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Summary

Biotransformations are the basis of life. All natural organic and most inorganic
molecules, the building blocks of organic and living matter, are subject to constant
change and turnover.

The turnover time is determined by the reactivity and the reaction partners of the
respective compounds, and varies from millions of years to microseconds. Fossil
hydrocarbons are stored unchanged over millions of years in subsurface environments
hostile for microbial enzymatic activities, whereas they are transformed to CO, and
water within days or only hours in the presence of oxygen or other electron acceptors,
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salts, and specialized microbes. The same is true for all other natural and most human-
engineered chemicals.

These multistep transformations are catalyzed by enzymes that are mostly specific for
the reaction type and starting compound. Yet, very frequently enzymes catalyze not
only the reaction they were evolved for by nature over thousands or millions of years,
but also the conversion of structurally and/or electronically similar derivatives.

This feature of enzymes can be used for numerous technical purposes like the clean up
of contaminated environments (bioremediation) or the production of high value
compounds for chemical, agricultural, and pharmaceutical industries.

In this article, we describe biotransformations used for the production of high value
chemicals. We give an overview of different aspects such as the discovery and sources
of enzyme based catalysts, and their design and application in bioprocesses on not only
a small scale but also on an industrial scale.

There is a focus on oxygenenases but most concepts and principles described are also
valid for all other enzyme classes.

1. Introduction

Because of the high potential of microorganisms to biodegrade natural organic
compounds, they play a fundamental role in the global recycling, and thus in the
maintenance of the ecological balance. Some microorganisms can utilize nearly every
natural organic compound as a source of energy and/or cell building blocks.

Even many synthetic and non-natural organic compounds, so-called “xenobiotics” (see
also Biodegradation of Xenobiotics), were shown to be biodegradable, demonstrating
the enormous potential of ~metabolic activities in microorganisms (see also
Microorganisms as Catalysts for the Decontamination of Ecosystems and Detoxification
of Chemicals).

The variety of microorganisms able to degrade natural and synthetic organic compounds
can be used for applications in environmental biotechnology as well as in industrial
synthetic chemistry. In particular, the latter approach to use enzymes for
biotransformations is of growing interest.

Biotransformations are chemical reactions that are catalyzed by microorganisms in
terms of growing or resting cells or that are catalyzed by isolated enzymes. Because of
the high stereo- or regioselectivity combined with high product purity and high
enantiomeric excesses, biotransformations can be technically superior to traditional
chemical synthesis.

If these features can be combined with economic benefits, biotransformations become
the functional part of new chemical processes for organic synthesis. Further advantages
of biocatalytical processes are the mild and ecologically harmless reaction conditions
(normal pressure, low temperature, neutral pH), which are one important requirement
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for sustainability. Table 1 shows the different enzyme classes and their reaction types
used for biotransformations that are applied in the pharmaceutical, agrochemical,
chemical, fragrance and flavor, and nutritional industries.

The use of biotransformations for industrial synthetic chemistry is an interdisciplinary,
and therefore very exciting, field that needs the close cooperation of microbiologists,
molecular biologists, chemists, and engineers.

As is shown in Figure 1, several steps are necessary before a biotransformation process
can successfully be implemented for an industrial application. After identification of a
target reaction, which may be an already existing industrial process that can be
substituted by an enzymatic process, finding a suitable biocatalyst is the first crucial
step in process development.

Besides classical methods, new technologies including the screening for non-culturable
microorganisms (see also Viable but Non-Culturable Bacteria in the Marine
Environment and the Biotechnological Tools to Detect Them) and high throughput
screening techniques are speeding up the discovery of new biocatalysts.

As the next step, the biocatalyst has to be characterized by well-known biochemical
techniques in order to identify key parameters like substrate range, reaction conditions,
and kinetic data (see also Microbial Cell Culture).

This allows a first estimation of the reaction yield and process costs (see also Process
Optimization Strategies for Biotechnology Products: From Discovery to Production).

Modern technologies allow an improvement of the desired biocatalyst by several

engineering tools such as heterologous gene expression and protein and metabolic
engineering (see also Methods in Gene Engineering, and Protein Engineering).
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Enzyme class Number Reaction type
classified commercially
(EC-number) available
Oxidoreductases |650 90 Oxidation H H
0,, 2[H] |
R—C—H —— R—C—OH
| -H,0 |
H H
Reduction
9 am HO\C\I-I
R C\R2 R R,
Oxygenation of C-C, C=C, (de)hydrogenation
Transferases 720 90 Transfer of complete groups:
—CHj, —CH,0H, —CHO,—CH,-COOH,
acyl, sugar, or phosphoryl
Hydrolases 636 150 Hydrolysis or formation of esters, amides, lactones, epoxides, nitriles,
anhydides, glycosides, and organohalides
N
. {C\O—RZ‘_ R—COOH + HO—R,
Lyases 255 35 Addition or elimination of small molecules on C=C, C=N, C=0 bonds

N '
C.  + HCN == R—C—CN
R TH ! c
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Isomerases 120 6 Isomerization such as racemization, epimerization, and rearrangement

Ligases 80 5 Bond formation or cleavage of C-O, C-S, C-N, C-C under energy consumption

Source: adapted from Faber (2000).

Table 1. Classification of enzymes valuable for biotransformations. Source: adapted from Faber, 2000.
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Process development has to meet economic as well as environmental constraints, and
mostly includes the following steps: the production of the biocatalyst (whole cells or
isolated enzymes) has to be optimized with respect to growth conditions, stability,
induction, and storage (see also Enzyme Production). In an additional step the actual
biotransformation process is optimized. Depending on the desired reaction,
immobilization of the biocatalyst, enzyme catalysis in organic solvents, two liquid
reactions, or cofactor regeneration are considered. Finally, a method for product
recovery has to be developed using different extraction techniques, precipitation,
crystallization, or in situ recovery. The article gives an overview of the state of the art
and current developments necessary for developing a biotransformation process for
industrial applications (Figure 1). Taking into account that numerous publications are
available on the topic (see Bibliography) this article focuses on the screening of
biocatalysts and on the use of enzymes involved in degradative pathways of xenobiotics
for industrial applications. Additionally, industrial biotransformations that have
successfully been applied in the synthetic chemical industry are discussed.
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Figure 1. Key steps in developing a biotransformation process
2. Screening of Biocatalysts

Biocatalysts are based on microbes or isolated enzymes. A large number of microbes
are available from national type culture collections like ATCC (USA), DSMZ
(Germany), NCIB (UK), JCM (Japan) and others (see
http://www.dsmz.de/species/abbrev.htm and see also The Importance of Microbial
Culture Collections and Gene Banks in Biotechnology). Isolated enzymes are also
commercially available from various sources (listed, for example, in Faber, 2000). Over
35000 different reactions catalyzed by enzymes are described and can be easily
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screened in databases with respect to substrate, product, productivity, and so on
(www.accelrys.com and http://umbbd.ahc.umn.edu/).

On the other hand, finding a powerful new biocatalyst is successful only after parallel
screening of large numbers of strains in collections or after screening of mostly
environmental samples—despite the impressive number of reactions described in
databases. This is because of the often broad, but still limited, substrate spectrum of
enzymes, and the difficulties in actually getting individual strains without restrictions
for commercial use. In future, the availability of whole genome sequences and the
possibility of direct cloning and heterologous expression of genes of interest will
simplify this.

2.1. Classical Screening Approaches

The most common approach for isolating bacteria able to degrade or transform a
specific organic compound is the simple use of the compound of interest as a substrate
for enrichment cultures. For example, a great number of bacteria were isolated by their
ability to utilize aliphatic or aromatic hydrocarbons as a growth substrate, which means
as the sole source of carbon and energy. Based on the toxic behavior and on the physical
or chemical properties of the respective compound, different strategies for offering the
substrate are used:

= Gaseous compounds like n-butane have to be supplied via the gas phase. The
substrate is continuously dissolved into the aqueous phase (the growth rate is
limited by the mass transfer rate of the substrate).

= Volatile and toxic compounds are often placed in a separate glass bulb (for
example, benzene or toluene). This provides the bacteria with a continuous
supply of the substrate without generating a two-phase system that might kill the
bacteria by destroying the functions of their membrane.

= Water insoluble compounds (for instance, naphthalene) are supplied as solids at
concentrations well above their water solubility, or are offered in a second
organic phase. In both cases the substrate is continuously dissolved into the
aqueous phase as it is degraded, and thus the compound is rarely toxic to the
bacteria.

In order to overcome problems with toxicity, nitrogen-containing compounds like
nitroaromatics or nitriles are often supplied at low concentrations as the sole source of
nitrogen in the presence of a readily degradable carbon and energy source. Because this
enrichment strategy is often based on partial degradation of the nitrogen-containing
compound, it can be particularly helpful for complex molecules.

For biotransformations, the screening by selection can be carried out with direct use of
the substrate of interest or by the use of a readily degradable analogue of the substrate
(cometabolism).

When screening by selection is impossible, bacteria from strain collections can be

screened for the desired biotransformation, using chromometric or fluoremetric
detection methods in agar or microplate experiments. Fluorogenic assays are described
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for the screening of hydrolases, aldolases, and alcohol dehydrogenases. Remarkably, the
latter is even an enantioselective assay. In principle, a more time-consuming screening
is possible using GC, GC-MS, LC, or LC-MS methods for the analysis of the
biotransformation (see also Chemical Methods Applied to Biotechnology, and Physical
Methods Applied to Biotechnology). In this context it has to be mentioned that two
approaches are possible. On the one hand it makes sense to screen a library of microbial
catalysts using a wide range of different genera. On the other hand, if an interesting
biocatalytic reaction is already described in a certain organism, it is reasonable to screen
related genera and families since there are often similarities in enzymatic equipment.

In specific cases, a combination of screening by selection and screening by detection is
a promising approach for biotransformations. For example, a Rhodococcus rhodochrous
strain J1, which is used as catalyst for acrylamide production, was isolated by a
combination of these methods. Acrylonitrile-utilizing bacterial strains were enriched
and afterwards tested for acrylonitrile-hydrolyzing activity. In a similar manner, a
collection of toluene and naphthalene degrading bacteria were screened in order to find
a strain able to transform D-limonene to (+)-trans carveol.

A miniaturized growth system was recently developed for this purpose because even
after preselection large numbers of organisms have to be screened for promising
enzyme activities. This system allows maintenance, replication, and growth of microbial
strains in microtiter plates without cross-contamination. After sufficient growth of the
microbial strains, enzyme activities, determined by product formation, can be measured
after two hours of incubation. A successful screen for oxygenases with 2000 microbial
strains possessing a wide variety of catabolic activities was achieved using this method.

2.2. Screening by Considering Biodiversity

In the last few years, extreme environments regarding temperature, pH, pressure, and
salt concentration are increasingly used as sources for new enzymes. New technologies
were developed for cultivating extremophiles, but the favored approach is cloning and
expressing genes from such strains into conventional host strains in order to produce
enzymes with extremophilic properties.

A crucial disadvantage of the screening by selection approach described above is the
fact that most bacteria in the environment are assumed to be nonculturable by using
traditional isolation and cultivation techniques. To overcome this drawback a new
technology in enzyme screening is becoming increasingly important. DNA extracted
from environmental, and thus uncultivated, sources can be cloned and expressed into
domesticated host strains. The recombinant clones are screened for new enzyme
activities with high-throughput screening methods. This recombinant approach can also
be used for enzymes from known microorganisms that are difficult to handle in the
laboratory. An increasing number of new enzymes have been found in environmental
DNA libraries. DeSantis and coworkers isolated 120 unique nitrilases using this
approach. Additionally, Lorenz and coworkers were able to isolate several new lipases,
esterases, and metalloproteases as well as oxygenases. Today, this fast availability of
new enzymes applies pressure for the development of high-throughput biochemical
enzyme characterization methods to learn about kinetics, stabilities, and morphology.
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potential of field-assisted separations providing a major improvement in bioseparation.]

Kataoka M., Sri Rohani L.P., Wada M., Kita K., Yanase H., Urabe I., and Shimizu S. (1998). Escherichia
coli transformant expressing the glucose dehydrogenase gene from Bacillus megaterium as a cofactor
regenerator in a chiral alcohol production system. Bioscience Biotechnology and Biochemistry 62, 167—
169. [The article presents an example of the use of a recombinant E. coli co-expressing reductase and
NADPH-regenerating glucose dehydrogenase.]

Keller K., Friedmann T., and Boxman A. (2001). The bioseparation needs for tomorrow. Trends in
Biotechnology 19, 438-441. [Developments of efficient, economical, and selective separation methods
are discussed for successful commercialization of bioprocesses.]

Kiener A. (1992). Enzymatic oxidation of methyl groups on aromatic heterocycles: a versatile method for
the preparation of heteroaromatic carboxylic acids. Angewandte Chemie Int.Ed.Engl. 31, 774-775. [The
article describes the biocatalytic part of an industrial process run by Lonza AG (CH) for the production of
heterocyclic aromatic acids as synthons for pharmaceuticals.]

Klibanov A.M. (2001). Improving enzymes by using them in organic solvents. Nature 409, 241-246.
[The article summarizes the knowledge of the past 15 years about improving enzymes by using them in
organic solvents.]

Kumamaru T., Suenaga H., Mitsuoka M., Watanabe T., and Furukawa K. (1998). Enhanced degradation
of polychlorinated biphenyls by directed evolution of biphenyl dioxygenase. Nature Biotechnology 16,
663-666. [The article demonstrated an improved activity towards various substrates after DNA shuffling
of homologous genes.]

Layh N., Stolz A., Béhme J., Effenberger F., and Knackmuss H.J. (1994). Enantioselective hydrolysis of
racemic naproxen nitrile and naproxen amide to S-naproxen by new bacterial isolates. Journal of
Biotechnology 33, 175-182. [Bacteria are described that were isolated by the ability to utilize nitrile and
amides as sole source of nitrogen.]

©Encyclopedia of Life Support Systems (EOLSS)



BIOTECHNOLOGY - Vol. IV - Biotransformations - Hiltrud Lenke, Andreas Schmid

Lendenmann U. and Spain J.C. (1996). 2-aminophenol 1,6-dioxygenase: a novel aromatic ring cleavage
enzyme purified from Pseudomonas pseudoalcaligenes JS45. Journal of Bacteriology 178, 6227-6232.
[The enzyme characterized can be used fro the production of picolinic acids.]

Leonida M.D. (2001). Redox enzymes used in chiral syntheses coupled to coenzyme regeneration.
Current Medical Chemistry 8, 345-369. [The review discusses the objectives of cofactor regeneration for
the applicability of enzymatic redox reactions for organic synthesis.]

Li Z., Feiten H.J., Van Beilen J.B., Duetz W., and Witholt B. (1999). Preparation of optically active N-
benzyl-3-hydroxypyrrolidine by enzymatic hydroxylation. Tetrahedron-Asymmetry 10, 1323-1333. [The
article demonstrates that alkane-degrading bacteria can be used for biohydroxylations.]

Liese A. and Filho M.V. (1999). Production of fine chemicals using biocatalysis. Current Opinion in
Biotechnology 10, 595-603. [The article discusses recent advances in industrial biocatalysis including the
use of cofactor-dependent oxidoreductases as isolated enzymes.]

Liese A., Seelbach K., and Wandrey C. (2000). Industrial Biotransformations, Weinheim, Germany:
Wiley-VCH. [The excellent textbook presents applied biotransformations including enzyme
characteristics and process descriptions.]

Loida P.J. and Sligar S.G. (1993). Engineering cytochrome P-450cam to increase the stereospecificity and
coupling of aliphatic hydroxylation. Protein Engineering 6, 207-212. [The article describes an example
where site direct mutagenesis led to an improved haem monooxygenase.]

Lorenz P., Liebton K., Niehaus F., Kéhler B., Wolf M., Eck J., and Zinke H. (2001). The mMetagenome:
- aA cChallenging sSource for eEnzyme dDiscovery., Darmstadt, Germany: BioTrans 2001, Darmstadt,
Germany. [Lipases, esterases, metalloproteases, and oxygenases were successfully screened from
environmental DNA-libraries.]

Lorenz P., Liebton K., Niehaus F., and Eck J., (2002). Screening for novel enzymes for biocatalytic
processes: assessing the metagenome as a resource of novel functional sequence space. Current Opinion
in Biotechnology 13, 572-577. [The articles focuses on the recognition of non-cultivated and, in
particular, on prokaryotic microorganisms as dominant forms of life on earth and resource of novel
valuable enzymes.]

Lye G.J. and Woodley J.M. (1999). Application of in situ product-removal techniques to biocatalytic
processes. Trends in Biotechnology 17, 395-402. [The article discusses the need for in situ product-
removal and the process research for its implementation.]

Madigan M.T. and Marrs B.L. (1997). Extremophiles. Scientific American 276, 82-87. [Extreme
environments can be used as sources for new enzymes.]

Manzoni M. and Rollini N. (2002). Biosynthesis and biotechnological production of statins by
filamentous fungi and application of these cholesterol-lowering drugs. Applied Microbiology and
Biotechnology 58, 555-564. [The biotechnological application, productivity and perspectives of fungi
which are not growing in suspension are presented and discussed.]

May O., Nguyen P.T., and Arnold F.H. (2000). Inverting enantioselectivity by directed evolution of
hydantoinase for improved production of L-methionine. Nature Biotechnology 18, 317-320. [The
hydantoinase process for production of L-methionine was improved by the use of random mutagenesis
and saturation mutagenesis.]

McClay K., Fox B.G., and Steffan R.J. (2000). Toluene monooxygenase-catalyzed epoxidation of
alkenes. Applied and Environmental Microbiology 66, 1877-1882. [An E. coli strain expressing a cloned
toluene-4-monooxygenase was shown to oxidize a variety of alkenes to the corresponding epoxides.]

Meulenberg R. and de Bont JA.M. (1995). Microbial production of catechols from nitroaromatic
compounds. Biodegradation of Nitroaromatic Compounds (ed. J.C. Spain), pp. 37-52. New York,
London: Plenum Press. [The article summarizes the research aimed at the production of catechols from
nitroaromatic compounds.]

Michels P.C. and Rosazza J.P.N. (1999). Methods for biocatalysis and biotransformation. Manual of
Industrial Microbiology and Biotechnology, 2nd edn (eds. A.L. Demain and J.E. Davies), pp. 165-180
Washington DC: ASM Press. [The article gives an excellent overview about methodologies required to
develop a successful industrial biocatalytic process.]
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Miura A. and Dalton H. (1995). Purification an characterization of the alkene monooxygenase from
Nocardia corallina B-276. Bioscience Biotechnology and Biochemistry 59, 853-859. [The alkene
monooxygenase is capable of stereospecific epoxidation of alkenes.]

Nickerson D.P., Harford-Cross C.F., Fulcher S.R., and Wong L.L. (1997). The catalytic activity of
cytochrome P450cam towards styrene oxidation is increased by site-specific mutagenesis. FEBS Letters
405, 153-156. [Improving the activity of a haem monooxygenase towards an unnatural substrate showed
the effectiveness of site-specific mutagenesis.]

Nikolova P. and Ward O.P. (1993). Whole cell biocatalysis in nonconventional media. Journal of
Industrial Microbiology 12, 76-86. [The article reviews biocatalytic reactions carried out by whole cells
in nonconventional media.]

Nishino S.F. and Spain J.C. (1993) Degradation of nitrobenzene by a Pseudomonas pseudoalcaligenes.
Applied and Environmental Microbiology 59, 2520-2525. [The enzymes that can be used for the
production of aminophenols are described in detail.]

Nishino S.F., Spain J.C. and He Z. (2000). Strategies for aerobic degradation of nitroaromatic compounds
by bacteria: process discovery to field application. Biodegradation of Nitroaromatic Compounds and
Explosives (eds. J.C. Spain, J.B. Hughes, and H.J. Knackmuss), pp. 7-62. Boca Raton, USA: CRC Press
LCC. [Degradative pathways of nitroaromatic compounds are presented including biocatalytic
applications.]

Nishino S.F., Spain J.C., Duetz W., and Witholt B. (2001). Production of phenylacetylene picolinic acid
from diphenylacetylene by a toluene-degrading Acinetobacter. ASM Conference on Biodegradation,
Biotransformation, and Biocatalysis (B3), Puerto Rico, USA, 2001. [The successful screening of toluene
degrading organisms led to the isolation of a bacterial strain that can be used for the production of
picolinic acids.]

Ogawa J. and Shimizu S. (1999). Microbial enzymes: new industrial applications from traditional
screening methods. Trends in Biotechnology 17, 13-21. [The review summarizes the industrial enzymes
derived from traditional screening including the screening strategies.]

Ogawa J. and Shimizu S. (2002). Industrial microbial enzymes: their discovery by screening and use in
large-scale production of useful chemicals in Japan. Current Opinion in Biotechnology 13, 367-375. [The
review presents larges-scale production processes recently established in Japan that use microbial
enzymes obtained through screening from nature.]

Olsen R.H., Kukor J.J., and Kaphammer B. (1994). A novel toluene-3-monooxygenase pathway cloned
from Pseudomonas pickettii PKO1. Journal of Bacteriology 176, 3749-3756. [The article describes the
characterization of a monooxygenase that catalyzes the regioselective oxidation of toluene to m-cresol.]

Oppenheim S.F., Studts J.M., Fox B.G., and Dordick J.S. (2001). Aromatic hydroxylation catalyzed by
toluene 4-monooxygenase in organic solvent/aqueous buffer mixtures. Applied Biochemistry and
Biotechnology 90, 187-197. [The catalytic function and stability of a purified toluene 4-monooxygenase
was investigated in the presence of various organic solvents.]

Panke S., de L., V, Kaiser A., Witholt B., and Wubbolts M.G. (1999). Engineering of a stable whole-cell
biocatalyst capable of (S)-styrene oxide formation for continuous two-liquid-phase applications. Applied
and Environmental Microbiology 65, 5619-5623. [Recombinant strains of Pseudomonas putida carrying
genetic expression cassettes with xylene oxygenase- and styrene monooxygenase-encoding genes were
shown to oxidize styrene in a continuous two-liquid-phase system.]

Panke S., Held M., Wubbolts M.G., Witholt B., and Schmid A. (2002). Pilot-scale production of (S)-
styrene oxide from styrene by recombinant Escherichia coli synthesizing styrene monooxygenase.
Biotechnology and Bioengineering 80, 33—41. [The article presents a successful pilot-scale application of
recombinant E. coli as the catalyst for epoxidation in an organic/aqueous reaction medium.]

Panke S. and Wubbolts M.G. (2002). Enzyme technology and bioprocess engineering. Current Opinion in
Biotechnology 13, 111-116. [The review discusses recent developments in enzyme technology for
chemical synthesis focusing on dynamic kinetic resolution, enzyme reactions in organic solvents and two
liquid-phase systems, and on the use of ionic liquids as reaction medium.]
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Parales R.E., Lee K., Resnick S.M., Jiang H., Lessner D.J., and Gibson D.T. (2000). Substrate specificity
of naphthalene dioxygenase: effect of specific amino acids at the active site of the enzyme. Journal of
Bacteriology 182, 1641-1649. [Site-directed mutagenesis was used to determine the contributions of
several active-site residues of naphthalene dioxygenase.]

Patel R.N. (2001). Biocatalytic synthesis of intermediates for the synthesis of chiral drug substances.
Current Opinion in Biotechnology 12, 587-604. [The article provides examples of the use of enzymes for
the synthesis of chiral intermediates for drugs in development.]

Pikus J.D., Studts J.M., McClay K., Steffan R.J., and Fox B.G. (1997). Changes in the regiospecificity of
aromatic hydroxylation produced by active site engineering in the diiron enzyme toluene 4-
monooxygenase. Biochemistry 36, 9283-9289. [Site-directed mutagenesis was used to study the
contributions of active site residues of toluene 4-monooxygenase.]

Rasor J.P. and Voss E. (2001). Enzyme-catalyzed processes in pharmaceutical industry. Applied Catalysis
A: General 221, 145-158. [The review lists and discusses selected application examples of
biotransformations for pharmaceutical applications.]

Reddy J., Lee C., Neeper M., Greasham R., and Zhang J. (1999). Development of a bioconversion process
for production of cis-1S,2R-indandiol from indene by recombinant Escherichia coli constructs. Applied
Microbiology and Biotechnology 51, 614-620. [A recombinant E. coli strain expressing the genes for
toluene-2,3-dioxygenase and dihydrodiol dehydrogenase of Pseudomonas putida can be used for the
production of cis-1S,2R-indandiol.]

Reetz M.T., Zonta A., Schimossek K., Liebton K., and Jaeger K.E. (1997). Creation of enantioselective
biocatalysts for organic chemistry by in-vitro evolution. Angewandte Chemie Int.Ed.Engl. 36, 2830-2832.
[The article describes an improved S-enantioselectivity of a lipase that was altered using error-prone
PCR]

Resnick S.M., Lee K., and Gibson D.T. (1996). Diverse reactions catalyzed by naphthalene dioxygenase
from Pseudomonas sp. strain NCIB 9816. Journal of Industrial Microbiology 17, 438-457. [The diverse
oxidation reactions catalyzed by naphthalene dioxygenase are described that can be used for the
production of chiral synthons.]

Riesenberg D. and Guthke R. (1999). High-cell-density cultivation of microorganisms. Applied
Microbiology and Biotechnology 51, 422-430. [The article gives an overview about high-cell-density
fermentations with different microorganisms.]

Salter G.J. and Kell D.B. (1995). Solvent selection for whole cell biotransformations in organic media.
Critical Reviews in Biotechnology 15, 139-177. [The review focuses on whole cell biotransformations in
organic media with special emphasis on the mechanisms and physical bases of solvent toxicity and on the
use of appropriate indicators and predictors for solvent selection.]

Schenzle A., Lenke H., Spain J.C., and Knackmuss H.J. (1999a). Chemoselective nitro group reduction
and reductive dechlorination initiate degradation of 2-chloro-5-nitrophenol by Ralstonia eutropha
JMP134. Applied and Environmental Microbiology 65, 2317-2323. [The chemoselective reduction of
nitro groups leading to the formation of hydroxylaminoaromatic compounds is described.]

Schenzle A., Lenke H., Spain J.C., and Knackmuss H.J. (1999b). 3-Hydroxylaminophenol mutase from
Ralstonia eutropha JMP134 catalyzes a Bamberger rearrangement. Journal of Bacteriology 181, 1444—
1450. [The rearrangement of hydroxylaminoaromatic compounds by a mutase is an important step in the
bioproduction of aminophenols.]

Schiraldi C. and De Rosa M. (2002). The production of biocatalysts and biomolecules from
extremophiles. Trends in Biotechnology 20, 515-521. [The article describes recent developments in the
production of biomass and related enzymes and biomolecules from extremophile sources.]

Schleper C., Swanson R.V., Mathur EJ., and DeLong E.F. (1997). Characterization of a DNA
polymerase from the uncultivated psychrophilic archaeon Cenarchaeum symbiosum. Journal of
Bacteriology 179, 7803-7811. [The article describes a successful example where a new enzyme activity
was screened from non-culturable microorganisms.]

Schmid A., Kollmer A., Mathys R.G., and Witholt B. (1998). Developments toward large-scale bacterial
bioprocesses in the presence of bulk amounts of organic solvents. Extremophiles 2, 249-256. [The article
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discusses fundamental questions using two-liquid processes and describes the development of a high-
pressure, explosion proof bioreactor system.]

Schmid A., Dordick J.S., Hauer B., Kiener A., Wubbolts M., and Witholt B. (2001). Industrial
biocatalysis today and tomorrow. Nature 409, 258-268. [The article gives an overview about current use
and future trends of biocatalysis in chemical industry discussed by the use of process examples of BASF,
DSM, and Lonza.]

Schulze B. and Wubbolts M.G. (1999). Biocatalysis for industrial production of fine chemicals. Current
Opinion in Biotechnology 10, 609-615. [Main industrial applications of biocatalysts and recent
developments to perform resolutions of racemic mixtures, dynamic Kinetic resolutions, or asymmetric
syntheses are outlined.]

Shields M.S., Montgomery S.O., Chapman P.J., Cuskey S.M., and Pritchard P.H. (1989). Novel pathway
of toluene catabolism in the trichloroethylene-degrading bacterium G4. Applied and Environmental
Microbiology 55, 1624-1629. [The article describes the characterization of a monooxygenase that
catalyzes the regioselective oxidation of toluene to o-cresol.]

Shiratori N., Yoshizawa A., Nishiyama I., Fukumasa M., Yokoyama A., and Hirai T. (1991). New
ferrolytic liquid crystals having 2-fluoro-2-methyl alkanoyloxy group. Molecular Crystals and Liquid
Crystals 199, 129-140. [The article gives an example that aliphatic epoxides as chiral intermediates can
be used for technical applications.]

Short J.M. (1997). Recombinant approaches for accessing biodiversity. Nature Biotechnology 15, 1322-
1323. [The article gives an overview about the opportunity to consider biodiversity by analyzing
environmental DNA libraries.]

Small F.J. and Ensign S.A. (1997). Alkene monooxygenase from Xanthobacter strain Py2. Purification
and characterization of a four-component system central to the bacterial metabolism of aliphatic alkenes.
Journal of Biological Chemistry 272, 24913-24920. [The article focuses on the characterization of an
alkene monooxygenase from Xanthobacter strain Py2 that catalyzes the epoxidation of short chain
alkenes.]

Smith M.R. (1990). The biodegradation of aromatic hydrocarbons by bacteria. Biodegradation 1, 191—
206. [The articles present degradative pathways of aromatic compounds by bacteria with special emphasis
on benzene, toluene, naphthalene, biphenyl, and selected fused aromatic hydrocarbons.]

Spiess T., Desiere F., Fischer P., Spain J.C., Knackmuss H.J., and Lenke H. (1998). A new 4-nitrotoluene
degradation pathway in a Mycobacterium strain. Applied and Environmental Microbiology 64, 446-452.
[Enzymes that can be used for the bioproduction of aminophenols are described.]

Straathof A.J.J. and Adlercreutz P. (2000). Applied Biocatalysis, 2nd edn. Netherlands: Harwood
Academic Publishers. [The textbook presents fundamentals of biocatalysis with technological experience
and commercial case studies. This includes information on reactor engineering and immobilization of
biocatalysts.]

Takahashi O., Umezawa J., Furuhashi K., and Takagi M. (1989). Stereocontrol of a tertiary hydroxyl
group via microbial epoxidation. A facile synthesis of prostaglandine -chains. Tetrahedron Letters 30,
1583-1584. [The article described a bioprocess to synthesize useful precursors of tertiary alcohols.]

Thomas S.M., DiCosimo R., and Nagarajan V. (2002). Biocatalysis: applications and potentials for the
chemical industry. Trends in Biotechnology 20, 238-242. [A recent review discussing the application of
biotransformations in the traditional chemical industry, including a critical view on challenges for
biocatalyst and bioprocess development.]

Trudgill P.W. (1990a). Cyclopentanone 1,2-monooxygenase from Pseudomonas NCIMB 9872. Methods
Enzymology 188, 77-81. [The article focuses on the characterization of cyclopentanone 1,2-
monooxygenase that catalyzes a Baeyer-Villiger oxidation.]

Trudgill P.W. (1990b). Cyclohexanone 1,2-monooxygenase from Acinetobacter NCIMB 9871. Methods
Enzymology 188, 70-77. [The article focuses on the characterization of cyclohexanone 1,2-
monooxygenase that catalyzes a Baeyer-Villiger oxidation.]
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van de Sandt E.J.A.X. and De Vroom E. (2000). Innovations in cephalosporin and penicillin production:
painting the antibiotics industry green. Chimica Oggi-Chemistry Today 18, 72—-75. [Biocatalytic routes to
produce these antibiotics are described with respect to sustainability.]

Vicenzi J.T., Zmijewski M.J., Reinhard M.R., Landen B.E., Muth W.L., and Marler P.G. (1997). Large-
scale stereoselective enzymatic ketone reduction with in-situ product removal via polymeric resins.
Enzyme and Microbial Technology 20, 494-499. [The article describes a process were polymeric
hydrophobic resins were used to supply the toxic substrate and to remove the toxic product from the
reaction mixture.]

Wackett L.P. and Hershberger C.D. (2001). Biocatalysis and Biodegradation: Microbial Transformation
of Organic Compounds, Washington D.C.: ASM Press. [The textbook presents fundamental concepts of
the microbial transformation of organic compounds and its application for biotechnology and
biodegradation.]

Wahler D. and Reymond J.L. (2001). Novel methods for biocatalyst screening. Current Opinion in
Chemical Biology 5, 152-158. [The article gives an overview on recent developments in high-throughput
enzyme assays for the screening of biocatalysts.]

Watkinson R.J. and Morgan P. (1990). Physiology of aliphatic hydrocarbon-degrading microorganisms.
Biodegradation 1, 79-92. [The article reviews aspects of the physiology and biochemistry of the
microbial degradation of aliphatic hydrocarbons.]

Weijers C.A., de Haan A., and de Bont J.A. (1988). Microbial production and metabolism of epoxides.
Microbiological Science 5, 156-159. [The article describes several bacteria that form optically active
epoxides or are able to degrade epoxides enantioselectively allowing the bioproduction of chiral building
blocks in organic synthesis.]

Wendeborn S., De Mesmaeker A.D., and Brill W.K.D. (1998). Polymer bound 3,5-cyclohexadiene-1,2-
diols as core structures for the development of small molecule libraries. Synlett 1998, 865-868. [The
article outlines the highly efficient sequence for the synthesis of complex chiral and highly functionalized
molecules on solid phase bound cyclohexadienediols.]

Werlen C., Kohler H.P., and van der Meer, Jr. (1996). The broad substrate chlorobenzene dioxygenase
and cis-chlorobenzene dihydrodiol dehydrogenase of Pseudomonas sp. strain P51 are linked
evolutionarily to the enzymes for benzene and toluene degradation. Journal of Biological Chemistry 271,
4009-4016. [The article describes four dioxygenase families that were identified by amino acid sequence
comparison of the catalytic oxygenase -subunit.]

Wery J., Mendes da Silva D.l., and de Bont J.A. (2000). A genetically modified solvent-tolerant
bacterium for optimized production of a toxic fine chemical. Applied Microbiology and Biotechnology 54,
180-185. [The production of -3-methylcatechol is described in a two liquid-phase system using a solvent-
tolerant Pseusomonas putida strain as biocatalyst.]

Whited G.M. and Gibson D.T. (1991). Toluene-4-monooxygenase, a three-component enzyme system
that catalyzes the oxidation of toluene to p-cresol in Pseudomonas mendocina KRZ1. Journal of
Bacteriology 173, 3010-3016. [The article describes the characterization of a monooxygenase that
catalyzes the regioselective oxidation of toluene to p-cresol.]

Wieser M., Heinzmann K., and Kiener A. (1997). Bioconversion of 2-cyanopyrazine to 5-
hydroxypyrazine-2-carboxylic acid with Agrobacterium sp. DSM 6336. Applied Microbiology and
Biotechnology 48, 174-176. [A fermentation process for the two-enzyme-step bioconversion is
described.]

Witholt B., De Smet M.J., Kingma J., Van Beilen J.B., Kok M., Lageveen R.G., and Eggink G. (1990).
Bioconversions of aliphatic compounds by Pseudomonas oleovorans in multiphase bioreactors:
background and economic potential. Tibtech 8, 46-52. [The article outlines the potential of
bioconversions by the alkane degrading Pseudomonas oleovorans in two-liquid-phase bioreactors for the
production of intermediate value compounds]

Wubbolts M.G., Hoven J., Melgert B., and Witholt B. (1994). Efficient production of optically active
styrene epoxides in two-liquid phase cultures. Enzyme and Microbial Technology 16, 887-894. [The
article outlines the potential of biooxidations in two-liquid-phase systems for the production of styrene
epoxides.]
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Yoshikawa N., Ohta K., Mizuno S., and Ohkishi H. (1993). Production of cis,cis-muconic acid from
benzoic acid. Bioprocess Technology 16, 131-147. [A technical process for the production of cis,cis-
muconic acid is described using whole cells of an Arthrobacter strain as biocatalyst.]

Zaks A. (2001). Industrial biocatalysis. Current Opinion in Chemical Biology 5, 130-136. [Industrial
process examples are described to highlight beneficial aspects of biocatalysis.]

Zelder O. and Hauer B. (2000). Environmentally directed mutations and their impact on industrial
biotransformation and fermentation processes. Current Opinion in Microbiology 3, 248-251. [The article
presents traditional and industrial biocatalyst improvement.]

Zhang J. and Greasham R. (1999). Chemically defined media for commercial fermentations. Applied
Microbiology and Biotechnology 51, 407-421. [The review focuses on the application development and
practical considerations to use chemically defined media for industrial bioprocesses.]
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