoisomers without the requisite function are considered 
as impurities (8,53). Therefore, a (cheap) source of optically pure compounds is of prime 
importance, especially for the pharmaceutical industry. 

Most optically active compounds can be produced by chemical synthesis, biocatalytically, 
by a combination of both these approaches, or by extraction from plant material. However, 
the biocatalytic route has several advantages. Biocatalysts operate under mild reaction 
conditions, and they are also reactionspecific, regiospecific and stereospecific, thus yielding 
fewer side-products than more conventional routes - an important environmental 
consideration. 

Almost all classes of enzymes have been investigated for their potential to synthesize 
optically active compounds, and enzymes such as transferases, hydrolases and lyases which, 
fortuitously, do not require (expensive) cofactors, have been found to be particularly suitable 
for the commercial production of optically active compounds. 

Lyases catalyze the cleavage of C-C, C-N, C-0 and other bonds to yield double bonds, 
and also catalyze the addition of groups to double bonds (see Box 1). However, the use of 
lyases to produce optically active compounds has attracted relatively little attention from the 
scientific community, in comparison with the extensive work carried out on hydrolytic 
enzymes (54), despite the fact that some of the oldest, large-scale commercialized biocatalytic 
processes exploit lyases (Table 1). 

In recent years, several lyases (aldolases, oxynitrilases, acyloin condensing enzymes) have 
attracted renewed attention because of their (bio)synthetic and stereoselective versatility. This 
review considers the reactions catalyzed by lyases and discusses the properties of these 
enzymes, placing emphasis on their stereospecificity. 

Lyase catalyzed reactions 
Over 300 lyase enzymes, catalyzing a wide variety of reactions, have been described (45). 

However, the majority of lyases may be classified according to the broad types of reactions 
catalyzed (see below). 

Addition to -C=C- bonds 
The addition of water or ammonia to a carbon-carbon double bond is catalyzed by 
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Chapter 2 

hydratases and ammonia-lyases, respectively. Over 100 different hydratases have been 
identified; however, fewer than ten ammonia-lyases have been described. These enzymes can 
be used to transform steroids (24), fatty acids (72), terpenoids (7), hydroxy acids (12,64) and 
amino acids (11), and several hydratase- and ammonia-lyase-catalyzed conversions have been 
commercialized (Table 1). 

Carbon-carbon bond-forming reactions 
It is rather difficult to control the stereochemistry in the synthesis of carbon-carbon bonds 

using a chemical-synthesis approach. However, some lyases catalyze this reaction very 
efficiently and, therefore, are attracting quite a lot of attention from organic chemists. 

Acyloin condensation 
The acyloin-condensation reaction involves the condensation of two aldehydes to yield a-

hydroxy ketones (acyloins) (Fig. la), which are versatile synthons (starting compounds for 
synthesis) for the fine-chemicals industry (15). Several lyases dependent on thiamine 
pyrophosphate (TPP) and divalent metal ions; for example, propioin synthase (42) and 
acetohydroxy synthase (25), catalyze acyloin-condensation reactions. Two other lyases, 
pyruvate decarboxylase (5) and benzoylformate decarboxylase (67), which are TPP-dependent 
2-oxo acid decarboxylases, are able to catalyze the acyloin condensation reaction as a side-
reaction. 

The industrial synthesis of L-ephedrine has used yeast pyruvate decarboxylase to catalyze 
the condensation of benzaldehyde and acetaldehyde to form (7?)-phenylacetylcarbinol, the first 
step in the formation of L-ephedrine, since the 1930s. This industrial process was one of the 
first to combine microbiological and chemical syntheses to produce optically active 
compounds. Yeast pyruvate decarboxylase can also catalyze the formation of several other 
aromatic and aliphatic aldehydes with 'active' (i.e. bound to cofactor) formaldehyde, 
acetaldehyde, propionaldehyde or butyraldehyde (23,36). 

Cyanohydrin formation 
Oxynitrilases (a-hydroxynitrile lyases) catalyze the addition of hydrogen cyanide to an 

aldehyde or a ketone to form a cyanohydrin (Fig. lb). Both (R)- and (5)-oxynitrilases have 
been described (55), and can be used to produce a large variety of optically pure 
cyanohydrins (37,55). However, there are two problems associated with the enzymic 
formation of cyanohydrins: (i) the competing, nonspecific chemical addition of cyanide to 
aldehydes; and (ii) racemization of the product in aqueous buffer. Recently, workers at 
Solvay Duphar (Weesp, The Netherlands) have overcome these problems by using an organic 
two-phase system, and have introduced the first optically pure cyanohydrins produced with 
oxynitrilases onto the market (37). 
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a. Acyloin condensation 
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Figure 1. Reactions catalyzed by lyases that form carbon-carbon bonds. 

Aldol condensation 
The reversible aldol condensation reaction involves attack by the deprotonated a-carbon 

atom of an aldehyde or ketone on the carbonyl carbon of another aldehyde or ketone, 
resulting in a ß-hydroxyaldehyde or a /3-hydroxyketone (Fig lc). This reaction is catalyzed 
by aldolases, which are involved in the degradation or transformation of sugars, amino acids 
and aromatic compounds. Over the past decade, these enzymes have attracted attention from 
organic chemists, particularly for the production of unusual sugars (69), which are of interest 
for the pharmaceutical and food industries (e.g. as non-nutrient substituents, sweeteners), and 
certain amino acids. 

To date, more than 30 aldolases have been described; however, the substrate specificity 
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of only a few of these enzymes has been studied extensively. In general, aldolases have a 
restricted substrate specificity for the nucleophile, but show a broad acceptance of the 
electrophilic aldehyde (59). Currently, aldolase-catalyzed production of sugars and amino 
acids is performed on a small (gram to kilogram) scale. 

Claisen-type condensation 
Enzymes catalyzing condensation reactions in which the nucleophile is the a-carbanion of 

a thioester and the electrophilic component can be a variety of a-keto acids are called 
'Claisen enzymes' (62) (Fig. Id). Although these reactions are not formally Claisen 
condensations, they are distinct from aldolases in terms of their reaction mechanism (50). 
Claisen enzymes have not yet been exploited for their synthetic abilities because acyl-CoA 
compounds and a-keto acids are rather expensive. 

Pyridoxal-phosphate-dependent amino acid lyases 
Pyridoxal phosphate (PLP) is a cofactor required by enzymes catalyzing the synthesis, 

degradation or interconversion of amino acids (48). A group of ~ 25 different PLP-dependent 
lyases are able to catalyze a,/3-elimination (Fig. le), 0-replacement, a,7-elimination and/or 
-y-replacement reactions (56). Many of these enzymes are multifunctional, i.e. one enzyme 
is able to catalyze more than one of these reaction types (71). 

A process using tyrosine-phenol lyase to catalyze the synthesis of L-3,4-dihydroxy-
phenylalanine (L-DOPA), a compound used in the treatment of Parkinson's disease, has 
recently been commercialized. This process is unique in that the enzyme catalyzes the 
condensation of three different substrates (see Table 1). 

Decarboxylation 
Decarboxylases constitute a major class of lyases. These enzymes are particularly suitable 

for resolving mixtures of enantiomers as they exhibit absolute stereospecificity and the 
reactions that they catalyze are not reversible. In 1988, Tanabe (Osaka, Japan) 
commercialized a process in which aspartate-jS-decarboxylase is used to produce both 
D-aspartate and L-alanine from racemic aspartate (51) (Table 1). Another potentially 
interesting application of decarboxylases is the decarboxylation of prochiral compounds. 
Recently, Miyamoto and Ohta (41) described the use of whole cells of Alcaligenes 
bronchisepticus to decarboxylate disubstituted malonic acids to chiral carboxylic acids with 
high enantiomeric excess. 

Stereochemistry of lyase catalysis 
Most lyases show absolute stereochemical control with respect to the carbon atoms at the 

reaction site - only the adenosylcobalamin-dependent lyases transform both stereoisomers 
(35). 

Several strategies can be followed to synthesize optically active compounds (Table 2). 
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Table 2. Strategies for the biocatalytic production of optically active compounds 

Class Starting material Product 

Maximal 
theoretical Reactions 
yields (%) catalyzed by lyases 

I. Optical resolution Racemic substrate Optically active 

Optically active II. Chiral pool approach Optically active 
substrate 

III. Asymmetric synthesis Prochiral substrate Optically active 

IV. Deracemization 

V. Stereoinversion 

50% 

100% 

100% 

Racemic substrate Optically active 100% 

Racemic product Optically active 100% 

Elimination reactions, 
decarboxylations 

Decarboxylases, ß- and y-
replacement reactions 

Addition reactions, carbon-
carbon bond forming 
reactions, decarboxylases 

Acetolactate decarboxylase 
(14), tyrosine-phenol lyase 
(19), deoxyribose-5-phosphate 
aldolase (9) 

Not (yet) described 

From an economic, and also from an environmental, point of view, strategies that can, in 
principle, convert 100% of the substrate into product are preferable. Despite this, a number 
of enzyme-catalyzed optical-resolution processes, with a maximum theoretical yield of only 
50%, are actually applied on a commercial scale (e.g. lipases, acylases). In most instances, 
an additional product cycle has to be included to racemize the unwanted enantiomer (54). The 
decarboxylation of DL-aspartate is the only commercialized application of a lyase-catalyzed 
enantiomeric resolution (Table 1). However, in this case, both the unconverted substrate and 
the product are valuable products (51). 

Elimination reactions with a 100% yield can be achieved if an optically active compound 
is used as the substrate. The commercial application of lyases catalyzing this type of reaction 
is limited to enzymes transforming compounds belonging to the chiral pool (i.e. relatively 
inexpensive, readily available, optically active natural products). An example is the 
commercialized process for the production of L-alanine (Table 1). L-Aspartate, which is 
produced from fumarate by the same company (Table 1), is decarboxylated by L-aspartate-/3-
decarboxylase. 

The asymmetric-synthesis approach, by which relatively cheap prochiral substrates are 
converted into optically active compounds, also has a theoretical yield of 100%, and enzymes 
catalyzing this type of reaction have attracted widespread attention from organic chemists. 
Several reactions of this type [for example, the addition of either water or ammonia to 
fumarate, catalyzed by fumarase and aspartase, respectively, and the acyloin condensation 
of acetaldehyde to benzaldehyde, yielding (Ä)-phenylacetylcarbinol] have been in commercial 
use for several decades (Table 1). 

Strategies IV and V (presented in Table 2) have been identified only recently and, to date, 
have been limited to a few specific uses. For example, acetolactate decarboxylase catalyzes 
the decarboxylation of both (R)- and (5)-a-acetolactate to (fi)-acetoin in 100% yield and 
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>98% enantiomeric excess (14). This enzyme is thought to be able to catalyze the 
rearrangement of the, in principle, unreactive enantiomer, thereby making it accessible for 
decarboxylation (14). Another type of reaction in which a racemic substrate is converted into 
an optically active product is catalyzed both by tyrosine-phenol lyase (19) and by 
deoxyribose-5-phosphate aldolase (9). These enzymes are able to accept both enantiomers of 
a racemic substrate in a condensation reaction, but yield an optically pure compound. 

Recently, the production of an optically active compound from the corresponding racemate 
has been described (28). This type of interconversion is catalyzed by more than one enzyme. 
For example, Candida parapsilosis is able to produce several (5)-diols in high yields and 
high enantiomeric excess from the corresponding racemic diols (28). This interconversion 
is kinetically controlled and is catalyzed by two dehydrogenases. However, as yet, their are 
no reports of any lyases that are able to catalyze this type of (kinetically controlled) 
Stereoinversion. 

One disadvantage of using biocatalysts to produce optically active compounds is that, 
frequently, an enzyme is available for the preparation of only one of the enantiomers. 
However, lyases can sometimes be used to produce both enantiomers by exploiting the 
reversible nature of some of the lyase-catalyzed reactions. Using different reaction 
conditions, one enzyme can catalyze the production of one of the enantiomers by asymmetric 
synthesis, and the other enantiomer by optical resolution (21) (Fig. 2). There are also a few 
examples of stereochemically complementary lyases. For instance, four, stereochemically 

a. Asymmetric synthesis 

OOC —C + H3C—C 

H XCOO-

OH H O 

\ / II 
/ C \ / \ 

"oocr c coo 
L-4-Hydroxy-2-ketoglutarate 

b. Enzymic resolution 

H OH O 

M II 
OOC C COO" 

DL-4-Hydroxy-2-ketoglutarate 

H OH O 

\ / II 
OOC C COO 

D -4-Hydroxy-2-ketoglutarate 

OOC — C + H,C—C 
N u \ -

H COO 
Figure 2. Strategy for synthesizing both enantiomers of 4-hydroxy-2-ketoglutarate using a single lyase, a, 
Synthesis of the L isomer by asymmetric synthesis; b, synthesis of the D isomer by enzymic resolution of the 
racemate. 
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The potential of lyases 

a. trans-Addition 
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Y = C + H20 i = î 

H COO" 

Fumarate 
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y=C + H20 ^ 
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Figure 3. Addition to (a) trans- and (b) cis- compounds, leading to the formation of opposite enantiomers. 

distinct aldolases exist, which are able to produce each of the four diastereoisomers (20). 
Stereochemically complementary oxynitrilases have also been described (55). 

Lyases catalyzing addition reactions with cis or trans carbon-carbon double bonds have 
similar reaction mechanisms (50). Thus, addition to cis compounds results in the generation 
of the opposite enantiomer to that produced on addition to the trans isomer (12,64) (Fig. 3). 

Lyases also often show some stereoselectivity towards both the a- and ß-substituents of 
a substrate. For example, D-fructose-l,6-diphosphate aldolase also shows some 
stereoselectivity towards a-substituents of the electrophile aldehyde; it catalyzes the 
condensation of dihydroxyacetone phosphate with (7?)-3-azido-2-hyroxypropanal faster than 
with the (5) enantiomer, although both isomers are accepted as electrophile and a mixture of 
stereoisomers is formed (47). This stereoselectivity towards a-substituents is highly 
dependent on the electrophilic aldehyde used (39). 

Production of non-chiral compounds 
Lyases may also be used to synthesize non-chiral compounds, as some lyases are able to 

catalyze reactions which, if performed by the more conventional chemical route, would result 

in the generation of large numbers of by-products, or have low yields, or require (expensive) 

catalyst regeneration etc. In such cases, synthesis via the enzymatic process is advantageous, 

since it is simpler and more economical. For example, nitrile hydratase catalyzes the 

hydration of a cyanide group to an amide group and is used commercially in the production 

of the non-chiral commodity chemical acrylamide (1,43) (Table 1). Nitrile hydratase might 

also be able to catalyze the synthesis of several other amides from nitriles on a commercial 

scale (40). Another example of the use of lyases to produce non-chiral compounds is the 

commercialized process for the production of urocanic acid, a compound with UV-blocking 

properties. In this case, an optically active compound, L-histidine, is converted into a non-
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CH3 
I 
c=o 
I 

H^C-*OH 

Pyruvate 
decarboxylase 

(R)-Phe nylacetylcarbi nol 

CH, 
Benzaldehyde Acetaldehyde 

Benzoylformate 
decarboxylase 

(S)-2-Hydroxy-1-phenylpropionaldehyde 

Figure 4. The condensation of acetaldehyde to benzaldehyde catalyzed by pyruvate decarboxylase results in the 
formation of (Ä)-phenylacetylcarbinol, while the same reaction catalyzed by benzoylformate decarboxylase 
results in the formation of (S)-2-hydroxy-l-phenylpropionaldehyde. 

chiral compound (52) (Table 1). 

Regiospecificity 
One characteristic of enzymes (and of lyases in particular) is that they show an absolute 

regiospecificity in the reactions that they catalyze. Thus, in contrast to conventional chemical 
approaches, lyases are able to catalyze both Markovnikov and anti-Markovnikov addition 
reactions. For example, the chemical addition of water to acrylate results exclusively in the 
formation of ß-hydroxypropionate (3), whereas hydratases have been described that hydrate 
acrylyl-CoA to either ß-hydroxypropionyl-CoA (61) or to (TÎ)-lactoyl-CoA (6). 

The value of regiospecificity is enhanced by the fact that enzymes catalyze reactions under 
mild reaction conditions. For example, pyruvate decarboxylase catalyzes the condensation 
of benzaldehyde to acetaldehyde, forming (7?)-phenylacetylcarbinol ( 1-hydroxy-1-
phenylpropanone)(36), and benzoylformate decarboxylase catalyzes the condensation of 
acetaldehyde to benzaldehyde to form the tautomeric compound (5)-2-hydroxy-l-
phenylpropionaldehyde (67)(Fig. 4). Under physiological conditions, acyloins do not 
tautomerize and, thus, both tautomers can be isolated separately. 

Substrate specificity 
A narrow substrate specificity is usually regarded as a drawback for the commercial 
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exploitation of an enzyme, since it limits the flexibility of such an enzyme as a tool for the 
production of related compounds. Lyases are generally, but not always, associated with a 
narrow substrate specificity. The substrate specificity of most hydratases and ammonia-lyases 
is indeed quite narrow, but the substrate specificity of aldolases, decarboxylases and 
oxynitrilases is much broader. Moreover, the substrate specificity of a specific lyase may 
vary according to its source. For instance, malease from rabbit kidney (18) only hydrates 
maleate, while malease from Pseudomonas pseudoalcaligenes (65) also hydrates several a-
substituted maleates, such as citraconate. 

A relaxed substrate specificity is not an absolute prerequisite for commercialization: 
indeed, several of the lyases in commercial use (Table 1) have a rather narrow substrate 
specificity. 

Cofactor requirements of lyases 
The requirement for (expensive) cofactors can severely limit the commercial potential of 

enzymes. Since lyase-catalyzed addition or elimination does not involve a net oxidation or 
reduction, the requirement for cofactors would not be expected. However, most of the lyases 
identified to date do require cofactors (Table 3). These cofactors are required for substrate 
binding, polarization of the substrate, temporary binding of the nucleophile, stabilization of 
reaction intermediates, etc. However, the majority of these cofactors are not very expensive, 
or are covalently bound to the enzyme and, therefore, do not constitute a barrier to the 
commercial use of lyases. 

The use of cofactor-requiring enzymes can sometimes be avoided. Lyases isolated from 
different sources can vary in their requirement for cofactors. For instance, both iron-sulphur-
containing hydratases and their iron-sulphur-free counterparts have been described (26), and 

Table 3. Cofactor requirements of lyase enzymes 

Cofactor Lyase(s) Refs 

Divalent metal ion 
Trivalent metal ion 
Flavin adenine dinucleotide (FAD) 
Thiamine pyrophosphate (TPP) 
Pyridoxal phosphate (PLP) 
Coenzyme A (CoA); 

Substrate bound 
Enzyme bound 

Enzyme bound NAD+ 

Adenosine triphosphate (ATP) 
Iron-sulfur cluster 
Pyrroloquinoline quinone (PQQ) 
Covalent bound pyruvate 
Covalent bound dehydroalanine 
Adenosylcobalamin (Coenzyme Bl2) 
Glutathione 

Aldolases, (dehydratases 
Nitrile hydratase 
Oxynitrilase, hydratases 
a-Keto acid decarboxylases 
Amino acid lyases 

Hydratases, ammonia-lyases 
Citrate and citramalate lyase 
Urocanase, dehydroquinate synthase 
Hydratases 
Hydratases 
Nitrile hydratase, amino acid decarboxylase^) 
Amino acid decarboxylases 
Phenylalanine ammonia-lyase 
Diol dehydratases, ethanolamine ammonia 
Dichloromethane dehalogenase 

-lyase 

47,68 
31 
6,55 
33 
48 

6 
17 
22 
6 
26,57 
16,44 
49 
29 
35 
34 
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while aldolases obtained from plants and animals are cofactor-independent, aldolases obtained 
from lower microorganisms usually require a divalent metal ion for activity (47). 

Even if relatively expensive cofactors are required, this need not preclude the commercial 
application of such enzymes. The production of L-alanine and D-aspartate is catalyzed by the 
PLP-dependent enzyme aspartate-0-decarboxylase (Table 1). In this case, the commercial 
process for the production of these amino acids is performed in the presence of 0.1 mM PLP 
(51). 

Thermodynamics 
Lyase-catalyzed reactions are equilibrium reactions. In some instances, for example the 

production of L-phenylalanine, catalyzed by phenylalanine ammonia-lyase, the equilibrium 
is very unfavourable and a large excess of ammonia has to be added to obtain reasonable 
yields (27) whereas, in other cases, such as the production of D-malate from maleate (66), 
the equilibrium strongly favours product formation. 

The need for high yields (>99%) assumes particular importance when expensive down­
stream processing is required (38). The yield of a reaction with an unfavourable equilibrium 
constant can be influenced in several ways: the easiest being the addition of an excess of 
substrate. Reaction yields can also be improved by coupling the transformation to a more 
thermodynamically favoured process, or by using an enzyme that catalyzes an analogous 
reaction, but which has coupled this reaction to the hydrolysis of an activated bond (e.g. CoA 
or phosphate), thereby attaining a more favourable equilibrium (4,60). The use of two-phase 
systems can also result in higher yields. For instance, by performing the fumarate hydration 
reaction in the presence of Ca2+, resulting in the precipitation of both substrate and product, 
the yield of this reaction increased from 80% to 98% (63). 

Prospects for the application of lyases on a commercial scale 
Lyases catalyze numerous commercially interesting addition reactions, resulting in the 

formation of optically pure compounds, and several of these enzymes have been exploited 
commercially for several decades (Table 1). These commercial processes combine the high 
stability of the enzymes [for example, immobilized fumarase has a half-life of 310 days (11)], 
with high productivity, high product concentrations and high yields (Table 1), although the 
limited substrate specificity and cofactor dependence of these enzymes can inhibit their 
commercial application. However, lyases are not highly conserved in nature, which is 
illustrated by the fact that more than one lyase catalyzing the same reaction may be present 
in a particular microorganism [e.g. E. coli contains three different fumarases (70)]. Thus, 
screening might not only result in enzymes with novel catalytic activities, but also in the 
selection of a biocatalyst with more favourable reaction characteristics. 

Lyases have attracted considerable attention from organic chemists and 
biochemists/microbiologists. Organic chemists have focused on the application of these 
enzymes as catalysts for asymmetric synthesis and, in general, have concentrated on the 
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easily obtainable (i.e. commercially available) lyases, with respect to their stereochemical and 
catalytic (substrate specificity) properties. On the other hand, biochemists/microbiologists 
have concentrated on lyases from a physiological point of view (i.e. optimal reaction 
conditions, cofactor dependency). A closer collaboration between organic chemists and 
biochemists/microbiologists might result in the development of new and more efficient 
methods for the synthesis of optically active compounds by lyase-catalyzed reactions. 

In conclusion: lyases already play, and will, in the future, play an even larger role in the 
biocatalytic production of fine-chemicals. 

REFERENCES 

1. Asano, Y., Yasuda, T., Tani, Y. and H. Yamada. 1982. A new enzymatic method of acrylamide 
production. Agric. Biol. Chem. 46, 1183-1189. 

2. Ashina, Y. and M. Suto. 1993. Development of an enzymatic process for manufacturing acrylamide and 
recent progress. In: Industrial application of immobilized biocatalysts (Tanaka, A., Tosa, T. and T. 
Kobayashi, eds.). Marcel Dekker, Inc., New York. pp. 91-107. 

3. Bhattacharyya, S.K. and C.K. Das. 1969. Pressure effect and mechanism in the acid-catalyzed hydration 
of acrylic acid. J. Am. Chem. Soc. 91, 6715-6720. 

4. Blacklow, R.S. and L. Warren. 1962. Biosynthesis of sialic acids by Neisseria meningitidis. J. Biol. 
Chem. 237, 3520-3526. 

5. Bringer-Meyer, S. and H. Sahm. 1988. Acetoin and phenylacetylcarbinol formation by the pyruvate 
decarboxylases of Zymomonas mobilis and Saccharomyces carlsbergensis. Biocatalysis 1, 321-331. 

6. Buckel, W. 1992. Unusual dehydrations in anaerobic bacteria. FEMS Microbiol. Rev. 88, 211-232. 
7. Cadwallader, K.R., Braddock, R.J. and M.E. Parish. 1992. Isolation of a-terpineol dehydratase from 

Pseudomonas gladioli. J. Food Sei. 57, 241-244,248. 
8. Camp, W.H. de. 1989. The FDA perspective on the development of stereoisomers. Chirality 1, 2-6. 
9. Chen, L., Dumas, D.P. and C.-H. Wong. 1992. Deoxyribose-5-phosphate aldolase as a catalyst in 

asymmetric aldol condensation. J. Am. Chem. Soc. 114, 741-748. 
10. Chibata, I., Kakimoto, T. and J. Kato. 1965. Enzymatic production of L-alanine by Pseudomonas 

dacunhae. Appl. Microbiol. 13, 638-645. 
11. Chibata, I., Tosa, T. and T. Shibatani. 1992. The industrial production of optically active compounds 

by immobilized biocatalysts. In: Chirality in industry (Collins. A.N., Sheldrake, G.N. and J. Crosby, eds.). 
John Wiley & Sons Ltd., Chichester, pp. 351-370. 

12. Chibata, I., Tosa, T. and I. Takata. 1983. Continuous production of L-malic acid by immobilized cells. 
Trends Biotechnol. 1, 9-11. 

13. Crosby, J . 1992. Chirality in industry - an overview. In: Chirality in industry (Collins. A.N., Sheldrake, 
G.N. and J. Crosby, eds.). John Wiley & Sons Ltd., Chichester, pp. 1-66. 

14. Crout, D.H. and D.L. Rathbone. 1988. Biotransformations with acetolactate decarboxylase: unusual 
conversions of both substrate enantiomers into products of high optical purity. J. Chem. Soc, Chem. 
Commun. 98-99. 

15. Csuk, R. and B.I. Glänzer. 1991. Baker's yeast mediated transformations in organic chemistry. Chem. 
Rev. 91, 49-97. 

16. De Biase, D., Maras, B. and R.A. John. 1991. A chromophore in glutamate decarboxylase has been 
wrongly identified as PQQ. FEBS Lett. 278, 120-122. 

17. Dimroth, P. and R. Loyal. 1977. Structure of the prosthetic groups of citrate lyase and citramalate lyase. 
FEBS Lett. 76, 280-283. 

18. Dreyer, J.-L. 1985. Isolation and biochemical characterization of maleic-acid hydratase, an iron-requiring 
hydro-lyase. Eur. J. Biochem 150, 145-154. 

27 



Chapter 2 

19. Enei, H., Matsui, H., Okumura, S. and H. Yamada. 1972. Elimination, replacement and isomerization 
reactions by intact cells containing tyrosine-phenol lyase. Agric. Biol. Chem. 36, 1869-1876. 

20. Fessner, W.-D., Sinerius, G., Schneider, A., Dreyer, M., Schulz, G.E., Gadia, J. and J. Aguilar. 
1991. Diastereoselektive, enzymatische Aldoladditionen mit L-Rhamnulose- und L-Fuculose-1-phosphat-
aldolase aus E. coli. Angew. Chem. 103, 596-599 (in German). 

21. Floyd, N.C., Liebster, M.H. and N.J. Turner. 1992. A simple strategy for obtaining both enantiomers 
from an aldolase reaction: preparation of L- and D-4-hydroxy-2-ketoglutarate. J. Chem. Soc. Perkin Trans. 
1 1085-1086. 

22. Frey, P.A. 1987. Complex pyridine nucleotide-dependent transformations. In: Pyridine nucleotide 
coenzymes, volume 2B (Dolphin, D., Poulson, R. and O. Avramovic, eds.). John Wiley & Sons, Inc. New 
York, pp 461-511. 

23. Fuganti, C , Grasselli, P., Poli, G., Servi, S. and A. Zorzella. 1988. Decarboxylative incorporation of 
a-oxobutyrate and or-oxovalerate into (fl)-a-hydroxyethyl- and n-propyl ketones on reaction with aromatic 
and a,0-unsaturated aldehydes in baker's yeast. J. Chem. Soc, Chem. Commun. 1619-1621. 

24. Glass, T.L. and R.S. Lamppa. 1985. Purification and properties of 16or-hydroxyprogersterone 
dehydroxylase from Eubacterium sp. strain 144. Biochim. Biophys. Acta 837, 103-110. 

25. Gollop, N., Damri, B., Chipman, D.M. and Z. Barak. 1990. Physiological implications of the substrate 
specificities of acetohydroxy acid synthases form varied organisms. J. Bacteriol. 172, 3444-3449. 

26. Grabowski, R., Hofmeister, A.E.M, and W. Buckel. 1993. Bacterial L-serine dehydratases: a new family 
of enzymes containing iron-sulfur clusters. Trends Biochem. Sei. 18, 297-300. 

27. Hamilton, B.K., Hsiao, H.-Y., Swann, W.E., Anderson, D.M. and J.J. Delente. 1985. Manufacture 
of L-amino acids with bioreactors. Trends Biotechnol. 3, 64-68. 

28. Hasegawa, J., Ogura, M., Tsuda, S., Maemoto, S., Kutsuki, H. and T. Ohashi. 1990. High-yield 
production of optically active 1,2-diols from the corresponding racemates by microbial Stereoinversion. 
Agric. Biol. Chem. 54, 1819-1827. 

29. Hodgins, D.S. 1971. Yeast phenylalanine ammonia-lyase. Purification, properties, and the identification 
of catalytically essential dehydroalanine. J. Biol. Chem. 246, 2977-2985. 

30. Hsiao, H.-Y., Walter, J.F., Anderson, D.M. and B.K. Hamilton. 1988. Enzymatic production of amino 
acids. Biotechnol. Gen. Eng. Rev. 6, 179-219. 

31. Jin, H., Turner, I.M., Nelson, M.J., Gurbiel, R.J., Doan, P.E. and B.M. Hoffman. 1993. 
Coordination sphere of the ferric ion in nitrile hydratase. J. Am. Chem. Soc. 115, 5290-5291. 

32. Kisumi, M., Ashikaga, Y. and I. Chibata. 1960. Studies on the fermentative preparation of L-aspartic 
acid from fumaric acid. Bull. Agr. Chem. Soc. Japan 24, 296-305. 

33. Kluger, R. 1987. Thiamin diphosphate: a mechanistic update on enzymic and nonenzymic catalysis of 
decarboxylation. Chem. Rev. 87, 863-876. 

34. Kohler-Staub, D. and T. Leisinger. 1985. Dichloromethane dehalogenase of Hyphomicrobium strain 
DM2. J. Bacteriol. 162,676-681. 

35. Korso va, T.L., Vorontsov, E.A., Gurevich, V.M. and A.A. Poznanskaya. 1982. Substrate specificity 
of adenosylcobalamin-dependent glycerol dehydratase interaction with enantiomers of 1,2-propanediol. 
Biokimiya (Engl, edit) 47, 321-325. 

36. Kfen, V., Crout, D.H.G., Dalton, H., Hutchinson, D.W., König, W., Turner, M.M., Dean, G. and 
N. Thomson. 1993. Pyruvate decarboxylase: a new enzyme for the production of acyloins by 
biotransformation. J. Chem. Soc, Chem. Comm. 341-343. 

37. Kruse, CG. 1992. Chiral cyanohydrins - their manufacture and utility as chiral building blocks. In: 
Chirality in industry (Collins. A.N., Sheldrake, G.N. and J. Crosby, eds.). John Wiley & Sons Ltd., 
Chichester, pp 279-299. 

38. Kulla, H.G. 1991. Enzymatic hydroxylations in industrial application. Chimia 45, 81-85. 
39. Lees, W.J. and G.M. Whitesides. 1993. Diastereoselectivity (enantioselectivity) of aldol condensations 

catalyzed by rabbit muscle aldolase at C-2 of RCHOHCHO if R has an appropriately placed negatively 
charged group. J. Org. Chem. 58, 1887-1894. 

40. Mauger, J., Nagasawa, T. and H. Yamada. 1989. Synthesis of various aromatic amide derivatives using 
nitrile hydratase of Rhodococcus rhodochrous J l . Tetrahedron 45, 1347-1354. 

41. Miyamoto, K. and H. Ohta. 1991. Asymmetric decarboxylation of disubstituted malonic acid by 
Alcaligenes bronchisepticus KU 1201. Biocatalysis 5, 49-60. 

42. Morimoto, S., Azuma, K., Oshima, T. and M. Sakamoto. 1988. Purification and properties of a new 
enzyme, propioin synthase in baker's yeast which forms propioin form propionaldehyde. J. Ferment. 

28 


