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VidZeni ctendri,

toto Cislo Chemickych listii je vénovdno 6. Mezindrodnimu
symposiu o biokatalyze a biotransformacich (BIOTRANS 2003)
a satelitni konferenci jedné z aktivit ,, Evropské spoluprdce ve
védeckem a technickeém vyzkumu“ (COST) — Akce D25 (Apli-
kovand biokatalyza: stereoselektivni a ekologicky Setrné reakce
katalyzované enzymy), které se uskutecnily na Univerzité Palac-
kého v Olomouci. Obsahem cervnoveho cisla je 324 prispévkii
abstrakt predndSek a plakdtovych sdéleni.

Dosud se vSechny predchdzejici konference BIOTRANS ko-
naly v zdpadni Evropé. Prvni byla v roce 1993 v Grazu (Rakous-
ko), a pak vzdy po dvou letech v nékteré ze zemi Evropské unie
(Warwick, Velkd Britdanie, 1995; La Grande Motte, Francie,
1997, Giardini-Naxos, Itdlie, 1999 a Darmstadt, Némecko,
2001). Pidéleni konference do Ceské republiky bylo nejen oce-
nénim vysledkii ceskych védeckych pracovist zamérenych na
tento obor, ale také vyzvou organizdtorim. Kondni symposia
v srdci stiedni Evropy usnadnilo ticast védcii ze zemi byvalého
vychodniho bloku.

Pro Vs, kteri jste odborniky v jinych oborech chemie, chce-
me pribliZit tématické zaméreni konferenci BIOTRANS. Jako
biotransformace se oznacuje konverze jedné ldtky (substrdtu) na
jinou (produkt) pomoci biologického systému. Jde o multidisci-
plindrni obor vyuzivajici poznatky a metodiky organicke chemie,
biochemie, molekuldrni biologie, ale také imunologie a medici-
ny. Vyisledky Ize pfimo aplikovat ve v§ech oblastech biotechno-
logie. Hlavnimi oblastmi vyuZiti jsou (i) chemické modifikace
cizorodych ldtek (xenobiotik) v Zivém organismu, (ii) uZiti
enzymil, mikroorganismii, frakci nebo kultur Zivocisnych a rost-
linnych bunék v chemickém vyzkumu a priimyslovych technolo-
giich a (iii) odstrariovdni skodlivych a toxickych ldtek z Zi-
votniho prostiedi biodegradact.

Rozmach biotransformaci zacal v posledni tretiné minulého
stoleti diky tomu, Ze byly popsdny nové enzymy a jimi katalyzo-
vané reakce. Tyto objevy umoznily vyvoj novych metod a tech-
nologit az k soucasnému Sirokému vyuZiti biokatalyzy v priimys-
lu. Biotransformace vyznamné prispivaji k zavedeni technologii,
které Setii Zivotni prostiedi a tak spliiuji poZadavky na trvale udr-
Zitelny vyvoj lidské spolecnosti.

Biokatalyza je zdkladem ,ekologické chemie®, kterd nahra-
zuje toxicke katalyzdtory, organickd rozpoustédla a extrémni re-
akcni podminky, vedouci k velkému mnoZstvi toxickych odpa-
dii, biokatalyzdtory — enzymy, které vétsinou piisobi ve vodném
prostiedi a mirnych teplotdch. Enzymy aplikované v biokatalyze
jsou zpravidla schopny transformovat Siroké spektrum ldtek,
které nejsou jejich prirozenymi substrdty. Zdkladni vyhodou
enzymii je jejich vysokd stereospecifita, kterd umoZiuje pripra-
vu opticky cistych ldtek. VSechny biokatalyzdtory jsou plné rege-
nerovatelné, napr. kultivaci mikroorganismii. Vyvoj novych
metod umozriuje uziti enzymii také v nevodném prostredi. Imo-
bilizované enzymy, membrdnove reaktory a multienzymove sys-
temy maji primyslove vyuZiti. Soucasny rozvoj biotransforma-
ci by nebyl mozny bez interakci s novymi molekuldrnimi
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Dear readers

This issue of Chemické Listy is devoted to the 6™ International
Symposium on Biocatalysis and Biotransformations (BIO-
TRANS 2003) and to the satelite Workshop of European network
COST D25 (Applied biocatalysis: stereoselective and environ-
mentally-friendly reactions catalysed by enzymes) which were held
at Palacky University in Olomouc. June issue contains 324 ab-
stracts of lectures and posters.

All the previous BioTrans conferences were held in Western
Europe: in Graz (A) 1993, Warwick (UK) 1995, La Grande
Motte (F) 1997, Giardini-Naxos (1) 1999 and Darmstadt (D)
2001. The allocation of the conference to the Czech Republic im-
plied not only an acknowledgement of the Czech science but also
posed a significant challenge to the organizers. Location in the
heart of central Europe facilitated the participation of scientists
from central and Eastern Europe.

For those who are not experts, the following information
should provide an idea of the scientific orientation of BioTrans
conferences, Biotransformation consists in the conversion of one
substance (substrate) to another (product) by a biological system.
This definition suggests the multidisciplinary nature of this re-
search field. Indeed, the studies of biotransformations use
a variety of approaches ranging from chemistry, biochemistry and
molecular biology to immunology and medicine. The results are
directly applicable in all branches of biotechnology. The main
fields of interest are (i) conversion of pharmaceuticals and other
foreign compounds (xenobiotics) in living organism, (ii) appli-
cation of enzymes, microorganisms, animal and plant cells and
cellular fractions in chemical and biochemichal research and in-
dustrial technologies and (iii) removal of harmful or toxic com-
pounds from the environment by biodegradation. Currently all
these research fields undergo a rapid development.

The boom of biotransformations began in 1970s and 1980s
owing to the reports of novel biocatalysts and novel enzymatic
reactions. These discoveries led to the development of new
methods and technologies up to the current broad industrial use
of biocatalysis. Biotransformations significantly contribute to the
establishment of environmentally friendly technologies that meet
the demands of sustainable development of the human society.

Biocatalysis is the basis of the “green chemistry” that replaces
toxic catalysts, organic solvents and extreme reaction conditions,
leading to large amounts of toxic wastes, by biocatalysts — enzymes
that are mostly utilizable in aqueous environment and at mild
temperatures. In general, enzymes applicable in biocatalysis are
able to transform a broad spectrum of unnatural substrates. The
principal benefit of enzymes is their high stereospecificity that
makes the preparation of optically pure compounds possible. All
biocatalysts are fully renewable by, e.g., cultivation of microorgan-
isms. Newly developed approaches enable to apply biocatalysts in
a non-aqueous environment that is frequently required by the pro-
tocols of organic synthesis. The current development of biotrans-
formations would not be possible without novel molecular
techniques such as molecular genetics, protein crystallography,
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technikami pouzivanymi v molekuldrni genetice, proteomice
a farmakologii, metodami analytické a organické chemie. Ten-
to mnohostranny pristup vedl k objeviim novych typii reakci, sto-
vek novych enzymii a konecné k vyvoji novych typii bioka-
talyzdtorii jako katalytickych protildtek, nukleoproteinovych
komplexii (ribozymil) a kovalentné modifikovanych enzymii. Pri
optimalizaci a modifikaci enzymii se vyznamné uplatnila tech-
nika presunu genii (gene shuffling). V soucasné dobé asi 70 %
wkatalytickych* priimyslovych procesii uzivd jako katalyzdtory
enzymy. To svédci o ekonomickém vyznamu téchto vyrobnich
postupli.

Vérime, Ze obsah tohoto Cisla, i pres své odlisné zaméreni,
bude pro ¢tendre zajimavy a v mnohém poucny. Ctendf md
moznost konfrontovat vysledky jednotlivych pracovist z oboru
biotransformact, orientovat se v perspektivdch tohoto védniho
odvetvi ¢i se inspirovat pri pripravé svych vyvojovych a priimys-
lovych projektii.

VZadinvu’r Kien
Vilim Simdnek
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spectral methods, proteomics, and modem advances of organic
chemistry and pharmacology. This multidisciplinary approach
leads to the discovery of new reaction types, hundreds of new en-
zymes and finally to the development of new types of biocatalysts,
such as catalytic antibodies, nucleoprotein complexes (ribozymes)
and covalently modified enzymes. The techniques of “gene shuf-
fling” (rearrangement of genes) are of utmost importance for the
optimization and modification of enzymes,

It is estimated that at present 70 % of all “catalytic proce-
dures” in industry are mediated by enzymes or other biocatalysts.
This reflects an immense economic impact of these applications.

We hope very much that the content of this issue, despite its
specificity, will be not only interesting for the reader but will pro-
vide new information on recent results of leading laboratories
working in the field of biotransformation. It should also help to
get a deeper insight into this scientific area and to obtain inspira-
tion to the design of novel industrial procedures.

Vladirtu’r Kien
Vilim Simdnek
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L001 CREATING ENANTIOSELECTIVE
HYDROLASES FOR ORGANIC SYNTHESIS:
COMBINING RATIONAL AND RANDOM
METHODS

ROMAS KAZLAUSKAS

Department of Chemistry, McGill University, Montréal, Québec
H3A 2K6, Canada, e-mail: romas.kazlaukas@mcgill.ca

Keywords: enantioselectivity, STAR mutagenesis, Pseudomo-
nas fluorescens esterase

Although it is difficult to design more enantioselective en-
zymes, it is also difficult to evolve them by directed evolution
because one must screen thousands of mutants. The flaw in
directed evolution is random mutagenesis, whether error-prone
PCR, DNA shuffling or related methods. In a typical enzyme,
<10 % of the amino acid residues are within the active site and
most lie 18+3 A away from the active site. For this reason,
random mutagenesis is biased toward mutations far from the
active site. On the other hand, to change catalytic properties
such as enantioselectivity, mutations in or near the active site
are more effective than distant ones. We propose that focusing
mutations into the active site is a more effective approach to
changing the catalytic properties of an enzyme. We call this
structure-targeted random mutagenesis, or STAR mutagenesis.
We used this strategy to dramatically improve the moderate
enantioselectivity (E = 12(S)) of a Pseudomonas fluorescens
esterase (PFE) toward methyl 3-bromo-2-methylpropionate
(MBMP). A homology model identified four amino acid resi-
dues close to the chiral acyl group of the substrate: Trp29,
Vall122, Phel99, and Val226. Saturation mutagenesis at each
site followed by screening for altered enantioselectivity using
Quick E identified seven different point mutants with
3-5 times higher enantioselectivity than wild type. This success
rate of this method (18 % of the active mutants showed in-
creased enantioselectivity) is dramatically higher than the suc-
cess rate using random mutagenesis (< 1 %). Further double
mutants show even higher enantioselectivity.

L002 BIOCATALYSED ASYMETRIC BAEYER
VILLIGER OXIDATION USING WHOLE CELLS

ROLAND FURSTOSS

Groupe Biocatalyse et Chimie Fine, UMR CNRS 6111, Univer-
sité de la Méditerranée, Faculté des Sciences de Luminy,
Case 901, 13288 Marseille Cedex 9, France,

e-mail: furstoss@luminy.univ-mrs.fr

Keywords: asymmetric Baeyer-Villiger oxidation, enantiose-
lectivity, biocatalysis
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In 1899, Adolf von Baeyer, working together with Victor
Villiger, mixed in an Erlenmeyer flask 15 g of natural mentho-
ne with 38 g of anhydrous potassium persulfate, under cool-
ing... Further work up led to a new crystalline compound
which was shown to be the corresponding lactone. This was
the first observed chemical oxidation of a ketone to a lac-
tone, and the beginning of the story of a new reaction known
as being ,,the Baeyer-Villiger oxidation“. Since then, numer-
ous applications of this reaction have been described for fine
organic synthesis.

Interestingly, this type of oxidation has also been postu-
lated, in 1953, as a biological step in steroid degradation. In
1981, Schwab described — at an analytical scale — the very in-
teresting feature that a newly purified microbial enzyme, i.e.
cyclohexanone monooxygenase, could lead to asymmetric
oxidation of a-deuterocyclohexanone. To the best of our
knowledge, this was the first asymmetric Baeyer-Villiger oxi-
dation process known to date.

Further efforts — carried out to explore this new possible
biocatalytic route to enantiopure lactones — have been deve-
loped by several research teams at a laboratory scale within
the last fifteen years, using either whole cells or isolated en-
zymes. This led to the very important demonstration that
these biocatalysts can indeed be efficiently used to achieve
the enantioselective Baeyer-Villiger oxidation of various ke-
tones.

Only recently (1994) the first transition metal catalysed
asymmetric Baeyer-Villiger oxidation was described. In spite
of some recent improvements by Katsuki et al., the results
obtained using this conventional chemistry approach are still
unsatisfactory in terms of substrate and enantioselectivity.
Thus it appears that, at the present time, biocatalysis is by far
the best tool for achieving the asymmetric Baeyer-Villiger
oxidation'™,

The aim of this presentation will be to present a survey of
our efforts aimed at developing this type of approach and to
illustrate its potential to perform the synthesis of some tar-
gets of interest in enantiopure form. Recent results of our
efforts aimed at exploring the possibility to scale up such
a process to a (mini) pilot scale will also be described.
REFERENCES
1. Alphand V., Furstoss R., in: Handbook of Enzyme
Catalysis in Organic Synthesis (Drauz K., Waldmann H.,
ed.), 2, 744-772. VCH Publishers, Weinheim 1995.
Roberts S., Wan P. W. H.: J. Mol. Catal. B: Enzym. 4, 111
(1998).

. Alphand V., Furstoss R., in: Asymmetric oxidation
reactions: A practical approach (Katsuki T., ed.), pp.
214-227. Oxford University 2001.

Mihovilovic M. D., Miiller B., Stanetty P.: Eur. J. Org.
Chem. 2002, 3711.
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L003 THE IMPORTANCE OF SUBSTRATE
ENGINEERING IN BIOCATALYSIS

HERFRIED GRIENGL

Angewandte Biokatalyse-Kompetenzzentrum GmbH, Steyrer-
gasse 17, A-8010 Graz, Institute of Organic Chemistry, Univer-
sity of Technology Graz, Stremayrgasse 16, A-8010 Graz,
Austria, e-mail: griengl@orgc.tu-graz.ac.at

Keywords: substrate engineering, enzymatic cyanohydrin re-
action, biohydroxylation, docking/protecting group principle

Very often biocatalytic transformations require an optimi-
sation, engineering (e), of the reactions. The possibilities are:
Choice of reaction conditions (reaction e.), selection and
modification of the enzyme applied (enzyme e.), influencing
the cell metabolism for whole cell transformations (me-
tabolic e.), transformation of the substrate to molecules ac-
cepted best by the biocatalyst (substrate e.)

After a general overview on the possibilities of substrate
engineering the lecture will focus on the application of this
principle to two biocatalytic transformations: Modification of
the substrate for enzymatic cyanohydrin reactions and the
optimisation of biohydroxylation reactions by application of
the principle of docking/protecting groups™.

REFERENCES

1. Braunegg G., de Raadt A., Feichtenhofer S., Griengl H.:
Angew. Chem. Int. Ed. 38, 2763 (1999); Angew. Chem.
111, 2946 (1999).

2. de Raadt A., Fetz B., Griengl H., Kopper I., Krenn B.,
Minzer D. F,, Ott R. G., Plachota P,, Weber H., Brau-
negg H., Mosler W,, Saf R.: Eur. J. Org. Chem. 2000,
3835.

3. de Raadt A., Griengl H., Weber H.: Chem. Eur. J. 7, 27
(2001).

4. de Raadt A., Fetz B., Griengl H., Klingler M. F,
Krenn B., Mereiter K., Minzer D. F., Plachota P,
Weber H., Saf R.: Tetrahedron 57, 8151 (2001).
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L004 ENZYME ASSISTED SYNTHESES:
FROM BIOACTIVE MOLECULES TO THE
BIOCONVERSION OF RENEWABLE
RESOURCES

PETER ANDERSCH, MATTHIAS BERGER,
BERNHARD HAASE, BERND JAKOB,
KARSTEN LANGE, and MANFRED SCHNEIDER

FB 9-Bergische Universitat, D-42097 Wuppertal, Germany,
e-mail: schneid@uniwuppertal.de

Keywords: bioactive compounds, enantiomers, lipases, phar-
maceuticals, renewable resources

Enzymes have emerged in recent years as highly efficient
catalysts in organic syntheses. This is particularly true for
esterhydrolases (esterases, lipases) many of which ideally
combine the required high reaction selectivities with the syn-
thetically so important broad substrate tolerance. As demon-
strated in many laboratories including ours they are ideally
suited for the preparation of enantiomerically pure hydroxy
compounds due to their ability to differentiate between i)
enantiomers, ii) enantiotopic groups attached to prochiral
centers and iii) enantio-topic groups in meso-compounds.
Using these three modes of substrate recognition in the first
part of the lecture enzyme assited syntheses of several classes
of compounds with known or potential biological activities
will be described. Thus resolutions of racemates are leading to
building blocks for pharmaceuticals™ (e. g. fluoxetine, iso-
sorbide-5-mononitrate, aromatase inhibitors), flavour com-
pounds*® (y- and 8- lactones ) and D-aminoacids®.

J\/\ R O O R (6}
Ph NHMe . HCI

(S)-Fluoxetine 4 - and y - lactones

Isosorbide-5-mononitrate

Differentiation of the enantiotopic hydroxy groups in 2-
substituted 1,3-diols leads to chiral C-3 building blocks,
mimics of diacylglycerols (second messengers) and carba-
analogues of phospholipids”®. Differentiation of enantiotopic
hydroxygroups in suitably protected derivatives of achiral
myo-inositol leads to enantiomerically pure building blocks
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for myo-inositol phosphates — important second messen-
gers® °,

HO_ O
¥ HOLP o
HO™ SO P~ J_oH
0 o TOH
HOS E OH

OH

1,2,6-myo-Inositoltriphosphate

carba - analogues of phospholipids

In connection with recent efforts related to the develop-
ment of environmentally friendly processes (Green Chemis-
try) the bioconversion also of commodities such as plant
derived bulk materials — so called renewable resources — is
increasingly addressed in numerous laboratories. Agricultural
crops represent a considerable reservoir of useful and low
cost raw materials such as fats and oils, proteins and carbohy-
drates. By selective combination of their molecular consti-
tuents (fatty acids, glycerol, amino acids, saccharides) a wide
variety of surface active materials can be prepared, all of
them — due to their molecular structures — being highly bio-
degradable. Lipases are well established biocatalysts for the
selective formation of ester and amide bonds and thus ideally
suited for the preparation of combination products with sur-
face active properties such as partial glycerides™, sugar es-
ters and N-acylated amino acids. In the lecture the employed
methodologies for the enzymatic preparation of these mate-
rials will be discussed in detail.

OH OH

AcylO OAcyl AcylO OAcyl

partial glycerides

OAcyl (0]
HO OH ™ OH AcylHN H

sugar esters N-acylated aminoacids

The resulting products are useful both as emulsifiers in
food applications, excipients in pharmaceutical formulations
and as mild and skin friendly detergents for cosmetic uses.
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L005 ENZYME ‘BUILDING BLOCKS’ FOR NANO-
STRUCTURED COMPOSITE MATERIALS

NOA HADAR? SHIRA LAGZIEL?,
HILA MOSCOVITZ?, FELIX FROLOW?,
YORAM SHAPIRA", YOSI SHACHAMB,
and AMIHAY FREEMAN*

®Department of Molecular Microbiology, Faculty of Life
Sciences, "Department of Physical Electronics, Faculty of Engi-
neering, Tel Aviv University, Tel Aviv 69978 ISRAEL, e-mail:
amihayf@post.tau.ac.il

Keywords: enzyme, building block, nano-particle, protein-
based composite material

The design, fabrication, characterization and applications
of nano-structures, has recently gained much attention. The
use of biological macromolecules such as DNA and proteins,
as ‘building blocks’ for the construction of functional nano-
structures via self-assembly offers several advantages,
including homogeneous large sized ‘building blocks’ molecu-
lar population, self-assembly mediated by biological recogni-
tion, and a sound basis of structural and biochemical data as
well as available tools for production, isolation and charac-
terization. The use of enzymes as ‘building blocks’ — either as
single molecule or as protein crystal or scaffold — may be par-
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ticularly attractive due to their well characterized molecular
structures, chemical surface compositions and biological acti-
vity.

Three different modes of application of enzymes as
‘building blocks’ will be described:
A. Enzyme crystals as protein made templates for the pre-
paration of novel composite materials: a unique new
family of composite materials, comprised of three
dimensional highly ordered alternating arrays of nano-
scale biological moiety (the protein) and synthetic-
organic, inorganic-ceramic or metallic nano-scale moiety,
embedded within the crystal cavities;
Enzyme molecules serving as core for the fabrication of
a new type of nano-particles comprised of a protein core
and a grafted fur-like synthetic polymeric shell;
Enzymes and other protein molecules and arrays serving
as template for the fabrication of metallic nano-particles
comprised of a protein core and a thin metallic surface
made by a new controlled electroless deposition.
The design, fabrication and characterization of the above
mentioned new composite materials will be described. Our
results demonstrated feasibility of the three methodologies,
paving the way to the fabrication and use of a new family of
protein-based composite materials.

L006 PATHWAY ENGINEERING FOR PRODUCTION
OF 1,3-PROPANEDIOL FROM GLUCOSE

GREGG WHITED® and GARRY DOTSON

4Genencor International, Inc., 925 Page Mill Road, Palo Alto,

CA 94304, US; “E. I. duPont de Nemours and Co.;
e-mail: gwhited@genecor.com

Keywords: 1,3-propanediol, E. coli, biocatalyst development,
metabolic engineering

At present, there is limited production of 1,3-propane-
diol, a monomer highly desired for copolymerization with
terephthalic acid to make 3GT polyester (Sorona™). A joint
team of scientists at Genencor and DuPont have developed
a breakthrough bioprocess which promises to provide 1,3-
propanediol at a scale and price appropriate for a commodity
chemical. The process employs an engineered E. coli micro-
organism and utilizes the renewable starting material glucose
as its feedstock, converting glucose into 1,3-propanediol in
a single organism. We will describe (i) the general scheme for
the construction of the biocatalyst and (ii) the subsequent
approach to maximize carbon and reducing equivalent
throughput via metabolic engineering. We will highlight the
integration of metabolic flux analysis, DNA macroarrays, tra-
ditional protein biochemistry, molecular biology and fermen-
tation in the biocatalyst development.
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L007 BIOCATALYTIC ASYMMETRIC HYDROGEN
TRANSFER

WOLFGANG KROUTIL, WOLFGANG STAMPFER,
BIRGIT KOSJEK, KLAUS EDEGGER, RUUD VAN
DEURSEN, and KURT FABER

Department of Chemistry, Organic & Bioorganic Chemistry,
University of Graz, Heinrichstrasse 28, A-8010 Graz, Austria,
e-mail: Wolfgang.Kroutil@uni-graz.at

Keywords: alcohol dehydrogenase, Rhodococcus ruber, ke-
tone, assymetric reduction

An alcohol dehydrogenase from Rhodococcus sp. was
employed in a biocatalytic hydrogen-transfer process' for the
asymmetric reduction of ketones (at the expense of 2-propa-
nol as cosubstrate/hydrogen donor) or via oxidative kinetic
resolution of rac-sec-alcohols using acetone as co-substrate as
depicted in the Scheme below*?. The feasibility of these pro-
cesses depends on the exceptional enzyme-stability toward
high co-substrate concentrations, i.e. 2-propanol (50 % v/v)
for reduction and acetone (20 % v/v) for oxidation, respec-
tively’. Using these co-substrates, cofactor recycling becomes
trivial, especially when using whole (resting) cells as the cata-
lyst. The scope and limitations of this biocatalytic approach
for the oxidative kinetic resolution of sec-alcohols as well as
the asymmetric reduction of ketones to furnish both stereo-
isomers of the corresponding non-racemic alcohols will be
discussed®. The applicability of the oxidation as well as of the
reduction will be demonstrated for various products of the
flavour and pharmaceutical industry.

OH (0}

50% (v/v)

O

N

up to
1.8 mol.l-1

Rhodococcus ruber OH

DSM 44541

pH 7.5-8.0 R

OH (0}
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L008 NOVEL BIOCATALYST FOR THE PRODUCTION
OF ENANTIOMERICALLY PURE AMINES
AND AMINO ACIDS

THEO SONKE, HANS KIERKELS,
RINUS BROXTERMAN, and MARCEL WUBBOLTS

DSM Research, Campus Geleen, Center for Advanced Synthesis
Catalysis & Development, P. O. box 18, 6160 MD Geleen, The
Netherlands, e-mail: marcel.wubbolts@dsm.com

Keywords: chiral amines, amino acids, penicillin acylase, pep-
tide deformylase, amidase, aminopeptidase, kinetic resolu-
tion, chiral synthesis

Biocatalysis has developed into a well-recognized, valua-
ble tool for fine chemicals manufacturing™?. Crucial to devel-
opment of novel processes for fine chemicals production,
which integrate single or even multiple biocatalytic steps, is
the availability of biocatalysts with the desired activity, selec-
tivity and process stability enabling the industrial synthesis of
the desired enantiomer of chiral compounds®.

DSM has developed proprietary biocatalyst platforms for
production of a variety of enantiomerically pure fine chemi-
cals. These platforms include a collection of amidases and
acylases for the synthesis of a- and B-amino acids, dipeptides,
chiral amines and derivatives thereof. Several examples of the
use of these biocatalyst platforms will be presented.
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L009 DERACEMISATION OF CHIRAL AMINES
USING ENZYMES OBTAINED BY DIRECTED
EVOLUTION

NICHOLAS J. TURNER, MARINA ALEXEEVA,
REUBEN CARR, and ALEXIS ENRIGHT

School of Chemistry, University of Edinburgh, King’s Buildings,
West Mains Road, Edinburgh EH9 3JJ, UK, e-mail:
n.j.turner@ed.ac.uk

Keywords: deracemisation, enantioselective enzyme, non-se-
lective chemical reagent, directed evolution techniques

Emphasis is increasingly being placed upon the develop-
ment of novel enzyme-catalysed processes that are able to
deliver the product in yields approaching quantitative and
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high optical purities. In this context, dynamic kinetic resolu-
tions, enantioconvergent reactions and asymmetric transfor-
mations have recent considerable attention in recent years.
In order to extend the range of chiral molecules that are ame-
nable to dynamic kinetic resolutions, it has been necessary to
discover new reagents for the racemisation of chiral mole-
cules under conditions that are compatible with enzyme ca-
talysis. Particularly impressive advances have been made in
the DKR of secondary alcohols using transition metal based
catalysts for racemisation.

This lecture will describe a new approach that we are de-
veloping for the deracemisation of racemic mixtures of chiral
compounds. Deracemisation of racemic mixtures represents
anew and highly efficient approach to the synthesis of a wide
range of chiral, optically pure, intermediates for pharmaceu-
tical and fine chemical end products. The principle of the
deracemisation strategy is to combine an enantioselective
enzyme with a non-selective chemical reagent for the stere-
oinversion of enantiomers. Figure 1 illustrates the conversion
of D- to L-a-amino acids by carrying out sequential cycles of
oxidation/reduction using a D-selective amino acid oxidase
together with in situ reduction of the intermediate imine 2.

NH,
oxidatio
R COM D-a;:zlinalazrflid
D-1 oxidase (DAAO)
\ NH
reduction
[H] R COH
NH; 2
R” >COH
L-1

Fig. 1. Stereoinversion of D- to L-amino acids using a D-amino acid oxi-
dase in combination with a chemical reducing agent.

The deracemisation approach has been successfully ap-
plied to both L- (ref.") and D-a-amino acids? and more re-
cently we have further extended the method to include chiral
amines®. A key aspect of the deracemisation of amines was
the application of ‘directed evolution’ techniquesto select for
enzymes with optimised characteristics (e.g. enantioselectivi-
ty, solvent stability, substrate range, tolerance of high pro-
duct concentration) for applications in large scale synthesis.
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L010 METAGENOMICS, GENE DISCOVERY AND THE
‘IDEAL BIOCATALYST’

DON A. COWAN
Advanced Research Centre for Applied Microbiology, Depart-

ment of Biotechnology, University of the Western Cape, Cape
Town, South Africa, e-mail: dcowan@uwc.ac.za

Keywords: metagenome, gene discovery, biocatalysts

Within the new paradigm where process conditions are no
longer the defining or limiting constraints on successful bio-
catalytic processes and the biocatalyst can be found or made
to fit the purpose, the technologies of gene discovery and
enzyme engineering are vitally important'. Here we focus on
the molecular technologies both in use and under develop-
ment for the discovery of genes from ‘metagenomic’ re-
sources.

The metagenome constitutes the total complement of ge-
nomes (and genes) available in a particular environment. It is
now widely accepted that, in any microbial environment, less
than 1 % of the extant species diversity has ever been
cultured. It therefore follows that effective access to the
metagenome, and the genes therein, must depend on techno-
logies that lie outside classical microbial isolation.

The first of these technologies (metagenomic or ‘multi-
plex’ cloning® has been implemented with considerable suc-
cess over the past 5 years. The current applications of this
method, together with its limitations and capacity for further
evolution, will be described. Newly evolving methods for di-
rect access to the metagenome, including PCR-dependent
methods and sequencing approaches, will be presented.
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L011 COMPLEMENTARY AND SYNERGISTIC
APPLICATION OF ENZYME
AND MOLECULAR CATALYSIS

TAKESHI SUGAI

Department of Chemistry, Keio University, 223-8522, Yokoha-
ma, Japan, e-mail: sugai@chem.keio.ac.jp

Keywords: lipase, nitrile hydratase, amidase, protease, yeast-
mediated reduction
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An important aspect in the enzyme-catalyzed production
of chemicals is the complementary and synergistic use of
chemo-enzymatic procedure so that we can draw a reasonable
and straightforward blueprint towards the target molecules.
Our early achievements were the syntheses of (R,R)-pyreno-
phorin (1, 1995) and N-glycolylneuraminic acid (NeuGec, 2,
1997). In the former, the introduction of chirality and func-
tional group transformation were effectively performed by
whole-cell enzymes.

NeuGC 2

(R,R)-pyrenophorin 1

Cbz

oligo
saccharides

3

(R)2-NMA 6

The latter case prompted us the chemo-enzymatic trans-
formation with minimally protected polyfunctional molecules,
exemplified as the synthesis of glycopeptide intermediate (3).
Papain was efficiently used for the deprotection of carboxylic
ester under mild conditions.

Of course, the development of new chemical reaction, to
be coupled with enzymes as key steps, was necessary, as
shown in the synthesis of an oxazolidinone (4: nitrosation-
deaminocyclization) and (R)-2-NMA (6: one-pot cyanohy-
drin acetate formation) from 5 and 7, respectively.

The design of the substrates and the device of subsequent
chemical transformation are the clue to overcome the fre-
quently encountered two obstacles, the low accessibility to
the proper substrates and the narrow substrate specificity of
the enzymes. This topic is presented in the synthesis of 8
from 10 via a cyclic hemiacetal (9).

Finally, to minimize the product inhibition problem of
enzyme-catalyzed hydrolysis, the release of inhibitory by-
product (for 11), and the enantiomeric enrichment of sub-
strate (for 12) prior to the reaction by either another
chemical or enzymatic way, were studied.
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L012 APLICATION OF BACTERIA AND FUNGI AS
BIOCATALYSTS FOR THE PREPARATION OF
OPTICALLY ACTIVE HYDROXYPHOSPHONATES

EWA ZYMANCZYK-DUDA,
MALGORZATA BRZEZINSKA-RODAK,
ALINA MALY, BARBARA LEJCZAK,
and PAWELE KAFARSKI

Institute of Organic Chemistry, Biochemistry and Biotechnolo-
g, Wroctaw University of Technology, Wybrzeze Wyspiariskie-
go 27, 50-370 Wroctaw, Poland,

e-mail: kafarski@kchf.ch.pwr.wroc.pl

Keywords: hydroxyalkanephosphonate, oxoalkanephospho-
nate, stereoselective reduction, microbial whole cells

Biotransformations offer an effective and sometimes
preferable alternative to the standard synthesis of fine chem-
icals, especially in the case when optically active products are
desirable. Hydroxyalkanephosphonates could be considered
as analogues of hydroxy acids and are obtained by replace-
ment of carboxylic acid moiety by phosphonic acid one. This
approach quite frequently results in promising biologically
active compounds, application of which range from medicine
to agriculture. Moreover, they may serve as substrates for the
preparation of aminoalkanephosphonic acids, mimetic of
amino acids, which display even more promising physiological
activity. For proper evaluation of these activities availability
of enantiomerically pure compounds is indispensable.

The use of biotransformations for the preparation of op-
tically active phosphonic acid derivatives has been only
scarcely reported in the literature and therefore we have un-
dertaken studies on the use of microbial whole cells as bio-
catalysts for their preparation. The first approach considered
stereoselective reduction of oxoalkanephosphonates using
baker’s yeast and some other strains of fungi.
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)LMP@EQ — )\MPO3Et2 n=0,1,2
-

This reaction afforded the desired product in satisfactory
yields and with high optical purities when p— and y—oxoal-
kanephosphonic (n=1 or 2) acids were used as substrates.
Diethyl 1-oxolakyphosphonates (n=0) are, however, ex-
tremely unstable in aqueous solutions and bioreductions of
this class of compounds were carried out in anhydrous hexane
using lyophilized or immobilized microbial cells.

1,2-Dihydroxyalkanephosphonates constitute a small
class of compounds preparation of which is still challenging
and desirable, with their biological activity awaiting determi-
nation. We have, therefore, also tested ability of several
strains of fungi and bacteria to carry out stereoselective hy-
drolysis of trans-epoxyethanephosphonates in order to obtain
corresponding 1,2-dihydroxyalkanephosphonic acids.

H OH
Hmh “MPO3Et2 = PO}Et2
g H
R R H OH
(1R,2S)-isomer
+ EE—— +
H PO:EL H OH
e PO3EL
i g H >
R@ R H OH

(1S,2R)-isomer

The stereochemical course of the reaction was deter-
mined by means of *P NMR using quinine as a chiral selec-
tor. Contrary to the chemical hydrolysis biocatalysis resulted
preferably in erythro-1,2-dihydroxylakanephosphonates, which
were obtained in good yields and with enantioselectivity
strongly dependent on the structure of the used substrate and
the kind of the applied microorganism. We are, however, un-
able to determine, which of the two formed isomers (1S,2R)
or (1R,2S) is the major product of this hydrolysis.

L013 BIOTRANSFORMATION
OF IMMUNOSUPPRESSIVE COMPOUNDS
VLADIMIR MATHA

IVAX Pharmaceuticals s.r.0., Czech Republic,
e-mail: vladimir_matha@IVAX-cr.com

Keywords: cyclosporin A, bioconversion, metabolite, biolo-
gical activity

Cyclosporin A, a lipophilic cyclic undecapeptide pro-
duced by a fungus Tolypocladium inflatum, has been selected
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as a model molecule to discuss the biotransformation of cy-
clophilin binding-immunosuppressive compounds. A meta-
bolism of cyclosporin A (immunosuppressive compounds)
occurs predominantly in the liver, the bowel, and to lesser de-
gree in kidney by cytochrome P450 CYP3A4 oxidase. Bio-
transformation is initiated by oxidative attack at five main
points on the molecular face opposite to cyclophilin binding
site. Mathematical analysis predicts 41 mono-, di- or tri-oxidi-
zed derivatives. All metabolites retain the intact cyclic oli-
gopeptide structure of the parent drug. Structural modifica-
tions consist of mono- and dihydroxylation, N-demethylation
and intramolecular cyclization. In vitro studies utilizing liver
microsomes show that the first oxidation products of CsA
are the primary metabolites M1, M9, and M4N, produced by
stepwise biotransformation beginning with a single conver-
sion: either a region-specific hydroxylation at the n or gamma
positions of amino acid 1, or a demethylation at amino acid 4.
Further oxidation of these compounds then produces a sec-
ond group of metabolites which exhibit combined biotrans-
formation, such as M19 characterized by dihydroxylation at
both n and gamma position of amino acid 1 and 9, M49 which
is oxidized at position 4 and 9, or M4N9 which is oxidized at
position 4 (N) and 9. Other secondary metabolites include
M4N69 and M69 found in urine, both of which are oxidized
at position 6 and may represent further oxidation products of
M4N9 and M9, respectively. M1AL, an aldehyde obtained by
oxidation of primary alcohol M1, and M1A, the correspond-
ing acid first isolated as the bile acid metabolite Ma. Both of
the later can be further oxidized in positions 4,4 (N), 6, and 9
or cyclized at position 1. A third conversion mechanism is in-
tramolecular tetrahydrofuran ether formation at amino acid 1,
producing M1C, while the ultimate formation of linear CsA
metabolites formed as gamma lactones has also been predicted
and at least one of these has been produced synthetically.

In addition to oxidized metabolites, Cs A is metabolized
by conjugation of the hydroxyl group at MeBmt amino acid,
represented by e.g. water soluble sulfate conjugate.

The purpose of the lecture is not only to summarize existing
pathways of bioconversion and known metabolites of immuno-
suppressive drugs but also to discuss the biological activities
and potential involvement of metabolites in primary and side
effects, and in toxicity of immunosuppressive compounds.

L014 ENZYMATIC CATALYSIS IN ORGANIC
SYNTHESIS

KARLHEINZ DRAUZ

Degussa AG, Business Unit Fine Chemicals, Rodenbacher

Chaussee 4, D-63477 Hanau, Germany,
e-mail: karlheinz.drauz@degussa.com

Keywords: enzymes, biocatalysis, organic synthesis, amino acid

The world of biocatalysis has undergone significant
changes during the last decades. Enzymes are showing up in

Invited Lectures

many more organic syntheses and a number of important new
industrial processes coming on line. The search for better,
enantiomerically pure biologically active compounds and
their intermediates is forcing many chemists to use enzymes.
Ever increasing demands for environmentally friendly pro-
cesses push in the same direction.

Rapidly developing technologies for discovering new en-
zymes and optimizing them by genetic engineering are offer-
ing new opportunities. So we can respond more rapidly and
effectively to new synthetic needs with biocatalytic solutions.

This paper will focus on optimized and new biocatalytic
methods especially for synthesizing amino acids and deriva-
tives.

Acetylamino Malonic Ester or
Strecker Synthesis,
Amidocarbonylation,
Gabriel Aminations
Special Synthesis

————— achiral or D,L-Amino Acids

Resolution
Enzymes, Chemzymes, Diastereomers
Chiral Chromatography

A T

Protein Hydrolysis L-Amino Acids L-Amino D-Amino
) B T — | proteinogenic, Acids Acids
natural all types all types

~ t “~

Enzymatic Synthesis
Amino Acid Transformations
Asymmetric Synthesis

/
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L015 DIRECTED MOLECULAR EVOLUTION
TECHNOLOGIES: IMPROVING GENES,
PATHWAYS, AND WHOLE ORGANISMS FOR
BIOCATALYSIS, FERMENTATION, AND
PROCESS APPLICATIONS

ANKE KREBBER

Codexis, Inc., 515 Galveston Drive, Redwood City, CA 94063,
USA, e-mail: anke.kreber@codexis.com

Keywords: biocatalyst, development, stability, stereospeci-
ficity, technology

Few naturally occurring enzymes and fermentation strains
are optimal for industrial use. Codexis, Inc., a subsidiary of
Maxygen, Inc., is using its proprietary technologies to enable
and develop improved biocatalysts, strains and processes. By
integrating recursive DNA sequence recombination (DNA
shuffling) with process-appropriate screening methodology,
improvements in the catalytic performance of enzymes, path-
ways, and whole organisms have been realized and successful-
ly commercialized. Using this technology, multiple enzyme
traits can be co-evolved, to create superior biocatalysts with
increased activity, stability and preferred chemo-, regio- and
stereospecificity under desirable process conditions. In addi-
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tion, many industrial opportunities require the coordination
of multiple enzymatic steps and the evolution of complex bi-
ological pathways. This presentation will give an overview of
the technology and will describe examples of our recent ef-
forts in the area of biocatalysis and fermentation.

L016 DISCOVERY AND DEVELOPMENT
OF ENZYMES FOR STEREOSELECTIVE
REDOX REACTIONS

JON D. STEWART

Department of Chemistry, University of Florida, Gainesville, FL
32611 USA, e-mail: jds2@chem.ufl.edu

Keywords: stereoselective redox biotransformation, ketone,
large scale

This talk will focus on our recent advances in developing
stereoselective redox biotransformations by marrying genome
sequence data with novel chemical reactions and bioprocesses.
Specific examples will include asymmetric ketone reductions
by baker’s yeast enzymes and ketone oxidations by a bacteri-
al flavin monooxygenase. Methods to discover enzymes with
the optimal combination of rapid reaction rates and stereo-
specificities will also be discussed, along with strategies to
carry out the reactions economically on large scales. Our goal
is to devise a set of generally applicable, integrated strategies
that can be used to solve problems in the pharmaceutical,
agrochemical and polymer chemicals sectors.

L017 BIOCATALYSIS IN IONIC LIQUIDS

UDO KRAGL

Rostock University, Department of Chemistry, 18051 Rostock,
Germany, e-mail: udo.kragl@chemie.uni-rostock.de

Keywords: ionic liquids, enzyme catalysis, membrane, nano-
filtration

During the past decade, ionic liquids (ILs) have gained
increasing attention for performing all types of reaction with
sometimes remarkable results™? ILs are salts with melting
points below 100 °C; they have no measurable vapor pressure
making them ideal tools for clean and sustainable processes.
Applications for ionic liquids in electrochemsitry, solar cells,
sensors, supported liquid membranes®, homogeneous catalysis
and even protein renaturation® have been reported. It also has
been demonstrated by numerous groups that ionic liquids can
be used as novel biocompatible solvents. An overview is
given in two recent reviews®®,
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There are basically three modes of operation: Use of the
IL as co-solvent, as pure solvent or in a biphasic system. In
many cases improved stability of the biocatalyst has been
reported compared to traditional solvents. Improved (ena-
tio)selectivity for especially lipases has been observed.

The contribution will focus on areas where ionic liquids
may be used advantageously by making use of their special
mixing and solvation properties’. It is very likely that these
special properties will be essential for further fostering the
use of ionic liquids in novel applications. Another topic to be
addressed is the problem of impurities and analytical tools in
order to guarantee a special purity necessary for biocatalysis
—which is different from what is required for transition metal
catalysis.
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L018 GLUCOSYL TRANSFER BY SACCHARIDE
PHOSPHORYLASES: COMPONENTS OF
MECHANISM AND APPLICATIONS IN
(GLYCO)BIOTECHNOLOGY

BERND NIDETZKY, CHRISTIAN EIS,
and ALEXANDRA SCHWARZ

Institute of Biotechnology, Graz University of Technology,
Petersgasse 12/1, A-8010 Graz, Austria,
e-mail: bernd.nidetzky@tugraz.at

Keywords: saccharide phosphorylase, trehalose phosphory-
lase, cellobiose phosphorylase, synthesis of glucosides

When classified according to their enzymic reactions, sac-
charide phosphorylases constitute a heterogeneous class of
glucosyl transferases (EC 2.4.1) that catalyse reversible glu-
cosyl transfer to and from phosphate. They are intracellular-
ly located and in the environment of the cell where relatively
high phosphate concentrations prevail, the direction of phos-
phorolysis of glucosidic bonds is favoured thermodynamically.
The physiological role of saccharide phosphorylases is effec-
tively catabolic and pertains to conversion of glucosides just
taken up into the cytoplasm or stockpiled therein as a reserve
carbohydrate (glycogen) and for other functions (o, a-treha-
lose). Phosphorolysis releases one activated glucosyl molecule
as glucose 1-phosphate per cleaved glucosidic bond and is,
clearly, more energy-conserving than hydrolysis of the same
bond. The most widely distributed saccharide phosphorylase
in nature is a-glucan (glycogen, starch, maltodextrin) phos-
phorylase, which appears to be present in almost all organ-
isms and cell types. By contrast, disaccharide phosphorylases
are found in relatively few microbial taxae and obviously have
been selected for special physiological needs and non-conven-
tional metabolic pathways.

The first part of this paper will provide a classification of
the group of saccharide phosphorylases based on sequence,
substrate specificity, and reaction mechanism. In the second
part, kinetic and mechanistic components of enzymic glucosyl
transfer catalysed by trehalose phosphorylase from the fungus
Schizophyllum commune will be described based on evidence
obtained with substrate analogues and inhibitors™. The
stereaochemistry of the reaction of this trehalose phosphoryla-
se, which converts a, a-trehalose and phosphate, likely the
mono-anion, into a-D-glucose 1-phosphate and o-D-glucose,
is one of retention of configuration at the anomeric centre.
The implications of the observed stereochemical control on
catalytic mechanism are discussed. Finally, we will present
principles of phosphorylase-catalysed synthesis of glucosides
and point out potential and current limitations, using Cellulo-
monas uda cellobiose phosphorylase* as an example.
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Keywords: double chain elongation, lipase-catalyzed
acetylation, 1,3-polyols

A great variety of natural products of biological interest
include polyketides (1,3-polyoxo, 1,3-polyols, aldols). We
have proposed a new, non-iterative asymmetric synthesis of
long-chain 1,3-polyols starting from the readily available 2,2’-
methylenedifuran (1) (ref.!). The method relies upon the
double [4+3]-cycloaddition of 2-oxyallyl cation intermedi-
ates? giving, after reductive work-up, 45:55 mixture of meso-
2 and (%)-threo-2 that are readily separated. Diol (%)-3 has
been resolved kinetically with Candida cylindracea lipase-cat-
alyzed transeserification giving (-)-3 (30 % yield, 98 % ee)
and (+)-4 (30 % yield, 98 % ee)®. These compounds can be
converted in a few steps into several stereomeric polyketides,
e.g. into (-)-5.
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In a few steps meso-2 is converted into racemic (+)-6,
which has been resolved kinetically by lipase-catalyzed
acetylation.

OH OBOM O_ _G

><6 0>< OBOM
(£)-6
Z>0Ac
20°C (+)-6 and (-)-7

. monoacetate
Candida

cylindracea

This work was supported by the Swiss National Science
Foundation, OFES (Bern), Flores Valles-UCM (Madrid),
COSTD25/001/02.
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The statin family is a class of pharmaceuticals, derived
from the natural mevilonolacton, known as strong HMG-
CoA-R-inhibitors. Although the different congeners are mar-
keted by a number of companies there is still a need for an
efficient synthesis of highly optically pure precursors®*.
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We designed our approach to get ready access to a com-
mon precursor, which can be used for the preparation of
a series of side chain building blocks (see scheme). For us,
a resolution for the synthesis of bulk material did not seem an
economic starting point. So we resided to an enzymatic de-
symmetrization of the symmetrical glutaric acid esters?. This
way an almost quantitative yield of optically pure “acid/ester”
is accessible in contrast to a 50%-yield obtainable via a reso-
lution of various starting compounds. The resulting acid is
transformed into the corresponding acid chloride, which
serves as key intermediate to a variety of statin-side chain
building blocks®*.
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Screening of 16 different fungal strains was performed
for the production of a-L-rhamnosidases under different cul-
tivation conditions, using L-rhamnose or some flavonoid
glycosides (rutin, hesperidin and naringin) as specific induc-
tors. No significant constitutive production of a-L-rhamnosi-
dases were detected in non-induced cultures, whereas high
levels of glycosidases activities were obtained using different
inductors with the various species and also within different
strains of the same species. Series of new species, so far un-
known for the a-L-rhamnosidase production, were identified.

Over 30 different a-L-rhamnosidase preparations were
recovered by ammonium sulfate precipitation. Substrate spe-
cificity of this a-L-rhamnosidase library was tested with vari-
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ous L-rhamnose-containing natural compounds (flavonoids,
terpenoids and saponins). Most of the enzymatic prepara-
tions showed broad substrate specificity, and some of them
were also acting on sterically hindered substrates (e.g., quer-
citrin). Screening the library under different reaction condi-
tions showed the coexistence in the same preparation of more
than one a-L-rhamnosidase activity, possessing different sub-
strate specificity and different stability towards organic sol-
vents.

In order to exploit this enzymatic library for the modifi-
cation of substrates carrying o-L-rhamnose moieties linked
either to a-L-arabinopyranosidic (e.g., desglucoruscin, 1) or
to B-D-glucopyranosidic (e.g., asiaticoside, 2) residues, the
presence of contaminating glycosidase activities, particularly
of a-L-arabinosidases and B-D-glucosidases was investigated.
The latter enzymes were observed in several preparations,
whereas the content of a-L-arabinosidases was generally
quite low.

Desglucoruscin (1)

0O~ OH
OH
OH OH
0 OH HO o
o
o OH

Asiaticoside (2)

The selective derhamnosylation of desglucoruscin was
investigated. The enzyme obtained by rhamnose induction of
the Aspergillus niger K2 CCIM strain showed high activity
towards this substrate and negligible o-L-arabinosidase ac-
tivity, so it was chosen for the selective derhamnosylation re-
action, which provided the desired product in 70 % vyield.

Support by the joint projects between CNR and AV CR,
COST D25/0001/01, grants 203/01/1018 from GACR, and
OC D25.002 from MSMT is highly acknowledged.
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A large body of information indicates that polysaccha-
rides from a wide variety of sources have beneficial effects on
the human immune system. Although some polysaccharides
such as schizophyllan and lentinan have been studied in some
detail as antitumour agents, there is a general lack of knowl-
edge of the types of structure that are most effective in inter-
acting with the immune system.

Certain oligosaccharides enhance or elicit the synthesis
of defence in plants and fungi'. Recently it has been shown
that some oligosaccharides can influence the intrinsic human
immune system?, providing hints at structure-function rela-
tionships. The size (degree of polymerisation) and shape of
oligosaccharides seem important for immunostimulatory ac-
tivity. The most effective materials tested so far have approx-
imately helical structures and D. P. of 7. Further investigation
of structure-function relationships is stultified by the unavail-
ability of sufficient quantities of other oligosaccharides.

Enzyme technology provides possible routes to the pre-
paration of novel oligosaccharides and to the modification of
polysaccharide structures. Partial hydrolysis of polysaccha-
rides by hydrolases or lyases is feasible, either to produce
oligosaccharides or to modify side chains. Synthesis of oli-
gosaccharides by the “reversed hydrolysis” of mixtures of
sugars by endo-enzymes such as bacterial a-amylases is pos-
sible. Isolation of individual oligosaccharides from complex
mixtures may be an even greater challenge than synthesising
them in the first place.

Availability of suitable enzymes and enzyme technologies
for oligosaccharide production and polysaccharide modifica-
tion will be discussed.
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Derivatives of 1,4-dideoxy-1,4-iminoalditols (hydroxy-
lated pyrrolidines) constitute an important class as glycosi-
dase inhibitors', however, in many instances they lack
selectivity presenting a wide range of enzymatic inhibition.
The selectivity in enzyme inhibition can be improved by pro-
viding the iminosugar with some information of the aglycon
that is liberated during the enzymatic hydrolysis, in addition
to the information about the structure of the glycosyl moiety
that is cleaved and that mimick the oxocarbenium ion.

Looking for an easy and efficient approach of increasing
activity and selectivity in enzyme inhibition, we envisionned
the attachment of aryl(alkyl)amino groups to the pyrrolidine
moiety: additional amino groups could be able of increasing
electrostatic interactions with the carboxylate groups of the
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enzyme, and lipophilic moieties could be capable of esta-
blishing stabilizing hydrophobic interactions with the active
site of the enzyme.
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In this communication we present the synthesis and enzy-
matic inhibition of several pyrrolidine-diamines of type 2, 3
and 4, two pyrrolidine-triamines 5 and ent-5 and several pyr-
rolidine-tetramines 6, and demonstrate their better enzymatic
inhibitory properties compared to the simple meso-3,4-dihy-
droxypyrrolidine (1).

On the other hand, as a part of a program related with the
use of nitrile-hydrolyzing enzymes as tools in organic synthe-
sis, we are presenting a convenient route for the synthesis of
p-nitrophenyl 2-acetamido-2-deoxy-cyanoglycosides 12 and
13. The strategy is based on the use of butanediacetal (BDA)
protecting groups®.
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Most methods to modify the polymer surface require
strong chemical agents. Nitrilase from Rhodococcus rhodo-
chous (EC 3.5.5.3) was used to change surface properties of
acrylic fibres (PAN) and improve dyeability. The nitrile
groups in PAN can be transformed into the corresponding
carboxylic acid yielding ammonia by enzyme action. The sta-
bility of industrial enzyme under various conditions is an im-
portant characteristic. Therefore, it is necessary to develop
techniques for enhancing the stability of enzymes. Several
polyols were studied, being sorbitol selected because its addi-
tion improved the enzyme stability and activity. Organic sol-
vents were also used, to help the enzyme penetration into the
polymer structure. Due to enzymatic modification, the acrylic
fibers became more hydrophilic and dye uptake was enhanced
at temperatures below glass transition (60-80 °C). At 80 °C,
an increase on dye uptake of 200 % was achieved when the
enzymatic treatment, at the best conditions, was carried out.

L025 BIOTRANSFORMATION OF AZO-COMPOUNDS
WITH NEW ALKALITHERMOSTABLE
OXIDOREDUCTASES

JURGEN MAIER?, ANDREAS KANDELBAUER?,
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CHRISTOF HELD?, ARTUR CAVACO-PAULOQ®,
and GEORG M. GUBITZ?
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of Technology, 8010 Graz, Austria; "Department of Textile Engi-
neering, University of Minho,4800 Guimaraes, Portugal; email:
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Keywords: azo-reductase, peroxidase, laccase, alkalithermo-
stable

Many industrial processes involving transformation of
azo-compounds are carried out at high pH-values and high
temperatures thus limiting the applications of existing
oxidoreductases. In this paper, we describe new alkalithermo-
stable oxidoreductases and new applications based on inves-
tigation of their reaction mechanisms. We isolated various
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Bacillus strains growing at high pH values (10.5) and high
temperatures (65 °C). While intracellular oxidoreductases of
these organisms show high stabilities under these conditions,
enzymes such as laccases contained in the spores are even
more stable. Here, we describe the 62 kDa intracellular azo-
reducatase and the dimeric 165 kDa peroxidase purified from
a new Bacillus strain and the 33 kDa spore laccase from this
organisms. At pH 8.5 all three enzymes show half life times
longer than a day. MALDI-TOF peptide mass mapping re-
vealed some similarity to proteins from other alkalither-
mostable organisms. The NADH dependent azo-reductase
reduced the azo-bonds of many structurally different azo-
compounds yielding the corresponding amines as shown by
LC-MS analysis. To study the substrate specificity of this en-
zyme we have synthesized 22 model azo-compounds only dif-
fering in the type and position of substituent on the aromatic
ring. Electron withdrawing substituents in ortho and para
position of the aromatic ring enhanced the reaction with high-
est values obtained with —-NO, substituents. Azo-reductase
and oxidase activities are retained when whole cells are used
for biotransformation which might have advantages in case of
azo-reductase in terms of co-factor regeneration. Comparing
the intracellular peroxidase with the spore laccase on various
phenolic azo-compounds the latter enzyme was able to oxi-
dize a wider range of substrates. We further demonstrate,
that even with one and the same substrate, by varying the re-
action conditions and redox-mediator used, either degrada-
tion or dimerisation and polymersation can be achieved. In
contrast to the azo-reductase, electron donating methyl and
methoxy substituents seemed to enhance laccase activity
while electron withdrawing chloro, fluoro and nitro substi-
tuents decreased oxidation rate. Based on the presented
knowledge on reaction mechanisms potential applications of
the enzymes such as oxidative coupling of phenolic com-
pounds or covalent attachment of azo-compounds on fibres
are discussed.

L026 AMIDASE/NITRILE HYDRATASE OPERON
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Nitriles (R-CN) can be degraded by the sequential action
of nitrile hydratase (EC 4.2.1.84) (RCN + H,O -
R-CONH,) and amidase (EC 3.5.1.4) (R-CO NH, + 2H,0
- R-COOH +NH,).
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Agrobacterium tumefaciens is a Gram negative bacterium
known to produce the Crown Gall disease in dycotiledonous
plants. Amidase (Amd) and nitrile hydratase (NHase) activ-
ity has been previously described in this genus.

Conserved regions were identified from multiple aligned
o subunit protein sequences and PCR oligonucleotide
primers were designed using a consensus-degenerate hybrid
strategy. A DNA fragment of about 230 bp was successfully
amplified and sequencing confirmed its relation with the
other known nitrile hydratase sequences. Several chromo-
some walking steps were performed, starting from the known
sequence. The obtained fragments were cloned and se-
quenced, allowing a 3300 bp assembly that includes the com-
plete sequences of amidase, nitrile hydratase o and B
subunits, and a downstream sequence with high similarity to
P14K (nitrile hydratase associated protein) from Pseu-
domonas putida. Unlike what is found in most organisms
known to possess the Amd/NHase operon, amidase in A. tu-
mefaciens is not located contiguously upstream the nitrile
hydratase o subunit. A circa 1200 bp sequence which in-
cludes a segment with high similarity with unknown hypo-
thetical proteins in databases, can be found between amidase
and nitrile hydratase.

L027 ENANTIOSELECTIVE HYDROLYSIS
OF MANDELONITRILE
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Keywords: nitrilase, nitrile hydratase, enantioselectivity, ni-
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Nitriles are useful starting compounds for the enzymatic
synthesis of amides and carboxylic acids'. The enzymatic hy-
drolysis of nitriles follows two possible pathways. Nitrilases
(EC 3.5.5.1) catalyze the conversion of nitriles to the corre-
sponding acids directly, whereas nitrile hydratases (EC
4.2.1.84) catalyze the hydration of nitriles to their amides,
which subsequently might be converted to the carboxylic
acids by corresponding amidases (EC 3.5.1.4). Enantiopure
mandelamide and mandelic acid are industrially important
chiral synthons, which can be produced by racemic resolution
of using the above mentioned enzymes.

Due to the reverse chemical reaction of benzaldehyde
with cyanide in phosphate buffer to form rac-mandelonitrile?
a theoretically 100 % yield of enantiopure mandelamide or
mandelic acid is possible by racemic resolution. Results using
more than 30 new isolated microorganisms are presented
which were able to convert rac-mandelonitrile enantioselec-
tively to either (S)-mandelamide (ee > 90 %) or (R)-mandelic
acid (ee > 99 %), respectively.
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The most suitable bacterial strain with (S)-selective ni-
trile hydtratase activity was further investigated for nitrile
hydratase production in a bioreator cultivation (5-1-scale;
yield 53,400 nkat.I™"). Various biotransformation experiments
with rac-mandelonitrile as the substrate using either partially
purified nitrile hydratase or whole cells in 40-ml-scale are
presented and discussed.

This project is sponsored by the Federal Ministry of Educa-
tion and Research (AZ: -31P2762) and Solvent Innovation
GmbH, Cologne.
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Catalytic antibody 14D9 is a monoclonal antibody ob-
tained from immunization against hapten 1, and it catalyzes
the enantioselective protonation of enol ethers (e.g. 2) to pro-
duce optically pure carbonyl compounds (e.g. 3)*°. Mechanis-
tic studies of the reaction showed that an acidic residue with
pK, = 4.5, presumably a carboxylate, is largely responsible
for catalysis. A number of related acid catalyzed reactions,
such as the hydrolysis of acetals and epoxides, are also cata-
lyzed by this antibody.

O/Carrier protein
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The gene fragments of antibody 14D9 and its close rela-
tive 19C9 were cloned using phage display methods and ex-
pressed as chimeric Fab in E. coli. The structure of the 14D9
apo form and the 19C9 complex with hapten 1 were solved by
X-ray crystallography. These two antibodies show very simi-
lar active sites, with the critical catalytic residue being
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AspH101, as confirmed by site-directed mutagenesis. Transi-
tion state docking experiments indicate that the catalytic ma-
chinery consists in a unique triangle hydrogen-bond network
involving a water molecule. Chain shuffling experiments show
that catalytic activity is controlled remotely by a hydrogen-
bonding residue on the light chain of the antibody interacting
directly with the catalytic residue AspH101. The active site
geometry explains the origin of the high enantioselectivity
observed with antibody 14D9.
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Cyanohydrins are versatile building blocks for pharma-
ceutical and agricultural chemistry. Many different approach-
es for their enantioselective synthesis, such as transition
metal catalysis, diketopiperazine catalysis and lipase catalysed
kinetic resolutions, have been described®. The utilization of
hydroxynitrile lyases (HNL), the enzymes that in nature ca-
talyse the degradation of cyanohydrins, has been particularly
successful (Scheme 1)*. Indeed, the HNL from Hevea bra-
siliensis (HbHNL), which catalyses the formation of S-cyano-
hydrins, is even applied on an industrial scale?.

0 HO CN

)k N )Q HbHNL HO)fN . i
H R H

Scheme 1. In a one-pot procedure HhHNL catalyses the destruction
of acetone cyanhydrin and the S-selective formation of a chiral cya-
nohydrin

R
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Fig. 1. Reactions catalysed by sol-gel encapsulated HbHNL at 25 °C
in diisopropyl ether; A: isopropylmethyl ketone 1:3 acetone cyanohyd-
rin; B: benzaldehyde 1:3 acetone cyanohydrin

In order to improve the recycling of enzymes and to facil-
itate their use in organic solvents, it can often be favourable
to immobilise them. When HbHNL is immobilized via ad-
sorption on celite, it retains high activities, however, it cannot
be used in pure organic solvents but only in mixtures with
water’. Immobilization as a CLEA lead to significant de-
crease in activity*. We therefore utilized the sol-gel approach.
Unlike the methods described earlier the sol-gels encapsulate
the enzyme without modifying its structure. When HbHNL
was encapsulated in a sol-gel it retained 65 % of its activity
with unchanged enantioselectivity (Fig. 1 - A, B).
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Silica aerogels are derived from wet silica gels by super-
critical drying. This is a technique which consists in bringing
the material beyond the critical point of the liquid contained
in the pores. This liquid is next transformed to a supercritical
fluid which can be evacuated as a gas. Because no meniscus is
present at the exit of the gel pores, no capillary contraction
occurs in the best case, so that the dry material which is ob-
tained is very porous. Aerogels with pores occupying up to
98% of a sample volume have been reported. This is much
higher than in xerogels which are obtained from the same wet
gels, except that drying is done by evaporation. This is also
better than the cryogels, which are again obtained from the
same wet silica gels by freezing and sublimation of the solid-
ified solvent under vacuum (i.e. lyophilisation). Supercritical
drying alleviates the occurrence of compressive mechanical
stresses on the gel network as well as on embedded enzymes,
cells or bacteria. It also makes it possible to avoid the growth
of ice crystals during freeze drying, which induces mechani-
cal stresses on the silica network and the embedded material.
Besides, supercritical drying can be done with a gel previously
filled with liquid CO,, an inert compound which has a low
temperature critical point (T, = 31.1 °C, P_ = 7.38 MPa), in
conditions friendly to enzymes.

For aerogel as well as for xerogel immobilization, the en-
zyme to be encapsulated needs not be adsorbed or attached or
made to diffuse inside a preexisting solid support. Instead, the
entrapping network is built about the enzyme, itself dispersed
in at least a partly aqueous media. The embedding network is
formed as a result of hydrolysis and condensation reactions
from a silicon precursor which can be an alkoxide such as te-
tramethylorthosilicate Si(OCH,), or sodium silicate Na,SiO,.

Sol-gel encapsulation requires to select chemical condi-
tions which are not harmful to the enzymes, in terms of sol-
vent nature, pH or sol-gel hydrolysis products such as a an
alcohol. In the latter case, the alcohol can be largely eliminat-
ed by evaporation prior to enzyme addition and gelation, by
performing a separate pre-hydrolysis step. The solvent ex-
change procedure for liquid CO, is another critical step,
which must be adapted to the enzyme.
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Nevertheless, when successful, the aerogel medium can
magnify the activity of the enzyme, in particular for perform-
ing catalysis in organic solvents. First, the aerogel pore struc-
ture is less prone to limitation by diffusion of the substrates
and products than xerogels. Secondly, aggregation of the en-
zyme is made impossible by the gel network. At last, the
range of available silicon precursors of the type Si(OR) X, ,
with a different functionality X, is large. This makes it possi-
ble to tailor the affinity of the medium which surrounds the
enzyme, for instance the hydrophilic to hydrophobic balance,
so that the aerogel modify the kinetics by displacing the sub-
strate concentrations about the enzyme

The communication will present the research in this di-
rection with the lipase from Burkholderia cepacia and its
application to esterification and transesterification reactions.

L031 MULTISTEP CATALYSIS BY WHOLE
DEHYDRATED CELLS IN A SOLID-GAS
BIOREACTOR: INFLUENCE OF OPERATING
PARAMETERS ON DEPOLLUTION EFFICIENCY

BENJAMIN ERABLE, THIERRY MAUGARD,
SYLVAIN LAMARE, MARIE-DOMINIQUE LEGOY,
and ISABELLE GOUBET

Laboratoire de Génie Protéique et Cellulaire, Pole Sciences et
Technologie, Bdtiment Marie Curie, Avenue Michel Crépeau,
17 042 La Rochelle Cedex 1, France, e-mail: igoubet@univ-Ir.fr

Keywords: gas phase, multi-step reaction, whole cells, de-
pollution

\olatile organic compounds (VOCs) are widely produced
and used both in industrial and domestic activities. Among
the VOCs, halogenated organic compounds constitute one of
the largest groups of environmental pollutants and many of
them have been designated as priority pollutants by the Unit-
ed State Environment Protection Agency (EPA) because of
their recalcitrance, toxicity, carcinogenicity and potential te-
ratogenicity'. Consequently there has been a great number of
papers dealing with depollution processes, biological ones be-
coming more and more popular since they offer a cost effec-
tive and environmentally friendly solution®. Nevertheless most
of papers dealing with biological waste air treatment have
concern biofilters (solid/liquid/gas bioreactor) and there have
been less reports on waste air treatment by direct treatment
in a solid/gas bioreactor. Yet this kind of process could be of
interest for transformation of volatile organic compound.
Indeed solid/gas catalysis does not need solubilisation of com-
pounds since substrates are directly treated in the gas phase.
This could be of great interest in treatment of volatile organic
compounds (VOCs) that often have low solubility in water
and relatively high volatility. Solid/gas technology has been
mainly applied to isolated enzymes for synthesis®** but it has
been recently shown that whole cells can be used for biocon-
version®®. It also appeared us interesting to investigate if
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whole-dehydrated cells could be used as catalyst for the de-
pollution of gaseous effluents. We particularly focused on the
opportunity to catalyze multistep reactions.

We choose the biodegradation of 1-chlorobutane by
lyophilized cells of Rhodococcus erythropolis NCIMB 13064
as a model reaction. We first studied the ability of cells to
metabolize this compound in the aqueous phase and deter-
mine the degradation products and the enzymes involved. We
then compared this behavior with those of dehydrated cells in
the gas phase. We first studied the dehalogenation step often
limiting in depollution processes.

We observed that dehydrated cells of Rhodococcus eryth-
ropolis can catalyze the conversion of 1-chlorobutane in 1-bu-
tanol directly in the gas phase at interesting rates compared
to pure enzyme in the gas phase’ or to resting cells in the
aqueous phase. Effect of operating parameters such as water
activity, temperature and residence time in the bioreactor, on
activity and stability of the catalyst has been studied. Dehalo-
genase activity and stability of cells were found to depend on
the amount of HCI produced. We then studied the transfor-
mation of 1-butanol in various products (aldehyde, acid) by
the dehydrated cells in gas and aqueous phase.

To finish, we extended our study to other products chlo-
rinated or brominated compounds and observed that dehy-
drated cells of Rhodococcus erythropolis are able to convert
a range of halogenated compounds in the gas phase. This
ability is discussed according to the carbon chain length and
position of the halogenated atom.

This work shows that dehydrated cells can be used direct-
ly in the gas phase to catalyze multistep reactions and that
they can be used for depollution.
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Highly concentrated emulsions (gel emulsions) are liquid-
liquid dispersions with an internal phase volume fraction larg-
er than 0.74, the critical value of the most compact
arrangement of spheres of equal radius. Hence, their struc-
ture consists of closed-packed droplets, deformed and/or
polydisperse, with radii typically of a few microns, separated
by a thin film of continuous phase, a type of structure that
resembles gas-liquid foams'. The advantages of W/O gel
emulsions as reaction media are: a) they have a large interfa-
cial area; b) they can solubilize large quantities of both hy-
drophilic and hydrophobic compounds; c) they can be
formulated with a large amount of water (i. e. as much as
99 % w/w) and very low surfactant concentration (< 0.5 %
w/w). These features make them especially attractive as reac-
tion media when substrates of opposite solubility properties
have to be put in contact for reaction. This is, in many in-
stances, the situation in aldolase-catalyzed carbon-carbon
bond formation and, particularly, with dihydroxyacetone
phosphate (DHAP)-dependent aldolases. Whilst the donor
DHAP is fully soluble in aqueous media and insoluble in or-
ganic solvents including the polar ethanol or methanol, the
solubility of the acceptor aldehyde is generally reverse. In this
communication, W/O gel emulsions were investigated as reac-
tion media for aldolase-catalyzed reactions of DHAP with
model hydrophobic aldehyde acceptors and thereafter ap-
plied to the stereodivergent synthesis of iminocyclitols from
N-protected amino aldehydes.

WI/O gel emulsions of the ternary water/poly(oxyethy-
lene) tetradecyl ether surfactant (C,E,)/aliphatic hydro-
carbon systems with 90 wt% water, stable at the reaction
temperature, 25 °C, were chosen as reaction media??®. In
these systems, the enzymatic activity and product yield were
studied as a function of the reaction temperature and the
aliphatic hydrocarbon (i. e., the oil) chain length. The aldolic
condensations of DHAP and either phenylacetaldehyde or
benzyloxyacetaldehyde catalyzed by fructose-1,6-diphosphate
aldolase from rabbit muscle (RAMA) were used as model
reaction. It was observed that the stability of RAMA in W/O
gel emulsions was improved by 7 and 25-fold compared to
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that in agueous medium or conventional dimethylformamide/
water 1/4 v/v mixture, respectively. It was found that the
equilibrium yields and enzymatic activity depended on both
the aldehyde partitioning between the continuous and dis-
persed phases and the water-oil interfacial tension (y,, ). The
highest enzymatic activities were achieved in W/O gel emul-
sion systems with the lowest water-oil interfacial tension. The
equilibrium yield depended on the vy, for the hydrophobic
phenylacetaldehyde, and on the partition coefficient for the
more hydrophilic benzyloxyacetaldehyde. Optimum equilibri-
um product yields (65-70 %) were achieved at either the
lowest water-oil interfacial tension or partition coefficient
values®.

Under the best reaction conditions, the stereodivergent
synthesis of selected iminosugars was accomplished by enzy-
matic aldol condensation of DHAP with hydrophobic and
poor water-soluble N-benzyloxycarbonyl amino aldehydes 1,
2, 3 and 4 (Figure).

RAMA, type Il recombinant L-rhamnulose-1-phosphate
aldolase (RhuA) and fuculose-1-phosphate aldolase (FucA)
both from E. coli were used as catalysts (Figure). The reac-
tion yields in gel emulsions and in a conventional DMF/water
1:4 mixture as well as the diastereomeric excesses obtained
for each aldolase and acceptor aldehyde will be discussed.

H OH O N
N A oro
Z
RAMA rR' OH
OH O
N i N, 0PO;™
DHAP + Z/ %H FucA Z/ M 3
R R' OH
OH O
1R H; n=1 RhuA H 2.
2R H;n=2 7N , OPOs
3 Rl: (S) CH;; n=1 1 :
4R": (R) CHy; n=1 R* OH
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To reduce the cost of development of enantiopure mole-
cules such as pharmaceuticals, many efforts are focused on
the understanding of the molecular features that control en-
zyme enantioselectivity’”. The aim is to develop reliable
predictive methods and to guide substrate and/or enzyme
modifications to enhance kinetic resolution. Lipases are se-
rine hydrolases (EC 3.1.1.3) frequently used in organic syn-
thesis to catalyse asymmetric hydrolysis, esterification or
transesterification of a wide range of substrates yielding opti-
cally pure compounds.

Our study focused on lipase-catalysed resolution of (R,S)-
2-bromophenyl acetic acid ethyl ester, used for the synthesis
of enantiomerically pure pharmaceutical molecules. Thus, by
molecular modelling, we attempted to identify the molecular
processes responsible for Burkholderia cepacia lipase selec-
tivity for (R)-2-bromophenyl acetic acid ethyl ester (E=57).
The approach used, had never been described in the litera-
ture. For the first time, the trajectory of each enantiomer to
the active site was mapped and the energy of enzyme/sub-
strate interactions was calculated along the path. On the basis
of interaction energy, we showed that the enzyme active site
is less accessible to the S-enantiomer than to the R-one.
A hydrophobic network of amino acids with pivoting side
chains (Val, Leu), covering the sides of the active site, seems
to play a role in driving the substrate to the active site. In
particular, two amino acids Val266 and Leul7 form a bottle-
neck. We suggest that this structural fracture influences the
discrimination of R,S-enantiomers. The determination of the
enantioselectivity of the mutant V266L with a side chain
more bulky at this position, supported this assumption. In
fact, for this mutant, the size of the bottleneck is reduced,
and the enantioselectivity was found to be higher than 200.
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ACIDS POSSESSING BIOLOGICAL ACTIVITY

OLGA ULBERT, KATALIN BELAFI-BAKO, and
LASZLO GUBICZA

Research Institute of Chemical and Process Engineering, Uni-
versity of Kaposvdr Egyetem u. 2, 8200 Veszprém, Hungary,
e-mail: uolga@mukki.richem.hu

Keywords: 2-substituted-propanoic acids, lipases, resolution,
solvent engineering, ionic liquids

Lipases are widely studied enzymes because they are
commercially available, easy to handle, don’t require cofac-
tors, and have good stability and catalytic activity in non-con-
ventional media. They accept a broad range of substrates,
while retaining high enantioselecitivity.

This work provides a review of the evolutionary develop-
ments of lipase catalysed resolution reactions of 2-substitu-
ted-alkanoic acids as examples of chiral carboxylic acids in
non-conventional media including results from our labratory
obtained in different organic solvents in the enantioselective
esterification of 2-substituted propanoic acid derivatives. The
most studied substrates among these compounds are the 2-
aryl-substituted-propanoic acid derivatives (called as pro-
fens), as Naproxen [2-(6-methoxy)propanoic acid] and
Ibuprofen [2-(4-isobuthylphenyl)propanoic acid] — nonsteroi-
dal anti-inflammatory drugs'. However among the other 2-
substituted-propanoic acids, intermediers of pesticide
production (2-halo-substituted-propanoic acid derivatives),
and bioflavors (2-alkyl-substituted-propanoic acid deriva-
tives) can be found?

The esterification, transesterification and thiotransester-
ification reactions of these compounds in organic solvents are
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all well established. Lipase screening showed, that Candida
rugosa lipase is one of the most selective enzyme toward 2-
substituted propanoic acids, but some other lipase are also
proved to be good catalyst in these reactions. Enzyme pre-
treatments and purification were shown to enhance the selec-
tivity of enzymes.

There have been much effort in order to study the role of
different substituents of the substrate molecules (electron
donor, electron acceptor), the solvent properties (hydropho-
bicity, polarity, chemical structure), the alcohol chain lenght,
water activity and the reaction conditions, as temperature,
and the pressure in the case of supercritical medium.

In most of the cases, higher enantioselectivity (but lower
yield) can be attained in hydrophilic solvents, and at lower
water activities with the same enzyme catalyst®. The reason
of the water activity dependence of enantioselectivity is that
the reaction rate of the two substrate enantiomers varies dif-
ferently for the alteration of water activity*. Investigation
with chiral solvents showed, that a certain interaction can be
formed between solvent and enzyme molecules resulting in an
altered lipase activity, however the enantioselectivity ob-
tained in the (R)-, and (S)-solvent isomer was similar®. Pro-
mising results has been obtained in ionic liquids in the
resolution reactions of 2-chloro-propanoic-acids considering
the enzyme enantioselectivity, although these reactions are
still under investigations®. Further improvements in substrate
recognition (enantioselectivity) of enzymes can be achieved
by selecting substrates, (substituents) since the greater the
substituents size, the higher the enantioselectivity is ob-
served.

From the experiments, it can be concluded, that solvent
engineering is a powerful tool for enhancing enzyme activity
and selectivity in these reactions systems, and using together
with lipase engineering, the above biologically active mole-
cules can be enantioselectively produced.

The experimental work was supported by the Hungarian
Research Fund, OTKA T 31760.
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Bacterial lipases are widely used biocatalysts for the ki-
netic resolution of racemic chiral esters via enantioselective
deacylation®. Recently we have demonstrated that directed
evolution can be used to create mutant enzymes with im-
proved enantioselectivity®. Specifically, the kinetic resolution
of the ester 1 catalyzed by the lipase from Pseudomonas
aeruginosa was studied.

NO, o NO,
e W
R _— OH + R
ﬁ)ko Qko

CH3 H
CH; CHj3

1 2 3

These results indicate that with directed evolution the
enantioselectivity of an enzyme can be improved and even
reversed. The overall catalytic mechanism of lipases is analo-
gous to that of serine proteases, but the factors governing
enantioselectivity have not yet been established. Based on the
structure of Pseudomonas aeruginosa lipase®, a model of the
bound substrate allowed for locating the position of the sub-
stitutions and for the rationalization of their effects. The key
mutations for reversal of enantioselectivity are located in the
active site of the enzyme, whereas the additional mutations in
the optimized R-selective mutants are found in the surround-
ing helices. To understand the influence of these mutations on
the enantioselectivity we used different theoretical approach-
es ranging from QM calculations on small model systems to
classical MD-simulations of the full enzyme. We identified
several cooperative sets of amino acids linking remote muta-
tions to enantioselective substrate recognition.
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Flavin dependent monooxygenases represent highly versa-
tile biocatalysts for the Baeyer-Villiger oxidation of cyclic
ketones to lactones®. However, this class of enzymes is de-
pendent on cofactors, which complicates their utilization for
chemical transformations. One way to overcome the obstacle
of cofactor recycling is to use whole-cells instead of isolated
enzymes. Advances in molecular biology enabled the develop-
ment of recombinant systems with significantly improved se-
lectivity for the desired biotransformation and with higher
efficiency compared to the native strains. Recently, we de-
signed an Escherichia coli based overexpression system for
the most extensively studied Baeyer-Villigerase to date, cy-
clohexanone monooxygenase (CHMO) from Acinetobacter
sp. NCIMB 9871 (E.C. 1.14.13.22), confirming this concept
of an easy-to-use biocatalyst?.

&
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With an increasing number of genome sequences availa-
ble, a substantial number of Baeyer-Villiger monooxygenases
have been identified and cloned for applications in biotrans-
formations. Hence, one of the key aspect in biocatalysis can
be addressed to access both antipodal forms of a desired
product lactone.

With this contribution, recent result by our group in iden-
tifying and characterizing enantiodivergent Baeyer-Villigeras-
es —expressed in recombinant whole-cells — with overlapping
substrate profiles will be presented. Biooxidations of precur-
sors 1 and 2 will be discussed, with the obtained product lac-
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tones representing valuable precursors for the synthesis of
natural compounds®.
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In the late 1960’s Gibson and coworker discovered that
whole cell oxidation of aromatic compounds with mutant
strains of Pseudomonas putida yields in the formation of cis-
cyclohexadiene diols'. Genes responsible for this process
were successfully cloned in recombinant Escherichia coli
JM109 (pDTG601) and a large number of cyclohexadiene
diols are available in good yield and excellent enantiopurity.
Those cyclohexadiene diols proved to be useful intermediates
in chemoenzymatic approaches to alkaloids, carbohydrates
and a variety of chiral synthons?.

The identity of new metabolites of toluene dioxygenase
and the progress in the synthesis of morphine® and panc-
ratistatin’, an important member of the Amaryllidaceae alka-
loids, will be disclosed (see Scheme). In all of the projects
discussed the emphasis will be placed on the efficiency of
combining traditional organic chemistry and biotechnology.

X X
i i :OH
E——
E—
OH
1 2

X = alkyl, aryl, halogen

carbohydrates

E.coli alkaloids
terpenes
IM (pDTGE0L prostaglandines

inositols oligomers
chiral synthons
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We are interested in discovery and development of new
biocatalyst for practical synthesis. We selected an area as
particularly challenging to organic synthesis, namely regio-
and stereoselective hydroxylation of non-activated carbon
atom. This was tackled by isolating and identifying strains
capable of such oxidation. Many alkane-degrading bacteria
were found to catalyze the regio- and stereoselective
hydroxylation of N-benzyl-pyrrolidine'. Among them,
Sphingomonas sp. HXN-200 showed high activity and
enantioselectivity and was chosen for further investigation.
Cells of Sphingomonas sp. HXN-200 were easily prepared in
large amounts and can be stored at — 80 °C for two years
without significant loss of activity. The easy to handle frozen/
thawed cells were successfully used for routine biohydroxyla-
tion?. Moreover, rehydrated lyophilized cell powder were
demonstrated, for the first time, to catalyze the hydroxylation
without addition of cofactor?, i.e. that they are metabolically
functional. High yield and high product concentration were
also achieved with growing cells as biocatalyst®.

Sphingomonas sp. HXN-200 catalyzed the hydroxylation
of a broad range of substrates, such as N-substituted pyrro-
lidines, piperidines, azetidines, 2-pyrrolidinones, and 2-pi-
peridinones, with high activity, high yield, excellent regio-
selectivity, and good to excellent enantioselectivity*”,
representing by far the best enzyme for these reactions re-
ported thus far. The hydroxylation products are useful phar-



Chem. Listy 97, 338-362 (2003)

maceutical intermediates and difficult to make by chemical
syntheses.

Sphingomonas sp. HXN-200 was found to contain an
NADH-dependent soluble P450 monooxygenase. The
P450pyr and ferredoxin components were purified, and their
N-terminal sequences and molecular weights were deter-
mined. The purified components are not active in isolation,
but mixing of the components restores the hydroxylation ac-
tivity. The gene of P450pyr was identified and sequenced,
and a homology structure model was established. Docking
substrates on to the structure model provided the first insight
into the regio- and enantioselectivity. A recombinant strain
encoding the genes of the monooxygenase components was
engineered giving the desired hydroxylation activity.

Sphingomonas sp. HXN-200 was found to contain an
enantioselective epoxide hydrolase. Hydrolysis of N-benzyl-
oxycarbonyl-3,4-epoxy-pyrrolidine and cyclohexene oxide
with Sphingomonas sp. HXN-200, respectively, gave the cor-
responding vicinal trans-diols in high ee and yield®. This rep-
resents the first example of enantioselective hydrolysis of
a meso-epoxide with a bacterial epoxide hydrolase. High enan-
tioselectivity was also observed in hydrolysis of several chiral
epoxides.

Recently we found that Sphingomonas sp. HXN-200, as
the first bacterial catalyst, catalyzed the enantioselective
trans-dihydroxylation of non-activated C-C double bond of
alicyclic compounds giving the corresponding trans-diol in
high ee and high yield.
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Hydrolysis of haloalkanes to their corresponding alcohols
and inorganic halides is catalysed by o/B-hydrolases called
haloalkane dehalogenases. Their activity and specificity is not
optimal for industrial applications (e.g., bioremediation, bio-
sensors and organic synthesis) and numerous projects have
been initiated to engineer their catalytic properties. Haloal-
kane dehalogenase LinB from Sphingomonas paucimobilis
UT26 is the enzyme involved in the degradation of the impor-
tant enviromental polutant y-hexachlorocyclohexane. This
enzyme hydrolyses a broad range of halogenated aliphatic
compounds®.

The amino acid residue in position 177 of LinB is posi-
tioned in the mouth of the entrance tunnel leading the en-
zyme active site and is pointing directly to this tunnel® It was
predicted to be a key residue determining the substrate spe-
cificity. L177 of the wild type enzyme was replaced by every
other amino acid and the effect of mutations on enzyme spe-
cificity was studied. Two protein variants (L177E and
L177N) from nineteen prepared proteins could not be over-
expressed in E. coli, while other two variants (L177P and
L1771) did not show activity with any tested substrate. Suc-
cessfully purified enzymes were kinetically characterised by
determination of their specific activities with twelve different
substrates and steady-state kinetic parameters with two sub-
strates: 1-chlorobutane and 1,2-dibromoethane. Dehalogena-
tion of 1-chlorobutane showed typical Michaelis-Menten
dependence, while dehalogenation of 1,2-dibromoethane
showed substrate inhibition.

Systematic exploration of the data was achieved by the
Principal Component Analysis. The analysis resulted in two
biologically interpretable principal components all together
explaining 63 % of the data variance. The first statistically
significant component explained 44 % of the data variance
and ordered the protein variants approximately according to
the size of amino acid residue introduced to the position 177,
while the second principal component explained 19 % of data
variance and ordered the protein variants according to the
polarity of amino acid residue introduced to the position 177
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(Fig. 1). Along diagonal were the proteins ordered according
to their overall activity with 8 substrates. Position 177 of
LinB was found to be highly tolerable for introduction of dif-
ferent amino acid residues. The study demonstrates that
modification of catalytic properties of enzymes using site-di-
rected mutagenesis of entrance tunnel residues represents
a safe strategy for rational engineering of substrate specificity.
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Fig. 1. The score plot (A) and the loading plot (B) of first two compo-
nents from the principal component analysis of specific activities
measured for eight halogenated substrates; the arrows in the score
plot indicate that the protein variants are ordered approximately by the
size of amino acid introduced to the position 177 along the first com-
ponent, by the polarity along the second principal component and by
the overall activity along diagonal.
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L040 FORMATE DEHYDROGENASE:
FROM WILD-TYPE ENZYME TO ROBUST
BIOCATALYST FOR NAD(P)H REGENERATION
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The contribution of drugs based on optically pure enan-
tiomers shows a tendency to rise compared to those based on
racemic and non-chiral chemicals. Among 500 best selling
medications in 2000, the contribution of single enantiomers
reached 58 % with the sale volume of 107.1 billion dollars".
The predicted growth of the chiral drugs market in the next 3
years is estimated as 130 to 172 billion dollars.

All dehydrogenases are characterized by the high speci-
ficity of hydride transfer from the coenzyme to a substrate
and thus, can be successfully used for synthesis of chiral com-
pounds. However, dehydrogenase applications based on the
use of reduced cofactors, NADH or NADPH, is commercial-
ly unfair because of the high price of these reagents. The
problem solution is thought to be in the introduction of an
additional enzyme responsible for NAD(P)* regeneration in
situ. Various cofactor regeneration enzyme-substrate systems
like alcohol dehydrogenase-propanol, glucose dehydrogenase-
glucose, etc., were probed for the purposes of chiral synthesis
over the past three decades. The summary of this tremendous
work can be found in reviews®*. The comparison of various
regeneration systems unequivocally demonstrated the superi-
ority of NAD"-dependent FDH from methylotrophic micro-
organisms. Only this enzyme meets all the criteria for the
universal catalyst of NAD(P)H regeneration:

1. Wide pH-optimum for catalytic activity. FDH activity is
unchanged within the range of pH 5.5-11.0, and
Michaelis constants for NAD™ and formate are constant
in the range of pH 6.0-9.5 (ref.%).

2. Providing the maximum yield of a target product. The
reaction catalyzed by FDH is irreversible, and provides
the conversion degree of 98-100 % in all cases studied.

3. Low cost of a substrate for NADP(H) regeneration, the
absence of substrate and product inhibition, simplicity of
substrate and product removal while purifying the target
product. Sodium and ammonium formate are cheap and
do not inhibit dehydrogenases catalyzing the basic
synthetic reaction. Carbon dioxide, the product of FDH-
catalyzed reaction, has no inhibition effect on majority of
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dehydrogenases and does not interfere with the target

product purification.

The listed above factors position FDH as almost an ideal
candidate for the regeneration of the reduced cofactor. The
enzyme disadvantage is a comparatively low specific activity,
i.e. 6-7 and 10 U per mg of protein for the yeast and bacteri-
al FDHs, respectively. Another drawback is the limited coen-
zyme specificity of FDH. Unfortunately, there are no
NADP™"-specific FDH found in nature so far. Operating sta-
bility of FDHs is also rather low. FDHs have essential
cysteine residues®” and chemical modification of this residues
by impurities results in enzyme inactivation.

The superiority of FDH over the other dehydrogenases
ensured its introduction into practice. Currently it is used in
a number of large-scale production processes (dozens and
hundreds of tons) of synthetic chiral compounds, like the
Degussa process of tert-L-leucine production®. The mostly
used is the FDH from yeast Candida boidinii (CboFDH).
The cultivation of the original yeast strain has been optimized
to give the maximum yield of activity 3-5 kUnits per liter per
day; the scale-up FDH purification and production method
has been developed up to the range of million Units®. How-
ever, the production cost of CboFDH in accordance with the
above method is still rather high and limits the enzyme appli-
cation for chiral synthesis. In this context, we have developed
the process of production of NAD(P)H regeneration biocat-
alysts based on mutant forms of recombinant FDH from
Pseudomonas sp. 101 (PseFDH) expressed in E. coli. The
following list of tasks has been solved:

1. Enzyme time/space yield has been increased under the
optimized cultivation conditions up to values 30 000
Units per liter per day and higher. Cultivation process
has been scaled up to values 5-10 million Units per day.
Simplified scale-up protocol for the enzyme purification
has been developed.

Kinetic properties of PseFDH and its stability toward
elevated temperatures and chemical denaturants has been
improved. Affinity of PseFDH to coenzyme was improved
twice. Thermal stability of the enzyme was increased
70 fold. Replacement of essential Cys residues by Ala and
Ser resulted in increase of chemical stability of PseFDH
at least two orders of magnitude’. Similar improvement
of chemical stability was achieved with CboFDH (ref.?).
Different types of PseFDH specific to NADP™ have been
constructed using protein engineering methods. The
mutant enzyme has practically the same kinetic properties
as wild type PseFDH. Experiments for changing
coenzyme specificity of FDH from C. methylica and S.
cerevisiae did not result in enzymes with appropriate
kinetic properties and stability™ .

All tasks could be solved only in tight connection to each
other. For instance, to increase the enzyme yield in the course
of cultivation (Task 1) one has to use recombinant E. coli
strains providing the production of the target protein at the
level of 40-50 % of the total soluble protein, i.e. the level
that can never be reached with the use of natural strains. The
increase in the target enzyme content in the biomass plays an
important role for the lowering the purification costs
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(Task 2). On the other hand, to get the high enzyme content
in the biomass as an active protein one needs to enhance its
stability (Task 3). The production of recombinant mutant
FDH with high thermal stability (Task 3) allowed us to intro-
duce a step of heat treatment of cell-free extract at tempera-
tures =55 °C into the purification process to remove
impurities of E. coli proteins.
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COFACTOR REGENERATION OF BOTH NAD*
FROM NADH AND NADP* FROM NADPH
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Dehydrogenases with their superb enantioselectivity can
be employed advantageously to prepare enantiomerically
pure alcohols, hydroxy acids, and amino acids. For economic
syntheses, however, the co-substrate of dehydrogenases, the
NAD(P)(H) cofactor, has to be regenerated”. A possible so-
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lution of regenerating NAD(P)™ from NAD(P)H is oxidation
of NAD(P)H with concomitant reduction of oxygen cata-
lyzed by NADH oxidase (E.C. 1.6.—.—) which can reduce O,
either to undesirable H,O, or to innocuous H,O. We have
found and characterized such an NADH oxidase from Lacto-
bacillus sanfranciscensis with hitherto only machine-anno-
tated NADH oxidase function?. We have overexpressed the
corresponding proteins and could prove the annotated func-
tion to be correct. As demonstrated with a more sensitive
assay than employed previously, the two novel NADH oxi-
dases reduce O, to H,O.

We employ NADH oxidase from L. sanfranciscensis and
(R)-ADH from Lactobacillus brevis to perform enantioselec-
tive oxidation of a variety of substrates with regeneration of
both NAD™ and NADP™ cofactors from their reduced pre-
cursors. Whereas the wildtype (R)-ADH from L. brevis ac-
cepts NADP(¥)(H) only, its G37D mutant strongly prefers
NAD(™)(H). After optimized purification of both NADH
oxidase and (R)-ADH with high yields to remove impurities
likely to interfere in the oxidation-regeneration cycle, NADH
oxidase was coupled with wildtype-ADH from L. brevis on
NADP(H) and mutant ADH from L. brevis on NAD(H) to
convert racemic phenylethanol to (S)-phenylethanol and ace-
tophenone. Depending on the relative concentration of alco-
hol to cofactor, up to more than 100 turnovers were
observed. We believe that this is the first demonstration of
a regeneration scheme for both NAD™ from NADH and
NADP™ from NADPH with the same enzyme.

Enzymes play an increasingly important role as catalysts in
the synthesis of fine chemicals and pharmaceutical intermedi-
ates. One of the main drawbacks of enzymes often is their lack
of adequate stability under reacting conditions (operating sta-
bility). We have investigated the stability of several dehydroge-
nases. We find that dehydrogenases are deactivated by
chaotropes but not kosmotropes: the deactivation constant k,,
correlates well with the Jones-Dole coefficient B, a virial coef-
ficient derived from the relative viscosity n/n, of a salt solution
compared to water, rather than the surface tension increment
Ac (ref®*). As most current theories for quantitative ex-
planantion of the lyotropic series (Hofmeister series) are based
on the surface tension increment Ac, they do not seem to be
satisfactory and novel theories seem to be required.

REFERENCES
1. Wichmann R., Wandrey C., Bueckmann A. F, Kula
M.-R.: J. Biotechnol. 23, 2789 (1981).

Riebel B. R., Gibbs P. R., Wellborn W. B., Bommarius A.
S.: Adv. Synth. Cat. 344, 1156 (2002)

Collins K. D.: Biophys. J. 72, 65 (1997).

Lin T.-Y., Timasheff S. N.: Protein Science 5, 372 (1996).

354

Lectures

L042 MOLECULAR HYDROGEN AS EFFICIENT
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Oxidoreductases that catalyze the enantioselective reduc-
tion of prochiral ketones require NADH or NADPH as cofac-
tors, supplying the needed reduction equivalents. Since these
nicotinamide cofactors are too expensive to use them stoichio-
metricly, efficient cofactor regeneration is needed. Additional-
ly, also an economic method for the production of the reduced
cofactors is required. One way is the application of formate
dehydrogenase, utilizing formate to reduce NAD(P)". But
since the formate dehydrogenase is inhibited by NADPH, no
high product concentrations of the reduced nicotinamide co-
factors can be reached in view of its production™™.

For the production and regeneration of NADPH a hydro-
genase from the hyperthermophilic strain of the archaeon
Pyrococcus furiosus is applied (Fig. 1), utilizing cheap mole-
cular hydrogen. By this method no side product is produced.
Additionally, any excess of the gaseous reduction reagent H,
can be easily separated.

0 OH

alcohol A
T dehydrogenase 1
OH i OH

NADPH NADP"

+ hydrogenase

NADP 7» NADPH

H,

H
2 hydrogenase

Fig. 1. Generation and regeneration of NADPH with hydrogenase
from Pyrococcus furiosus

NADPH was produced in an especially developed contin-
uously operated enzyme membrane reactor for over 120 h
(84 residence times) at a conversion of > 80%.

The hydrogenase was additionally applied for the cofactor
regeneration in a coupled system with an alcohol dehydroge-
nase (Fig. 1) catalyzing the enantioselective reduction of (S)-
2-hydroxy-1-phenylpropanone to the corresponding (1S,
2S)-diol with de = 98%. This reaction was carried out as a
repetitive batch regarding the enzyme.

These results show that there is a high potential in utilizing
the hydrogenase from Pyrococcus furiosus. With molecular
hydrogen one of the cheapest redox equivalents is now available
for cofactor regeneration. Additionally it enables a side-pro-
duct free NADPH generation. The next step will be the scale-
up of the NADPH production and the increase of the total
turnover number in the case of cofactor regeneration.
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A purified peroxidase from plant cell cultures of Cassia
didymobotrya was shown to catalyze a peculiar dehydrogena-
tion reaction of dibenzylbutanolide 1, postulated intermediate
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in the biosynthesis of podophyllotoxin, converting it to corre-
sponding benzylidene-benzoyl-y-butyrolactone (3, 60 %
yield) following the classical kinetics of peroxidases. By con-
trast, 2, was recovered as such, when exposed to the enzy-
matic reaction. The enzymatic mechanism can explain the
obtainment of 3. Presumably the double bond formation is
initiated by hydrogen atom abstraction to form a benzylic
radical and the latter proceeds to give the diradical intermedi-
ate la. This, in turn, by a conventional peroxidase-catalyzed
process, can clearly lead to p-quinoid intermediate 1b, which
is expected to rapidly rearrange to the more stable aromatic
compound 3.

L044 SYNTHESIS OF OPTICAL ANTIPODES
OF o-AMINO-B-HYDROXYACIDS USING
D- AND L-THREONINE ALDOLASES

FRISO VAN ASSEMA and JEROME CHAMPAGNE
DSM Research, Center for Advanced Synthesis and Catalysis,

P. O. Box 18, 6160 MD Geleen, The Netherland, e-mail:
frisso.assema@dsm.com

Keywords: D-threonine aldolase, L-threonine aldoldase,
o-amino-B-hydroxy acids, kinetic resolution, chiral synthesis

DSM is a leading company in the production of chiral in-
termediates for the pharmaceutical industry and many of our
production processes for these intermediates involve biocata-
lysis. To expand our position in biocatalysis, DSM is develop-
ing novel biocatalyst collections (platforms) and is scouting
for novel applications of unknown and known enzymes. Thre-
onine aldolases are pyridoxal phosphate dependent enzymes
that are capable of coupling glycine to a broad range of alde-
hydes, forming a-amino-B-hydroxy acids. Both D- and L-spe-
cific threonine aldolases are known, which allows the
preparation of both the D- and L-a-amino-B-hydroxy acids.

We have cloned an L-threonine aldolase gene from Pseu-
domonas putida NCIMB 12565 (ref.") and a b-threonine al-
dolase gene from Achromobacter xylosoxidans IFO 12669
(ref.?) and expressed them in E. coli. Sequencing and analysis
of the genes revealed that the cloned D-threonine aldolase
gene from A. xylosoxidans IFO 12669 showed 91 % and
90 % identity to D-threonine aldolases of Arthrobacter sp.
strain DK-38 (ref.’) and Xanthomonas oryzae*, respectively.
In contrast, it showed only 58 % identity to the published se-
guence of D-threonine aldolase of A. xylosoxidans IFO 12669
(ref.?), due to errors in the published nucleotide sequence.

The cloned D- and L-threonine aldolases were used in the
resolution of phenylserine derivatives and the direct synthesis
of a limited number of a-amino-B-hydroxy acids. The enanti-
omeric ratio E was greater than 200 for most of the tested
substrates.
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B-N-Acetylhexosaminidase from Aspergillus oryzae
CCF1066 is a robust extracellular (secreted) enzyme used in
enzymatic syntheses of oligosaccharides and biotechnology" 2.
We studied its structure and biology. Sequencing and mole-
cular cloning of the enzyme revealed that it had 600 amino
acids (including 6 cysteins and 6 sites of N-glycosylation).
Enzyme is composed of cleaved signal peptide, the propeptide
sequence involved in the regulated secretion, the inactive
zincin domain, and the catalytical domain belonging to family
20 of glycohydrolases. Molecular model of the enzyme has
been created based on homology modeling with the two relat-
ed crystallized enzymes. The enzyme was found to be able to
accept and even transglycosylate modified glucosamine resi-
dues at position C-6 and C-2. Predictions from the molecular
model were in good correlation with the experimental values
for the cleavage of chitobiose and other substrates. In partic-
ular, the inability of this enzyme to cleave oligosaccharides
bearing the reducing ManNAc residues due to steric clash
and distortion in the substrate binding site has been used for
the synthesis of oligosaccharides with unique immunomodu-
latory properties, such as GIcNAcB1l-=4ManNAc or even
GalNACcB1->4GIcNAcB1->5ManNAc (ref.?).

Supported by grant from Ministry of Education of Czech
Republic (MSM 113100001), by Institutional Research Con-
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In organic media hydrolases can be successfully used to
catalyse reversed hydrolytic reactions and various types of
transferase type reactions (tranesterification, transpeptida-
tion and transglycosylation). The catalytic activities of the
enzymes and the yields obtained are influenced to a large ex-
tent by the water activity of the reaction medium. The water
activity dependence is quite different for different types of
hydrolases and this influnces their usefulness for synthesis.
A low water activity is often desired because of high equilib-
rium yields and high ratios between transferase activity and
hydrolytic activity. Most lipases can be used at water activi-
ties below 0.1 and are thus useful for synthesis'. On the other
hand, glycosidases need a high water activity to be active and
the intrinsic selectivity of the enzymes for transglycosylation
decreases with decreasing water activity’. Proteases have in-
termediate properties in relation to the other two groups of
hydrolases®.

Within the lipase group there are relatively large differ-
ences in water depedence. They normally express maximal
activity in emulsions. Under optimal conditions in purely or-
ganic medium (pure tributyrin) lipase B from Candida ant-
arctica (CALB) expressed 49 % of its activity in emulsion,
while the lipase from Thermomyces lanuginosa (TLL) in the
same medium expressed only 9.2 % of its activity in emul-
sion®. Lipases were tried early when the research area of bio-
catalysis in organic media developed and it was sometimes
believed that typical lipases, which have large lid regions and
are interfacially activated by undissolved hydrophobic sub-
strates, are especially well suited for organic media. However,
the present study shows that TLL, which is a “typical” lipase,
according to this definition, in fact seems to be less well
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adapted for catalysis in organic media than CALB, which is
a more atypical lipase.

Since most lipases accept a wide range of substrates and
because of the advantageous catalytic properties discussed
above, it is of special importance to optimise lipase per-
formance in organic media. The catalytic activity of different
preparations of the same lipase can vary within several or-
ders of magnitude. In a comparative study, it was shown that
maximal activity was obtained with lipases adsorbed on po-
rous polypropylene®. Other good preparations methods were
immobilisation in sol gel and formation of surfactant com-
plexes.
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Acetylxylan esterases (EC 3.1.1.72) are common acces-
sory enzyme components of microbial xylanolytic systems™?2,
Their natural role is to liberate acetic acid from acetyl glu-
curonoxylan, to make the xylan main chain accessible for
productive binding with endo-B-1,4-xylanases. There is ge-
neral interest to find out whether these enzymes could work
in a reverse way, that is, to acetylate carbohydrates. The driv-
ing force of research in this direction is the ability of acetylx-
ylan esterases to operate on polymeric substrates and their
regioselectivity of deacetylation of xylopyranosyl residues in
the xylan main chain at positions 2 and 3 (ref.**). Thus these
enzymes may have a potential to catalyze regioselective
acetylation of polysaccharides and polysaccharide-containing
materials. Various conditions were applied in this work to test
the ability of acetylxylan esterase from a wood-rotting fungus
Schizophyllum commune to catalyze acetyl group transfer to
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methyl B-D-xylopyranoside. The best performance of the en-
zyme was observed in a detergent-containing microemulsion
system, n-hexane-vinyl acetate-sodium dioctyl sulfosuccinate-
water, at the water-detergent ratio of about 4-5. More than
60 % conversion of methyl B-D-xylopyranoside to mono-, di-
and triacetylated derivatives was achieved, however, with
a low acetylation regioselectivity . The degree of acetylation
of the acceptor corresponded to thermodynamic equilibrium
between the acceptor and reaction products. Under identical
experimental conditions the enzyme acetylated to a similar
degree other carbohydrates such as methyl B-D-cellobioside,
cellobiose, cellotetraose, mannobiose, mannopentaose, man-
nohexaose and xylooligosaccharides up to xylopentaose. With
partially soluble acetyl group acceptors, acetylations pro-
ceeded also in heterogeneous phase. The formation of partial-
ly acetylated derivatives was monitored by TLC, 'H-NMR
spectroscopy and electrospray mass spectrometry. Evidence
for a single to fourfold acetylation of oligosaccharides was
obtained. This is the first example of transacetylation to car-
bohydrates catalyzed by an acetylxylan esterase and a carbo-
hydrate esterase of family 1. The results stimulate our further
interest in the potential of carbohydrate esterases to modify
hydrophilic properties of natural polymers.
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Potential capabilities of enzymes may be developed by
increasing or decreasing the reaction temperature. The fact
that the lipase-catalyzed transesterifications proceed enanti-
oselectively even at —60 °C is one of the most remarkable
examples of the temperature effect’. Here we report that li-
pase-catalyzed transesterifications proceeded at high tem-
peratures up to 120 °C in an enantiospecific manner.
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We have previously reported that 1,1-diphenyl-2-propa-
nol (1) showed no reactivity for a lipase®. High temperature
may force 1 to get over the high-energy transition state. We
used a Toyonite-immobilized lipase that is commercially
available, lipase PS-C “Amano” Il (Amano Enzyme Inc.), for
the high-temperature biocatalysis. We used n-decane as sol-
vent, having a high boiling point (174 °C), and a stainless
autoclave as a reaction vessel to suppress the evaporation of
vinyl acetate. The lipase-catalyzed kinetic resolutions of 1
were conducted with vinyl acetate (2 equiv.) at 30-120 °C
(Scheme). The results are listed in Table 1.

%‘
(R)-2
Table |

Enantiospecific lipase-catalyzed kinetic resolutions of 1 at
high temperatures

llpase

AcOCH=CH,
n-decane
in autoclave

(81

% yield (% ee)

temp (°C) ¢ (%) (R)-2 (9)-1 E value
30 3 -() -() -
40 16 13 (>98) 74 (16) >116
50 23 17 (>98) 70 (27) >129
60 27 20 (>98) 60 (39) >145
70 32 27 (>98) 58 (46) >156
80 39 31 (>98) 52 (58) >179
90 39 33 (>98) 52 (59) >181
100 30 29 (>98) 61(42)  >150
110 21 25 (>98) 62 (28) >130
120 12 13 (>98) 71 (14) >114

Although the conversion was only 3 % at 30 °C after 3 h,
it was increased with increasing the reaction temperature to
reach 39 % at 80 and 90 °C. Further increase in the temper-
ature resulted in lower conversions. The obtained ester 2 was
optically pure (> 98 % ee) in all cases measured (except
30 °C). It should be noted that the enzymatic catalysis pro-
ceeded enantiospecifically even at 120 °C, a sterilization tem-
perature for microorganisms. We also examined vinyl
hexanoate because its boiling point is higher than 120 °C. In
this case, the reaction was conducted at 120 °C in a test tube
with a rubber septum. As a result, the corresponding ester
was obtained in > 98 % ee and 8 % vyield.

The enantioselectivity for 1 was excellent even at high
temperatures. The transition-state model that we have pre-
viously proposed? suggests that the reactivity of the unfavora-
ble enantiomer, (S)-1, is completely suppressed by a severe
steric repulsion between the diphenyl moiety of (S)-1 and the
protein wall and/or by a conformational strain which are
caused in the transition state, leading to the perfect enantio-
meric purity of (R)-2 even at 120 °C.

In summary, lipase PS-C “Amano” 11 is a robust biocata-
lyst useful for organic synthesis. The lipase-catalyzed reac-
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tions for 1 proceeded at 40-120 °C to give enantiopure (R)-2,
with the highest conversion at 80-90 °C. Since the lipase-cat-
alyzed enantioselective transesterifications proceed at —60 °C
using the same enzyme as reported previously, it follows that
the single enzyme can show the catalytic function at a very
wide range of temperatures from —60 to 120 °C.
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The use of isolated oxidoreductases as catalysts in organic
synthesis allows the uncoupling of catalyst preparation from
its application and independent optimization of both process-
es — and it requires an economical supply of redox equiva-
lents. Case specific regeneration solutions have been
described for individual enzyme classes like dehydrogenases,
monooxygenases and peroxidases. However, a more univer-
sally applicable redox catalyst is still missing.

We use the organometallic complex pentamethylcyclopen-
tadienyl bipyridin rhodium ([Cp*Rh(bpy)(H,0)I*"). It exhi-
bits a high tolerance towards extreme reaction conditions
with respect to temperature, buffer composition, and pH
(ref.h).

The complex was applied for the enzyme-free regenera-
tion of reduced nicotinamide coenzymes (NADH and
NADPH). It catalyzes the transfer of reduction equivalents
either from a cathode or formate to the oxidized nicotinamide
coenzyme. We have successfully applied this concept of en-
zyme-free regeneration to monooxygenase-catalyzed re-
giospecific phenol hydroxylation, asymmetric epoxidation of
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styrene to S-styrene oxide (ee > 99%) and enantiospecific
hydrogenations catalyzed by a new thermostable dehydroge-
nase (recombinant from Thermus sp, Schmid et al., unpub-
lished). Products were synthesized up to a gram scale in
biotransformations with productivities up to 3 g.I>. h™, stable
over 10 h in batch or continuous mode.

Direct regeneration of oxidoreductases has also been ac-
complished. The FAD-dependent oxygenase component StyA
of styrene monooxygenase® has been regenerated directly.
Thus, the native reductase component StyB, the nicotinamide
coenzyme and a putative NADH regeneration system could
be omitted from the reaction while preserving the enantio-
and regiospecificity of the oxygenase.

Direct, non-enzymatic reduction of heme-iron has been
shown for cytochrome C. The catalytically active oxyferryl
species can be generated by a hydrogen peroxide shunt path-
way. In situ supply of H,0O, in appropriate amounts (minimiz-
ing the hazardous effect of H,O, on enzymatic activity) was
achieved with [Cp*Rh(bpy)(H,0)]*".

The presentation will address basic concepts, perspec-

tives, and process engineering solutions for coupling mediator
based homogeneous catalysis to enzyme catalysis.
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Enzymatic reactions are of increasing interest in solid-
phase chemistry, especially with selectively cleavable protect-
ing groups and linkers. However, most studies have found
disappointing yields, and/or used relatively large amounts of
enzyme and reaction times. There is a need for more funda-
mental study of the effects on thermodynamics and Kinetics
when substrates are attached to solid supports. By under-
standing the reasons for slower rates and/or lower equilibri-
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um conversions we can identify ways to improve them. Un-
derstanding such systems will also be useful for other purpos-
es, such as on-bead screening and some situations in living
organisms.

By recent experimental and theoretical studies, we have
found that equilibrium positions can be significantly altered
when one reactant is attached to a solid phase, compared to
a condensation in free solution. So far we have studied the
synthesis of amides between solid-phase amino groups and an
acid in solution. The main example has used the enzyme ther-
molysin and amino acid residues attached to the support
beads of PEGA,,, with observed conversions to amide of
over 99 % in fully agueous media.

Three factors may contribute to the shift in equilibrium?:
The mass action effect of using a high concentration of
the acid — the solid phase product makes removal of the
excess easier. This is theoretically trivial, practically
useful, but is not the only important factor.
Unfavourable hydrophobic hydration of groups in the
acid will be reduced when this becomes linked to the
surface. Contact with water will be reduced, and what
remains will be already more ordered by the nearby
surface. This effect can be very large, with examples
already showing over 10*-fold increase in the equilibrium
ratio of amide to amine®. The effect is of course largest
when the acid is most hydrophobic, for example an amino
acid with hydrophobic side chain and/or protecting
group.

lonisation of free amino groups will be suppressed when
they are close together inside the solid particles.
Protonation of the free amino group contributes
significantly to making amide hydrolysis favourable in
aqueous solution, so its suppression will shift the
equilibrium towards synthesis. The magnitude of this
effect is theoretically expected to be greater in media of
lower ionic strength and pH, and a quantitative model is
under development (unpublished). Experiments have
shown that this effect is relatively small with PEGA
beads at ionic strength around 0.2 M (ref.?).

This shift in equilibrium position can be exploited prepar-
atively. Hence coupling to the free amino group of a solid-
attached phenylalanine residue proceeds to high yields, 99 %
in the case of Fmoc-Gly, Leu or Phe, for example, and 70 %
even with Fmoc-Asp (ref.1). With dissolved Phe-OMe, and
the same (saturated) concentrations of acids, conversions
range from 0.1 to 2.3 % (ref.2). This shift in equilibrium
probably also explains some of the poor yields observed when
attempts have been made to hydrolyse solid-phase amides.
These may reflect an unfavourable equilibrium for complete
hydrolysis, rather than slow kinetics or inaccessibility to the
enzyme, as has been believed.

D

2)

3)
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Developing novel biochemical processes for the produc-
tion of active chiral molecules enables pharmaceutical and
agrochemical industries to generate novel intellectual proper-
ty rights and enhance their competitiveness. This approach
has now become possible within the required timelines and
budgets because of the recent developments in biotechnolo-
gy. Protéus has developed proprietary technologies for func-
tional genomic screening (Phenomics™, CLIPS-O™) which
enables the rapid discovery of novel biocatalysts that are
present in natural biodiversity. Biodiversity from extreme
environments has proven to be particularly rewarding for in-
dustrial biocatalysis. The catalytic properties of these
enzymes can then further be improved using L-Shuffling™,
a high throughput proprietary directed evolution technology.
By combining these two approaches, high performance cata-
lysts can be delivered to the industry within unprecedented
accelerated timeframe.

As an example, we will describe the discovery of alcohol
dehydrogenases (ADHSs). ADHs are of particular interest for
catalyzing the reduction of ketones into enantiomerically
pure alcohols. The use of proper technologies and strategies
enables the rapid screening of the natural biodiversity that
results in the isolation and cloning of ADHSs covering a broad
substrate range. This set of ADHs can then be used as
a ,,toolbox* to rapidly screen for activity on substrates of in-
dustrial interest. However, the performances of natural en-
zymes might not always reach the industrial standard required
for setting up a competitive large-scale industrial manufactur-
ing process. We will discuss L-Shuffling™, a proprietary gene
directed evolution developed by Protéus which provides re-
duced-to-practice means to ,,breed” and optimize new, non
natural enzymes, allowing to rapidly develop novel biocata-
lysts and fulfil virtually any industrial requirements.
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Enzymes are efficient catalysts in synthetic chemistry and
their catalytic activity with unnatural substrates in organic
reaction media is an area attracting much attention. Protein
engineering has opened the possibility to rationally alter the
reaction specificity of enzymes and allow for new reactions to
take place in their active sites. We have used this strategy on
the well-studied active-site scaffold offered by the serine hy-
drolase Candida antarctica lipase B (CALB, EC 3.1.1.3) to
achieve catalytic activity for reactions unnatural to this en-
zyme, such as aldol additions' and Michael additions. The
catalytic reactions were first studied in detail by means of
quantum chemical calculations in model systems. These cal-
culations showed that the reactions were possible in the ac-
tive site of a CALB mutant where the nucleophilic active site
serine was removed. The predictions from the quantum
chemical calculations were then challenged by experiments.
Consequently, Ser105 in CALB was targeted by site-directed
mutagenesis to create enzyme variants lacking the nucle-
ophilic feature of the active site. The experiments clearly
showed an increased reaction rate when the aldol and Michael
addition reactions were catalyzed by the mutant enzymes. The
reactions were run in cyclohexane with the substrates indicat-
ed in Figure. We have shown that the new catalytic activity,
harbored in the stable protein scaffold of Candida antarctica
lipase B, allows aldol and Michael additions of substrates that
can not be catalyzed by traditional aldolases.

Rl/\)kH

R' = H, CH;, n-C3H5

CALB mutant

cyclohexane

[0}

2/\)L +
RN H

R®=H, CH;, C,Hs

CALB mutant
cyclohexane

HS S
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Atorvastatin is an important lipid lowering drug for the
treatment of atherosclerosis and other diseases connected to
hyperlipidaemia, e.g. coronary heart disease’. The isopropyli-
dene-protected dihydroxy ester 1 is the key chiral intermedi-
ate of an economical convergent route to this fully synthetic
mevinic acid derivative?.

-

OH OH O

Q C OR Atorvastatin

(R=Cag.s)

PhHN 0
(0} (0} (0} O><O (0]
a AN 5 — e I AN
Ot-Bu Ot-Bu
2 1

In this presentation, we report a short and highly enanti-
oselective synthesis of the isopropylidene-protected dihy-
droxy ester 1 (=99 % ee, dr > 200 : 1). Crucial step of our
strategy is an enzymatic reduction of the achiral diketo ester
2 by means of readily available Lactobacillus brevis alcohol
dehydrogenase®. A one-step synthesis of diketo ester 2, a la-
boratory scale-up of the NADP-dependent enzymatic reduc-
tion (75g scale), and a high-yielding method for performing
the unexpected difficult cyanation of the enzymatic reduction
product will be presented.
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Vitamin C has a very large market share both in the food
and drinks industries (more than 50 %) and in the pharma-
ceutical industries. In addition to the well established chemi-
cal process for L-ascorbic acid production®, a multitude of
other chemical or fermentative routes have been developed?

Since the Reichstein process is largely a chemical one,
there is increasing pressure (e.g. environmental concerns and
legislation) to develop efficient and cheap biological alterna-
tives. However, no entirely enzymatic process is documented
in the literature to date. Possible routes of this kind are
sketched out in Figure 1.
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Fig. 1. Reaction scheme for the enzymatic synthesis of L-ascorbic
acid via D-glucuronic acid (GlcUA) and 2,5-diketo-D-gluconic acid
(2,5-KDG), resp. Routes leading to these key intermediates are also
integrated; Fru UA = fructuronic acid, GalUA = galacturonic acid, 2-
KLG = 2-keto-L-gulonic acid, LG = L-gulonic acid, LGL = L-gulono-
1,4-lactone

By imitating in part the biological pathway, Vitamin C
synthesis was started from D-glucuronic acid, which can be
prepared chemo-enzymatically from renewable materials, for
example from sucrose via glucose 1-phosphate. A three-step
process was established:

1. D-Glucuronic acid (0.75 M) was reduced and inverted
to L-gulonic acid by NADPH-dependent uronate reductase
from S. cerevisiae YNN295 cloned into E. coli JIM109 and
expressed under the control of the tac-promotor®. The native
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coenzyme is regenerated by NAD(P)-dependent glucose de-
hydrogenase from Bacillus cereus in a charged ultrafiltration
membrane reactor®. Product yield is more than 90 %, the total
turnover number of NADP/H was about 10.000.

2. L-Gulono-1,4-lactone was obtained by chemical lacton-
isation in quantitative yield; a lactonase-catalyzed step is un-
der study.

3. Finally, the lactone is oxidized by a cytosolic fungal
oxidase (GulOx) to 2-keto-L-gulonic acid and rearranged to
L-ascorbic acid. A tubular enzyme membrane reactor is used
to supply oxygen and to regenerate the cofactor effectively.
GulOx is now being cloned. In a series of discontinuous ex-
periments (Table I) optimal conditions for maximal substrate
transformation (98,6 %) and Vitamin yield (43.1 g.I™") were
determined. GulOx stability allows for repeated batch opera-
tion. Possible improvements towards an entirely enzymatic
production of L-ascorbic acid will be discussed.

Table |

Comparative results of discontinuous transformation of L-
gulono-1,4-lactone to L-ascorbic acid by fungal GulOx under
different experimental conditions

Expt. L-Gulono- GulOx Catalase L-Ascorbic acid GulOx act

No -1,4-lactone remaining
pH  [mM] [Uml] [kUmI"] [%] (h) [gI7] [%]
1 40 20 1 0 0 0 0
2 40 200 1 0.5 0 0 0
340 200 1 1.0 184 (6) 4.8 18
4 5.0 200 1 1.0 56.6 (22) 14.2 96
5 50 200 2.5 1.0  79.6 (22) 220 95
6 6.0 200 2.5 1.0 98.6 (23) 241 98
7 60 300 2.5 1.0 964 (21) 33.6 92
8 6.0 500 2.5 1.0 839 (24) 431 96
9 4.0 200 1 1.0 46.1 (23) 12.4 0
10 5.0 200 1 1.0 626 (22) 163 78
11 6.0 200 2.5 1.0 97.4 (22) 22.2 97

Optimal conditions for maximal substrate conversion (98,6 %) were
200 mM of L-gulono-1,4-lactone; pH 6.0 (experiment 6). At 500 mM
substrate a final L-ascorbic acid concentration of 43.1 g.I'' (= 84 %
conversion) was possible (expt. 8). Loss of GulOx activity was 2 and
4 %, resp.
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L055 NEW BIOCATALYSTS
FROM THE METAGENOME: ALPHA/BETA
HYDROLASE FOLD ENZYMES
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The alpha/beta-hydrolase family comprises many different
enzyme classes which share the same tertiary protein fold.
Some of these enzymatic activities are of major interest to
biotechnological industries: Lipases and esterases are today
the most often used enzymes in organic synthesis of fine
chemicals®. Epoxide hydrolases are of high value because of
the possible production of enantiopure epoxides or their cor-
responding vicinal diols®. Haloperoxidases have received in-
creasing attention due to their ability to halogenate a variety
of commercially important compounds. Additionally, these
enzyme might be interesting for their sulfoxidation and
epoxidation capabilities®. However, the availability of appro-
priate biocatalysts of many of these enzyme classes for
changing industrial applications is still limited.

Our aim is therefore to provide novel enzyme libraries by
accessing the functional sequence space of biodiversity in
order to facilitate the identification of suitable biocatalysts for
specialized applications. Limited to screening strain collec-
tions biotechnology has missed to evaluate up to 99 % of
existing microbial resources. This was due to the inability to
cultivate most microorganisms. Novel strategies of directly
cloning ,,metagenome DNA" as the genetic blueprints of en-
tire microbial consortia are becoming increasingly applicable
to circumvent this restriction”.

Screening of metagenomic libraries by both a sequence
homology based approach and an activity based approach has
led to the identification of several new and highly diverse en-
zymes of the alpha/ beta hydrolase family.
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P001 FLEXIBILITY OF LIPASE BROUGHT ABOUT
BY REACTION TEMPERATURE AND ADDITIVES
CONTROLS ITS ENANTIOSELECTIVITY
IN ORGANIC SOLVENTS:
A RATIONAL APPROACH FOR OPTIMIZATION
OF ENANTIOSELECTIVITY FOR GIVEN
ENZYMATIC REACTION
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Since the basic discovery showing enzymatic activity even
in organic solvents by Klibanov et. al.}, a number of strategies
for enhancing the enantioselectivity and activity of enzymes
have appeared. An ultimate goal, especially for organic
chemists is to control rationally the enantioselectivity of
enzyme as a function of experimental conditions. It is gene-
rally accepted that the flexibility of enzymes plays an impor-
tant role in the discrimination between the enantiomers of
the substrate used”. Further developments, however, are
waited a model showing how to control the enzyme’s enantio-
selectivity by its flexibility.

In our recent studies, we have reported a relationship
between the flexibility of enzyme brought about by the addi-
tive such as DMSO (ref.®) or the solvent nature* and its enan-
tioselectivity for enzyme-catalyzed reactions, the flexibility of
which was estimated by EPR spectroscopy. Here, our discus-
sion is focused mainly on the effects of the reaction tempe-
rature on the flexibility of lipase, because the reaction
temperature is also anticipated to strongly affect flexibility of
enzyme, resulting in altering its enantioselectivity.

R-preference

CHs H, CH,
—CH —C—
O~ O COOB!
COOH .
Lipase MY or AY
(Candida rugosa)
Hexane and

water as additive

C,H + BuOH 10°C/37°C/57°C C,H¢ +H,0

The enantioselectivity for two kinds of Candida rugosa
lipases-catalyzed reactions was investigated under the various
temperature conditions (see scheme). The behavior of the
obtained enantioselectivity as a function of the reaction tem-
perature showed an opposite trend for two kinds of lipases in
the different preparations form Candida rugosa, high tempe-
rature-induced high enantioselectivity and low temperture-
induced high enantioselectivity®. The opposite trend can be
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ascribed to the experimental results that the lipases have the
individual optimum flexibilities to produce their maximal
enantioselectivities.
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It is well known that the different composition of Candi-
da rugosa lipases (CRL), depending on the origin of the
sample (concentration and isoenzymes percentage) leads to
some reproducibility problems described when performing
asymmetric synthesis in organic solvents2 Thus, for rationa-
lizing such processes, a previous synthetical characterization
of the catalyst behaviour in organic media should be per-
formed.

In the present work we report several new and easy-to-
perform methodologies with the aim of carrying out a com-
plete characterization of C. rugosa lipases for biocatalytical
purposes. Thus, as a quick first test, the heptyl oleate synthe-
sis turns out to be a useful tool for discriminating between
lipases and esterases in non-aqueous media®. For that pro-
cess, while initial rate is directly related to the concentration
of lipases in the crude sample, the final yield is mainly de-
pendent on both the water produced and the capability of the



Chem. Listy 97, 363-520 (2003)

crude biocatalyst for distributing such water molecules. This
influence can be qualitatively predicted through water sorp-
tion isotherms and thermogravimetric and differential ther-
mal analysis (TGA/DTA).

However, in the measurement of the concentration of li-
pases by kinetical methods, under heterogeneus biocatalysis,
some other parameters (such as solvent, temperature, stirring
speed or water activity) play an important role in the initial
rate. In that sense, it is necessary to find a test reaction where
the final yield could be dependent (mainly) on the concentra-
tion of lipases. This is possible by using the transesterification
of 1-heptanol with vinyl acetate in n-hexane; in fact, the
acetaldehyde produced as secondary product is toxic for
C. rugosa lipases*, and thus the different final yield obtained
by using variable amounts of CRL shows a linear dependence
on the concentration of lipases. Furthermore, by simply chan-
ging the alcohol employed (using cyclohexanol) the propor-
tion of the isoenzyme Lip3 (also described as a cholesterol
esterase®) can be semi-quantitatively estimated by compari-
son of the final yields obtained in the transesterification of
both alcohols. As an additional confirmation, those reactions
catalyzed by the pure recombinant Lipl isoenzyme show
a much lower rate for the transesterification of cyclohexanol
versus that obtained for 1-heptanol. Therefore, we must con-
clude that cyclic secondary alcohols are mainly acylated by
Lip3, and thus, being Lip3 a cholesterol esterase®, the diffe-
rent catalytical rates obtained for the acylation of several cy-
clic alcohols should be rationalize by comparison of the
cholesterol molecule with different cycloalkanols tested. In
addition, this fact could explain why the Kazlauskas’ rule® is
valid, in C. rugosa lipases, only for cyclic alcohols, and not for
acyclic secondary ones.

Finally, the strategy of characterization is succesfully tes-
ted in the transesterification of 3-methyl-2-butanol with viny-
lacetate, where it is shown that final yield obtained is once
again mainly dependent on the relative proportion of Lip3 in
the crude C. rugosa biocatalyst.
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Investigations are being carried out to optimize the pro-
cedure for lipase encapsulation for application in the modi-
fication of vegetable oils. In this study, we present a method
to immobilize lipase by entrapment in chemically inert hydro-
phobic silica gels, which are prepared by the hydrolysis of
alkyl-substituted silanes like tetraethoxysilane (TEOS),
methyltrimethoxysilane (MTMS), and polydimethysiloxane
(PDMS) in the presence of enzyme and additives such as
polyethyleneglycol (PEG, PM-1450) or polyvinylalcohol
(PVA). For the precursor TEOS a novel methodology was
established under nitrogen inert atmosphere and used an
aqueous solution of lipase, hydrochloric acid, ultra-pure wa-
ter, ammonium hydroxide, ethanol, and stabilizing additive
(PEG 1450). For the gel precursors MTMS and PDMS,
a typical immobilization procedure uses: an aqueous solution
of lipase, sodium fluoride as a catalyst, alkoxysilane derivative
precursors, and additives (PEG-1450 and PVA).

To evaluate these immobilization procedures, lipase from
Candida rugosa immobilized in different gel matrixes was
fully characterized with respect to their morphological pro-
perties (i. e., particle size, surface area and pore size distribu-
tion) and used in ester hydrolysis and synthesis. The coupling
yields for the lipase immobilized by encapsulation using
MTMS and MTMS/PDMS as precursors, was very poor
(9.0 %). These data suggest that these precursors may cause
conformational changes of the enzyme chain upon its adhe-
sion to the support surface. The latter probably caused steric
hindrance which may render certain regions of the enzyme
molecule inaccessible to the substrate (olive oil). In this case,
the addition of an additive did not produce beneficial effect.
However, the positive effect of the PEG-1450 was noticed for
the derivatives prepared by the encapsulation technique
using TEOS as precursor. The highest coupling yield
(31.98 %) was observed for the immobilized derivative
obtained by lipase encapsulation in the presence of the
PEG-1450; confirming the efficiency of this kind of additive®Z
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Further information on the catalytic activity was obtained
by testing the derivatives prepared in synthetic applications,
that is, in esterification reactions with n-butanol and butyric
acid, and a different activity dependence was found. Better
performance was achieved by derivatives resulting from the
encapsulation of Candida rugosa lipase in the gels prepared
with MTMS as precursor, in the presence of PEG (PM-1450).
This lipase preparation exhibits an increased esterification
activity (154.85 umol.g™.min™) that is 3 times greater than
that prepared with TEOS (51.98 pmol.g™.min™), and
1.74 times greater than that prepared with MTMS/PDMS
(88.79 umol.g™.min™) as precursor.

The results presented here allowed a deeper understan-
ding of the process of encapsulation of commercial Candida
rugosa lipase in the presence of an additive, using TEOS and
MTMS as precursors.

The authors acknowledge financial assistance from CAPES,
CNPq and Fundacéo Araucaria.
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We have changed the enantioselectivity of a hydrolase
towards substrates carrying a hydrogen-bond donor. A muta-
tion in the oxyanion hole allows the hydrogen-bond donor of
the substrate to stabilize the transition state. By this means
the enantioselectivity was improved compared to that of the
wild type enzyme.
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In our experiments we used lipase B from Candida an-
tarctica. It has a catalytic machinery that consists of the triad
Ser-His-Asp (ref.!). In the active site is also the oxyanion
hole, a spatial arrangement of hydrogen-bond donors, which
plays a major role in the stabilisation of the transition state
conformation®. The oxyanion is stabilized by two backbone
amide hydrogen atoms and the side chain hydroxyl group of
Thr40 (ref.%) (A). By changing threonine 40, we have removed
one of the hydrogen-bond donors capable of stabilizing the
transition state. With substrates carrying a hydroxyl group we
have performed substrate-assisted catalysis in the modified
enzyme and increased the enantioselectivity greatly* (B).

A
O\ %,
_ —
CENN o0
Aspl87 o} = 0 HN— ;
His2o4 Ser105 W \
is e GIn106
B
OH
_ Thr40Va
N N L ~
Aspl87 0 S 0L CHN—
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His224 “* W N},,,GlnlOG

To further understand what determines the enzyme speci-
ficity we now measure how the point mutation affects transi-
tion state stabilization (k ) and substrate binding (K,,). We
do this with substrates carrying either a hydroxyl or an amino
group as potential hydrogen-bond donor. The catalytic con-
stants are determined with isothermal titration calorimetry
measurements.
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The membrane-bound M. circinelloides lipase displays
very high synthetic activity and can be used for synthesis of
various esters, as was described elsewhere'?. Different me-
thods of this enzyme stabilization, facilitating its application
in a milieu of organic solvents for synthesis of esters of higher
fatty acids and aliphatic alcohols, glycerol and saccharides,
were tested. Within the scope of these investigations, the li-
pase was isolated from the mycelium, purified and immobi-
lized on octyl- and palmityl-cellulose, diatomaceous earth,
porous glass and silica aerogel®, and immobilized in situ in the
mycelium (by means of de-fatting and de-hydration of the
mycelium with acetone). The membrane-bound lipase was
also entrapped in carragenan®, polyvinyl alcohol cryogel and
chitosan. Preparations of the immobilized lipase, in a form of
mycelium pellets stabilized by treatment with glutaraldehyde,
polyvinyl alcohol and alginate, were also obtained. The pro-
blems related to an application of the lipase entrapped in the
PVA cryogel in organic solvents have been already presen-
ted®. In this work, the results of esters (sucrose, glucose, butyl
and propyl oleates and caprylates) synthesis, carried out in
petroleum and di-n-pentyl ethers, and catalyzed by various
preparations of the immobilized lipase, have been compared.
The lipase isolated from the cells (solubilization with sodium
cholate) and immobilized on solid carriers showed a weak
catalytic activity. An effective method of M. circinelloides li-
pase stabilization was found to be an entrapment of the mem-
brane-bound enzyme in poly(vinyl pyrrolidone)-containing
chitosan granules, prepared by using the phase inversion
method. This method ensured the high mechanical and
chemical resistance of the biocatalyst beads. Chitosan beads
do not shrink in organic solvents, in contrast to PVA-gel
beads. Moreover, an activation of the chitosan-biocatalyst
beads during the initial batches of their iterative use for esters
synthesis was observed. The maximum yields of butyl oleate
and sucrose caprylate synthesis were 90 % and 75 %, respec-
tively. The lipase preparations with high synthetic activity can
be also produced by cross-linking of the M. circinelloides
mycelium pellets (harvested from optimal medium inocula-
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ted with the suspension of sporangiospors in 0.1 % Triton
X-100) with glutaraldehyde. Cross-linking of the lipase-con-
taining pellets with PVVA and glutaraldehyde, provides both
high activity (approximately 3.3 pkat.g™) and operational sta-
bility of the catalyst for 120 hrs of sucrose caprylate synthe-
sis. Water released during esters synthesis should be removed
from the beads in order to provide the satisfactory yield of
their repeated usage. The synthesis yield can be significantly
enhanced by optimization of the reaction conditions.
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Esters of saccharides and fatty acids belong to a class of
natural, “green”, nonionic surfactants. They are synthesized
from natural components of foods and show prebiotic pro-
perties, enabling their application in food production as die-
tetic fats, emulsifiers, plasticizers and as antimicrobial and
protective coatings for fruits’. The mycelium bound lipase
was prepared by dehydration of Mucor circinelloides my-
celium with acetone??. The lipase displays high stability in the
medium of apolar organic solvents at 100 °C and shows high
activity in hydrolysis and synthesis of esters’. The reactions of
the sugar fatty acid esters synthesis were carried out at 50 °C
in 37-ml microreactor equipped with a stirrer (120 rpm), con-
taining 2 mmol of sugar, 2 mmol of fatty acid and 0.2 g of the
lipase suspended in 10 ml of the mixture of di-n-pentyl ether
and petroleum ether, and modified with astaxanthin or caro-
tene, acting as activator or inhibitor of the enzyme depen-
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dently on the concentration in the reaction mixtures. Free
fatty acids were titrated with 0.05 M NaOH up to pH 10.0
using TitroLine (Schott) titrator. The esters concentration
was determined using HPLC (ODS: 250 < 5.6 mm column,
the eluent: acetonitrile-water (8 : 2), refractometric detector).
Changes in thermodynamic water activity and temperature of
reaction medium throughout ester synthesis were monitored
using the water activity digital sensor AwVC-DIO (Rotronik)
coupled with a computer (Fig. 1).

—E

Humidity
Temperature
Probe

The sample
contains sugar,
free fatty acid,
and organic
solvent

L33

‘--I Lipase

Magnetic
stirrer

}.—a

Fig. 1. The scheme of enzymatic reactor equipped with an on line
water activity (a,) measuring probe

The effect of molar ratio of the substrates in the reaction
mixtures on the lipase activity was studied. The optimal mo-
lar ratio of caprylic acid and sucrose was found to be 9: 5 and
the corresponding degree of the sucrose conversion in
di-n-pentyl ether medium exceeded 90 %. The dependence
of water activity of bi-phasic systems di-n-pentyl ether — wa-
ter on the phase volume coefficient A=V _/V . (wereV -
organic phase volume; V,, .. — water phase volume) and an
effect of water activity on the saccharide esters synthesis yield
were also examined. The invented mathematical model of
esters synthesis in a biphasic system was experimentally veri-
fied by sucrose and glucose esters synthesis®. Modelling was
done by using the Mathematica 4.2 program.
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Carbohydrates have long been and still are important
sources of chirality in the synthesis of many biological active
compounds. Furthermore, many of them are components of
different natural products which display powerful biological
properties. For these reasons many studies have been repor-
ted about chemical transformations, especially at anomeric
carbons. Regioprotected derivatives of carbohydrates are
important intermediates towards the synthesis of very va-
luable compounds. Conventional chemical methods often are
not able to achieve this task and can require the use of toxic
solvents and inorganic catalysts that leave residual traces in
the final product; furthermore they often require difficult and
expensive purification procedures. Conversely enzymatic
processes offer important alternatives for the synthesis of
these molecules. In particular lipases and proteases have
been exploited with success in the preparation of regio-
protected sugar derivatives?.

D-Fructose (1) is a very sweet sugar and it is greatly abun-
dant in the natural saccharides that exhibit interesting biolo-
gical activities. We propose in this study new biocatalysed
routes towards the synthesis of different regioprotected fruc-
tose derivatives. A two step enzymatic process for the synthe-
sis of 1,4,6-triacetyl fructofuranose (3) has been developed:
in a first step D-fructose was acetylated in tetrahydrofurane
using lipase from Candida antarctica (Novozyme) as the cata-
lyst to give the regioselectively protected 1,6-diacetyl fructo-
furanose (2) as sole product. In a second step the recovered
diester 2 was selectively acetylated at the C-4 hydroxy group
using lipase from Candida rugosa in tert-butylmethylether to
give compound 3 that, bearing a free OH function at C-3, is
a valuable starting material for further selective chemical
transformations. For example oxidation of C-3 hydroxy
group, followed by coupling via the Grignard reaction allows
to synthesise interesting sugar derivatives (4a-c) of potential
application as enzyme inhibitors.
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Subsequently the C-4-OH preference observed in the re-
cognition of C. rugosa lipase was exploited, via alcoholysis re-
action, for the synthesis of rare fructose isomers.

HO 0 OH AcO o} OAc

HO OH HO OH
1 2

Step 2

4a 4b 4c
CH;
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P008 EFFECT OF DIVERSE LIPASES
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The enzymatic transesterification is a potentially
attractive route for the modification of the physical and
chemical properties of vegetable oils. This reaction can also
be used to obtain some compounds that can render mono-
acylglycerides. These reactions usually take place with high
regio and/or enantioselectivity. Moreover, the mild condi-
tions needed to carry out these reactions permits the prepa-
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ration of products with high yields without the formation of
secondary products that sometimes are very difficult to re-
move.

In this study is described the influence of the biocatalyst
on the transesterification of grape seed oil with solketal and
glycidol. Two own catalysts, prepared from resting-cells of
Aspergillus flavus and Rhizopus oryzae, and five commercial
enzymes, Amano Lipase AYS (Candida rugosa) (Aldrich),
Novozym 435 (Novo Nordisk), Amano Lipase A (Aspergillus
niger) (Aldrich), Amano Lipase PS (Pseudomonas cepacia)
(Aldrich), Lipozyme, immobilized (Mucor miehei) (Fluka),
were used to carry out this reaction. In a 12 ml vial were
added 300 mg of grape seed oil, 135 mg of solketal, 30 mg of
biocatalyst and 4 ml of isooctane. The mixture was then mag-
netically stirred at 50 °C for 196 h. Samples were taken at
24,48, 72,96, 144 and 196 h and analyzed by HPLC-RP. Simi-
lar experiments were carried out using glycidol instead of sol-
ketal as reagent for the transesterifiaction of the vegetable oil.

Among the enzymes assayed, Rhizopus oryzae gave the
best results. Thus, the solketal derivative yield was 11 mg.mI™
at 72 h reaction. Although the same biocatalyst gave the
highest transformation when glycidol was used, the yield was
much lower.
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In a previous work®, a commercial immobilized lipase
from Thermomyces lanuginosa, Lipozyme™ TL IM, was used
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in batch reactors, for the transesterification of fat blends.
Mixtures of palm oil stearin (POS), palm kernel oil (PK) and
two different commercial concentrates of triglycerides
enriched in »-3 polyunsaturated fatty acids, EPAX 4510TG
and EPAX 2050TG, were used for the production of marga-
rines basestocks.

Runs were carried out with values of reaction medium
composition, temperature (T) and reaction time (t) given by
a central composite rotatable design (CCRD).

The free fatty acids (FFA) were assayed. These are re-
leased in fat hydrolysis and in the first step of lipase-catalysed
transesterifications. An increase in FFA was observed and the
final values varied between 5.0 % and 9.5 %, as compared to
values lower than 0.5 % in the initial blends. FFA formation
was independent of the medium composition, and also of
reaction temperature and time. This suggests that the pro-
duction of FFA is mainly a result of the mechanism of lipase-
catalysed transesterification. However, the formation of
oxidation products was negligible during the time course of
the reaction.

The interchange of acyl groups amongst glycerides was
followed by non-aqueous reverse-phase high performance
liquid chromatography (HPLC) with refractive index detec-
tion. “Consumption” of TG was accompanied by the forma-
tion of other TG and also mono and diglycerides, depending
on the initial medium composition and reaction conditions.
When the transesterified fat was treated with alumina, the
peaks corresponding to the formation of mono and digly-
cerides disappeared.

Supported by the FEDER and Fundacdo para a Ciéncia
e Tecnologia, Portugal, (Research Project POCTI/39168/AGR/
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Due to their emulsifying activity and wide antimicrobial
spectrum, monoacylglycerols (MAGSs) are by far the most
commonly used surfactants'. They are also useful chiral syn-
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thons and a perspective material for the nanotechnology®.
Currently, there have been a great interest in the synthesis of
optically active monoacylglycerols by enzymatic reactions®“.
The use of lipases for this purpose has become an attractive
alternative to the bulky chemical asymmetric synthesis.
Recently, we have reported an efficient synthesis of
(R)-a-monobenzoyl glycerol (MBG) by using carrier-fixed
Chirazyme® L -2 (Candida antarctica) in 1,4-dioxane as the
most suitable solvent and benzoic anhydride as the acyl do-
nor’. After optimization of reaction conditions we have syn-
thesized (R)-a-MBG with high optical purity in a large scale®.
Since this reaction does not cause the formation of water or
alcohol, it has been completely shifted towards the esterifi-
cation. By this reason, we have found benzoic anhydride is
more effective as an acyl donor for synthesis of MAGs than
some alkanoic and aromatic acid esters®. We therefore
expected that the replacement of the acyl donors with their
anhydrides would increase the yield and optical purities of
MAGs produced by the enzyme reaction. In this study we
examined various aliphatic and aromatic anhydrides
(RCO),0 as substrates for the lipase-catalyzed esterification
of glycerol (Fig. 1). We synthesized several anhydrides (R =
cyclohexane, Ph(CH), PhCH,, p-Me-Ph, p-MeO-Ph,
p-CI-Ph, p-NO,-Ph) and used another commercially available
ones (R = Ph, Me, Et, n-Pr, i-Pr, n-Bu, i-Bu, t-Bu). Under
optimal conditions (100 mM glycerol, 100 mM acid an-
hydride, dioxane, 15°C) Chirazyme® L -2 was active towards
all the anhydrides to give the corresponding MAGs. The en-
zyme preferred acting on the aliphatic substrates, especially
acetic and propionic anhydrides which afforded the short-
chain monoacylglycerols. The yields and enantiomeric excess
were determined for aliphatic MAGs by GLC or HPLC
without derivatization and for aromatic acylglycerols by
HPLC of their acetonides. The authentic samples were syn-
thesized by reaction of (R,S)-solketal and acid anhydrides
followed by suitable deprotection of the resulted compounds.

(0]

AN

o]
/<
R Chjrazyme® L-2
_—

+ O -
R‘< 1,4-Dioxane
O

Fig 1. Enzymatic esterification of glycerol by Chirazyme® L-2
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P012 CORK POLYESTERS AND THEIR BUILDING
BLOCKS FROM PLANT OILS
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SIEGFRIED WARWEL, FALK BRUSE,
LUDGER HEISS, and EBERHARD FEHLING

Federal Centre for Cereal, Potato and Lipid Research, Institu-
te for Lipid Research, Piusallee 68, D-48147 Munster, Germa-
ny, e-mail: ibtfett@uni-muenster.de

Keywords: cork, long chain dicarboxylic acid derivatives, syn-
thesis, Novozym 435°

Keywords: ionic liquid, lipase, L-ascorbyl fatty acid ester

L-Ascorbic acid (Vitamin C) is a potentially useful com-
pound for food and cosmetic chemistry because of its high
reducing activity. However, it dissolves only in water and thus
cannot be used in applications that require solubility in fats.
Modification to its fatty acid esters would enable its use as an
antioxidant. Researchers synthesized L-6-O-ascorbyl fatty
acid esters under a mild reaction conditions such as lipase-
catalyzed esterification, but the poor solubility of L-ascorbic
acid in nonpolar organic solvents prevented an efficient
synthesis. Polar ionic liquids permit a lipase-catalyzed esteri-
fication with high conversion because they readily dissolve
L-ascorbic acid (e. g. ~ 130 mg.mI™ in SBMIM=BF, at 60 °C)
and to some extent fatty acids, but do not inactivate the li-
pase. The product, L-ascorbyl fatty acid esters, inhibited the
reaction by precipitating on the lipase particles. To avoid
a product inhibition, we added a hydrophobic additive such
as hexane or polypropylene. With assistance of these addi-
tives, lipase B from Candida antarctica (immobilized on ma-
croporous acrylic resin) catalyzed a direct esterification of
ascorbic acid with 83 % conversion and 65 % yield to produce
L-ascorbyl 6-oleate.

HO HO

Rw/ + HO . o0 o/ 0 + ILO
g e T
HO OH o) HO OH

R = (Cl),CH=CH(CI}),Cl}

CAL-B
_—
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Long chain unsaturated, epoxidized and hydroxylated
dicarboxylic acids as well as o-hydroxy carboxylic acids are
polymer building blocks of polyesters occurring in suberin,
the main constituent of cork from cork oac'. We studied the
synthesis of these and analogous structures and further un-
usual polyesters on the base of vegetable oils.

Natural unsaturated fatty acid methyl esters obtained
from plant oils like rapeseed oil, crambe oil or castor oil were
converted by metathesis with ethylene or pyrolysis to termi-
nal unsaturated fatty acid esters (C,,, C,, and C,,). Cometa-
theses of these esters with equimolar amounts of their
analogous alcohols yielded symmetrically unsaturated diols,
hydroxy fatty acids and dicarboxylic acid derivatives (ratio:
1/2/1). The internal unsaturated derivatives were epoxidized
using our new method of chemo-enzymatic epoxidation with
methyl acetate/H,0O, and Novozym 435, the immobilized li-
pase B from Candida antarctica, as biocatalyst’.

Enzymatic hydrolysis of the epoxides under catalysis of
epoxide-hydrolase which was prepared from soybeen as ace-
ton-powder, demonstrate that this method can be used for
selective epoxide-ring-opening with water. Alternatively the
preparative synthesis of the diols could be achieved by di-
hydroxylation of the olefins using formic acid/H,O, and fol-
lowing alkaline saponification. Similar to our enzymatic
polycondensation of long chain dicarboxylic acids with diols®,
the mixtures mentioned above were polycondensated using
Novozym 435® as catalyst. Due to the selectivity of the
enzyme and equimolar amounts of acid- and primary hydro-
xyl-groups in the mixtures of diol-, hydroxy fatty acid- and di-
carboxylic acid derivatives, polycondensation reactions led to
linear polyesters (Mw up to 55,000 g.mol™).
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Terpenes are one of the major classes of secondary meta-
bolites, widespread in the animal and plant kingdom as well
as in microorganisms. Their natural functions range from
chemical communication (e. g., fragrances of flowering plants)
to chemical defence (e. g., insect antifeedants). Isolation from
Nature is often not feasible for practical applications, so their
total synthesis has been studied extensively. Almost all terpe-
nes have one or more chiral carbon atoms and their absolute
configuration is usually essential for biological activity, so the
total syntheses have to be stereoselective.

This poster summarises our work on the lipase-mediated
kinetic resolution of chiral building blocks for the synthesis of

several terpenes.
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Lipophenols are products of an esterification reaction
between phenolic compounds and fatty alcohols, fatty acids
or triacylglycerols. Since phenolic acids are hydrophilic, they
exhibit little stability and solubility in different organic sol-
vent systems and therefore have limited antioxidant efficiency
in stabilizing oils and fats’. However, enzymatic esterification
of phenolic compounds with free fatty acids and their
acylglycerol esters could therefore be used to modify these
physical properties by producing lipophenols with different
solubility characteristics and making them more useful as
food lipophilic antioxidants and emulsifiers®. Enzymes can
act as biocatalysts in nearly anhydrous organic solvents, which
is due to the fact that the water needed for enzymatic activi-
ty is bound tightly to the enzyme molecule even the bulk
water is replaced with organic solvent®.

These lipophenols have the potential to become excellent
nutraceutical and functional products since they would pos-
ses the combined health benefits of polyunsaturated fatty
acids and the phenolic antioxidant activity.

The biogeneration of lipophenols by enzymatic esterifica-
tion of phenolic compounds, catechin and catechol, with the
fatty acid caprylic and its triacylglycerol ester, tricaprylin, in
organic solvent medium model, hexane, was investigated.
Commercial lipase obtained from Rhizopus niveus (Lipase N)
as well as immobilized ones obtained from Mucor miehei
(Lipozyme IM) and Candida antarctica (Novozym 435) were
used in throughout this study.

In order to determine the optimal conditions for enzy-
matic biocatalysis, the effect of reaction time, incubation tem-
peratures and agitation speeds on enzyme activity were
investigated. The optimal temperature for lipase activity was
determined to be 37.5°C for Lipase N and 55 °C for Lipo-
zyme IM and Novozym 435. Maximum hydrolysis of tricapry-
lin, 1.7 pmol free fatty acid per ml, was obtained after 1.5 days
of reaction time with Lipase N. However, Lipozyme showed
higher hydrolytic activity after 1 and 4 days of reaction time
with 8.1 and 8.8 pmol free fatty acid per ml, respectively,
whereas Novozym 435 showed such activity after 2 and 9 days
of reaction time, with 4.0 and 6.1 pmol free fatty acid per ml,
respectively.

The high-performance liquid chromatography (HPLC)
analysis indicated that there was no formation of lipophenol
molecules from tricaprylin and catechin as substrates when
Lipase N was used as biocatalyst. However, there were 47.8
and 37.3 % relative esterification yields using Lipozyme IM
and Novozym 435 after 4 and 8 days of reaction time, respec-
tively.

The use of caprylic acid and catechin as substrates resul-
ted in relative esterification yields of 44.0 and 54.0 % after
3 and 1 days of reaction time, when Lipozyme IM and
Novozym 435 were used, respectively, as biocatalysts. The
relative esterification yields of tricaprylin and catechol, used
as substrates, were 12.5 and 33.7 % after 8 days of reaction
time using Lipozyme IM and Novozym 435, respectively, as
biocatalysts. In addition, the use of caprylic acid and catechol,
used as substrates, resulted in relative esterification yields of
26.3 and 70.4 % after 1 and 6 days of reaction time, using
Lipozyme IM and Novozym 435, respectively, as biocatalysts.
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The B-amino acids and B-lactams are of biological and
chemical importance®. They can be used as building blocks
for the synthesis of modified peptides with increased activi-
ty and stability, and in drug research. Consequently, in the
past few years a large number of syntheses have been deve-
loped for enantiopure alicyclic B-amino acid derivatives. One
good possibility for the preparation of enantiopure unactiva-
ted B-lactams is an enantioselective enzyme-catalyzed hydro-
lysis of B-lactams?.

We now report a highly efficient and very simple method
for the enantioselective ring opening of unactivated alicyclic
B-lactams (x)-1 - (£)-4 (n =1, 2, 3, 4), yielding the ring-
opened valuable B-amino acids 1a—4a (e. g. cispentacin) and
unreacted B-lactam enantiomers 1b — 4b in an organic me-
dium.

H,0 COOH O
11 olase

G, e S@pag
60 °C

@)-1- ()4 la-4a 1b-4b

High enantioselectivity (E > 200) was observed when the
Lipolase (lipase B from Candida antarctica)-catalyzed reac-
tions were performed with H,O (1 equiv.) in diisopropyl
ether at 60 °C. The products, obtained in good chemical yield
(36-47 %), could be easily separated. Transformations by ring
opening of B-lactams 1b — 4b with 18 % aqueous HCI resul-
ted in the corresponding B-amino acid hydrochloride enan-
tiomers (ee = 99 %).
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The present research introduces a dynamic kinetic reso-
lution method based on the acylation of the amino group of
amino acids with vinyl butanoate catalysed by Candida
antarctica lipase A (CAL-A) in tert-butyl methylether. Race-
mization is induced by acetaldehyde through Schiff’s base
formation. Inexpensive and readily available methyl ester of
proline (rac-1) was chosen as a model compound based on
our previous work with methyl pipecolinate’.

E>200
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O\ CAL-A, TBME N N

N CO;Me  trifluoroethyl butanoate H 1 O

H R)- Pr (S)-2
rac-1

[ \g
CO,Me

CAL-A N

vinyl butanoate, TBME 0

Pr (5)-2

In order to develop a satisfactory method of dynamic ki-
netic resolution where product is formed with high yield and
enantiomeric excess, the resolution reaction should be highly
enantioselective and racemization of the starting material
should take place fast enough. The normal kinetic resolution
of rac-1 with trifluoroethyl butanoate by CAL-A showed ex-
cellent enantioselectivity (E > 200). This prompted that also
the resolution with vinyl butanoate could proceed with high
enantioselectivity. In this case the racemizing agent, acetal-
dehyde, is elegantly released during the course of the reac-
tion. Under optimised conditions the resolution led to highly
enantiopure (ee = 97,5 %) product (S)-2 with 90 % yield.

The developed method was also tested with other amino
acids. The results and mechanisms are presented and dis-
cussed in the poster.
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Enzymes have gained acceptance as asymmetric catalysts
in organic chemistry, especially with the aim of the prepara-
tion of enantiopure compounds. Our focus has long been on
the lipase-catalyzed kinetic resolution of various types of
B-amino esters employing lipases as catalysts'™. In these re-
actions, CAL-A (lipase A from Candida antarctica) and
CAL-B (lipase B from Candida antarctica), two lipases, which
behave in highly different manners, have been especially use-
ful. Thus, CAL-A is exceptionally effective and enantioselec-
tive for asymmetric acylation of B-amino esters in organic
solvents whereas CAL-B shows various degrees of chemo-
and enantioselectivity under the same conditions, substrate
structure being a tool to control between the acylation of the
amino group and interesterification of the ester group.

Enzymatic peptidomimetics synthesis is ever gaining
greater significance because of the potential applications in
pharmaceutical industry. In this work, we now report the
application of CAL-A and CAL-B catalyses on the prepara-
tion of dipeptides through reactions where an amino ester is
first activated by lipase-catalyzed interesterification with
2,2,2-trifluoroethyl ester and then a peptide bond is created
by the lipase-catalyzed acylation of the amino group of ano-
ther amino ester. The strategy of peptide synthesis is from
N-terminus to C-terminus as is shown below by using achiral
B-alanine methyl ester as a model substrate. Racemic and
enantiopure B-amino esters as substrates will be described.
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Enantiopure amines are used in the fine chemical indus-
try as resolving agents, chiral auxiliaries and chiral synthetic
building blocks. Some common methods to produce enan-
tiopure amines are the crystallisation of diastereomeric salts
and enantioselective reductive amination. Enzymatic resolu-
tion through enantioselective acylation, is another well-deve-
loped method. However, the chemical deacylation step to
liberate the free chiral amine requires harsh reaction condi-
tions that sometimes are incompatible with certain amines.

“Easy On-Easy Off Technology” is a newly elaborated
and fully enzymatic strategy for chiral amine resolution,
which involves a lipase-catalyzed acylation followed by
a hydrolase catalyzed deacylation®?. The enzymatic cleavage
of the amide is quite facile due to the activating effect of the
heteroatom in the acyl moiety. Thus, some results of amines
resolution using this method will be presented.

NH, o) NH, o)
Lipase H
R1}\Rz * R3/X\HKOR L»Rl/\Rz " R3/X\(U\NH
R RO
Ry
X=NH, O, S lHydrolase
NH; O
R DR, R{X\KMOH
Ry
REFERENCES
1. Van Rantwijk F.,, Hacking M. A. P. J., Sheldon R. A.: Mo-
natsh. Chem. 131, 549 (2000).
2. Van Langen L. M., Oosthoek N. H. P, Guranda D. T,

Van Rantwijk F, Svedas V. K., Sheldon R. A.: Tetra-
hedron: Asymmetry 71, 4593 (2000).



Chem. Listy 97, 363-520 (2003)

P019 CAL-B CATALYZED RESOLUTION
OF 2-PHENYLCYCLOALKANAMINES

JAVIER GONZALEZ SABIN,
FRANCISCA REBOLLEDO, and VICENTE GOTOR

Departamento de Quimica Organica e Inorganica, Universidad
de Oviedo, Julidn Claveria 8, 33071 Oviedo, Spain,
e-mail: vgs@sauron.quimica.uniovi.es

Keywords: resolution, cycloalkanamines, aminolysis, lipase

2-Phenylcycloalkanamines are interesting compounds
because of their pharmacological properties and synthetic
applications. For example, cis and trans-isomers of 2-phenyl-
cyclopentanamine and 2-phenylcyclohexanamine are buil-
ding blocks of potent hypoglycemic agents' and potentiators
of AMPA receptors’. In addition, trans-2-phenylcyclopentan-
amine, “cypenamine”, and 2-phenylcyclopropylamine, “tra-
nylcypromine” are well-known antidepressives. In most cases,
the pharmacological activities of these amines are related to
the configuration of the stereogenic centers.

o Q/Ph e N
. / ._

'-_NHZ
(*)»-1:n=1 *)»2:n=1 *)»-5
(#-3:n=2 (£)-4:n=2

In the last years, we have investigated the utility of some
lipases, specially, the lipase B from Candida antarctica
(CAL-B) to catalyze the aminolysis of esters®“. In these pro-
cesses, optically active esters, amines and amides have been
obtained. In the present work, we describe the resolution of
some racemic 2-phenylcycloalkanamines following the me-
thodology developed in our research group. Thus, the reso-
lution of (*)-1-5 was carried out by CAL-B catalyzed
enantioselective acylation, using the most simple reaction
conditions, that is, employing ethyl acetate as the acyl donor
and solvent. Under these conditions the enzyme catalyzed
acylation of the (R)-enantiomer of the amine preferentially,
the resulting (R)-acetamides and the remaining (S)-amines
being easily separated by selective extraction and isolated in
very high yields (=85 %).

From the conversion values and enantiomeric excesses
showed in Table I, it can be deduced that trans-isomers 2 and
4 are more suitable substrates for the enzyme in comparison
with the cis-isomers 1 and 3. In addition, the size of the cycle
plays a key role in the enantioselectivity of these reactions,
cyclopentanamines being transformed with higher E values
than the corresponding cyclohexyl analogous. It is of note the
high rate of conversion and the low E value achieved in the
reaction with 2-phenylcyclopropanamine.
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Table 1
Conversion values and enantiomeric excesses of 1-5

Amine ¢ (h) ¢ (%) remaining E.e. acetamide E.e". E°
susbstrate

(*)-1 24 28 (S,5)-1 33 (R.R)-6 85 16

(*)-2 6.5 50 (S,R)-2 98 (R,S)-7 97 >200

(*)-3 47 5 (S,5)-3 1 (R.R)-8 13 1

()4 20 41 (S,R)-4 67 (R,S)-9 98 200

(£)-5 2 90 (S,R)-5 96 (R,S)-10 11 3

* determined by chiral HPLC,
® enantiomeric ratio calculated according to Sih et al.’

REFERENCES

1. Grisar J. M., Claxton G. P, Carr A. A., Wiech N. L.:
J. Med. Chem. 16, 679 (1973).

2. Shepherd T. A., Aikins J. A., Bleakman D., Cantrell B. E.,
Rearick J. P, Simon R. L., Smith E., Stephenson, G. A.,
Zimmerman D. M.: J. Med. Chem. 45, 2101 (2002).

3. Gotor V.: Bioorg. Med. Chem. 7, 2189 (1999).

4. Gonzalez-Sabin J., Rebolledo F., Gotor V.: Tetrahedron:
Asymmetry 13, 1315 (2002).

5. Chen C. S,, Fyjimoto Y., Girdaukas G., Sih C. J.: J. Am.
Chem. Soc. 104, 7294 (1982).

P020 TWO CHEMOENZYMATIC SYNTHESES
OF BOTH ENANTIOMERS
OF trans-CYCLOPENTANE-1,2-DIAMINE

AMPARO LUNA, IGNACIO ALFONSO,
and VICENTE GOTOR

Departamento de Quimica Organica e Inorganica, Universidad
de Oviedo, Julidn Claveria 8, 33071 Oviedo, Spain,
e-mail: vgs@sauron.quimica.uniovi.es

Keywords: diamines, enzymatic resolution, lipases

In recent years, chiral synthetic diamine derivatives have
been employed as medicinal agents, in particular in chemo-
therapy®. Their use in organic synthesis has also increased
considerably, specially in the field of catalytic asymmetric
induction®. The easy availability of both enantiomers of the
target compound in very high ee is one of the limitations for
the use of some optically active diamines. Lipase-catalyzed
kinetic resolution of racemates is one the most frequently
used strategies for the preparation of optically active com-
pounds®. Here we describe two different approaches to
enantiomerically pure trans-cyclopentane-1,2-diamine (1).
The first one (Scheme 1) is through a one-pot sequential bio-
catalyitc resolution of racemic diamine. This strategy had
been successfully used for the preparation of optically active
trans-cyclohexane-1,2-diamine*. The enantioselectivities® of
both steps have been studied and we conclude enantiopure
products cannot be obtained with the first aminolysis reaction
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(E, = 21), but the second biocatalytic process (E, > 200) is
enantioselective enough for obtaining substrate and product
both in enantiomerically pure forms®.

0\ /0 O\ /O
NH OMe NH OMe
O/ lipase O/
"'NH " "NH  OM
H e
Nt lipase (R.R)-2 / N
E + (0) (0]
NH, NH2 (R,R)-3
(£)-trans-1 O\
NH,
(5,9)-1
Scheme 1

On the other hand, we had previously described the effi-
cient resolution of (z)-cis-N-Chz-2-aminocyclopentanol’. In
this case product and substrate were recovered in 99 % ee.
We carried out an alternative chemoenzymatic synthesis of
1 using these enantiomers as starting material (Scheme 2).

NHZ JNHZ NHZ

(H)-cis-4

oNHz O/NHZ
<j\NHz "UNH,
(8.8)-1 RR)-1
Scheme 2

Further synthetic applications of the enantiomerically
pure obtained compounds are under investigation in our
laboratory.
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The enzymatic desymmetrization of meso and prochiral
compounds constitutes an elegant approach to the synthesis
of enantiomerically pure compounds®. This methodology has
attracted considerable interest as it avoids the inherent 50 %
yield limit and the difficult separations often encountered in
the resolution of racemates. Enzymatic hydrolysis, transeste-
rification and lactonization of prochiral diesters and diols
have been largely applied to prepare chiral synthons in high
enantiomeric excesses. However, the potential of enzymes to
catalyze the aminolysis and ammonolysis of prochiral sub-
strates has been recently reported by us. Lipase B from Can-
dida antarctica (CALB) has shown to be an exceedingly
effective catalyst either for the asymmetric aminolysis and
ammonolysis of dimethyl 3-hydroxyglutarate (R'=OH,
Scheme), thus affording enantiopure monoamidation pro-
ducts in very high yield®,

Following on from these studies, we envisioned to gene-
ralize this methodology to different dimethyl 3-substituted
glutarates, 1, and to study the scope of this biocatalytic pro-
cess as well as the effect of such substitution in the efficien-
cy and enantioselectivity of the reaction.

R' R'

CALB

R

MeO,C

+ R*NH,

COMe CONHR?

e.e. 75 ->99%
l l R*=H

1

MeO,C
1

R': OH, NHBn, OMe,
, OCOMe, Me, Ph, p-F-Ph
R":Bn, Bu H

- R R

Y-peptides

R' =NHG,

B-peptides + y-peptides<————— | HO,C NHG,
3



Chem. Listy 97, 363-520 (2003)

CALLB always showed a clear preference toward the pro-R
ester group, leading to monoamides of S configuration, 2.
Diamides were never detected. However, both chemical yield
and enantiomeric excesses strongly depends on the substrate
structure (R") and, in a lesser extent, on the nucleophile (R?).
Glutarates with a heteroatom at C-3 position with possible
hydrogen bonding acceptor behaviour, showed higher chemi-
cal yields and e.e.’s. In all the tested conditions, dimethyl
3-methylglutarate showed the poorer results. Aromatic deri-
vatives were less reactive although high e.e.’s can be obtained
when the reaction conditions are optimized.

Optically active monoamides 2 (R?=H) are interesting
chiral compounds for the preparation of different g-substitu-
ted y-amino acids 3, which are useful starting materials in the
synthesis of non-natural 8- and y-peptides.
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The aldol reaction is one of the most important methods
for C-C bond formation. An aldol-type condensation be-
tween an aldehyde and a nitro alkane (Henry reaction) will
result in a B-nitro alcohol. The control of the formed stereo-
chemistry is of importance for many synthetical purposes.
Two routes that can be followed are direct chiral synthesis
from prochiral substrates or resolution of the formed secon-
dary alcohol.

O

OH OH
J\/ NG, ¢
+
R R /\/NOZ @]

NO,

Lipase

RWO + HC-NO, R

Chiral nitro alcohols can be reduced to the hydroxy
amines or undergo further C-C bond formation first on the
a-carbon, giving acces to a wide variety of important chiral
intermediates.

In this work the applicability of lipase catalysed resolution
is studied for obtaining enantiopure B-nitro alcohols. The use
of succinic anhydride as the acyl donor has some benefits for

OH
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downstream product separation and showed much higher
enantiomeric ratios for this type of components compared to
other commonly used donors like vinyl acetate.
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1,4-Dihydropyridines (1,4-DHPs) are an important class
of drugs since they possess a wide range of biological activi-
ties. Since it is well known that enantiomers differ in their
biological effects, we have been studying chemoenzymatic
routes towards enantiopure building blocks for chiral
1,4-DHPs.

Since ester groups that are connected directly to the
1,4-DHP ring are not reactive towards enzymes, we have used
spacers attached to a hydrolysable group in order to turn
1,4-DHPs into substrates'. We have found before that the
-CH,O- spacer is advantageous in these reactions, since it
splits off formaldehyde spontaneously after hydrolysis of the
adjacent ester. In the same studies®, an isobutyric acid ester
was found to give the highest stereorecognition, because it
has the optimum amount of steric hindrance. This spacer and
ester are now used in a new versatile route for making
4-[2-(difluoromethoxy)phenyl]-1,4-DHP-3,5-diesters, as well
as in some studies on 1,4-DHP-3,4,5-triesters (isonicotinic
acid derivatives).

0
o) OQL
OH
nCsH,00C A\ _COOCH;
| |
HyC” N CH
H

4-[2-(difluoromethoxy)phenyl]
1,4-DHP-3,5-diester

1,4-DHP-3,4,5-triester
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1,4-Dihydropyridines (1,4-DHPs) are an important class
of calcium channel antagonists. Novel activities of 1,4-DHPs,
such as neuroprotective, antineurodegenerative, cognition
and memory enhancing, antidiabetic, anti-inflammatory and
antiviral have been also described. Chirality plays an impor-
tant role in the biological activity of 1,4-DHPs. The use of
enantiopure and racemic drugs is regulated by specific rules
in EC (ref."). Classical Hantzsch synthesis of 1,4-DHPs is not
enantioselective, so enantioselective synthetic methodologies
have to be developed.

Polycyclic analogues of 1,4-DHPs in enantiopure form are
desired for extended pharmacological studies, since racemic
1,4-dihydrobenzothieno[3,2-b]pyridine-5,5-dioxides 1 and
5-o0x0-4,5-dihydro-1,4-indeno[1,2-b]pyridines 2 have exhibi-
ted coronary dilating and anticancer activities; they have been
also found as active glutathione S-transferase inhibitors.

The standard resolution technique of monocyclic
1,4-DHPs, such as incorporation of an enzymatically labile
acyloxymethyl group®* has been successfully applied for the
kinetic resolution of 3-(isobutyryloxy)methyl 4-[2-(difluoro-
methoxy)phenyl]-2-methyl-5,5-dioxo-1,4-dihydrobenzo-
thieno[3,2-b]pyridine-3-carboxylate 3 (see Scheme).

Careful screening yielded Candida rugosa lipase (CRL) as
the preferred biocatalyst. A remarkably good E-value was
obtained for the CRL-catalysed resolution of this bulky
1,4-DHP derivative. The enantioselectivity of C. rugosa lipase
can be improved by changing the reaction medium and the
temperature. The transition from water-saturated IPE to
a solution of n-butanol in toluene that was water-saturated at
45 °C resulted in an increase of enantiomeric ratio from
E = 12 to E = 28. More derivatives of the polycyclic 1,4-DHP
will be studied.

0 R
Ry
||
N7 CH;
H
1 2

377

Posters

lipase

REFERENCES

1. Hillier M. C., Reider P. J.: Drug Discov. Today 7, 303
(2002).

2. Holdgrun X. K., Sih C. J.: Tetrahedron Lett. 32, 3465
(1991).

3. Ebiike H., Terao Y., Achiwa K.: Tetrahedron Lett. 32,
5805 (1991).

4. Sobolev A., Franssen M. C. R., Vigante B., Cekavicus B.,

Zhalubovskis R., Kooijman H., Spek A. L., Duburs G.,
de Groot Ae.: J. Org. Chem. 67, 401 (2002).

P025 ENZYME-CATALYZED KINETIC RESOLUTION
OF PIPERIDINE HYDROXY-ESTER
REGIOISOMERS

MAGDOLNA SOLYMAR, ENIKO FORRO,
and FERENC FULOP

Institute of Pharmaceutical Chemistry, University of Szeged,
H-6720 POB 121, Szeged, Hungary,
e-mail: solymar@pharma.szote.u-szeged.hu

Keywords: piperidines, regioisomers, kinetic resolution, orga-
nic solvents, lipase AK

Esters and hydroxyesters possessing piperidine ring
among alkaloids and their analogues can modify the neuro-
transmission resulting in wide-ranging effects on the central
nervous system® 2,

Our aim was to obtain all four enantiomers of
1-(tert-butyl) 3-ethyl 4-hydroxypiperidine-1,3-dicarboxylate
(1, 2) and of its regioisomer, 1-(tert-butyl) 4-ethyl 3-hydroxy-
piperidine-1,4-dicarboxylate through lipase-catalyzed kinetic
resolution in organic media.
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OH OH OCOCHj3
COOEt \ - COOEt COOEt
N lipase AK N N
OAOJF o OAOJF
(&)-1cis 3a: 3R, 45 4a: 35, 4R
(£)- 2 trans 3b: 38, 45 4b: 3R, 4R

High enantioselectivity (E = 200) was observed in the
acylation reaction of (%)-cis and trans 1-(tert-butyl) 3-ethyl
4-hydroxypiperidine-1,3-dicarboxylate (1, 2) using vinyl-ace-
tate as acyl donor and Pseudomonas fluorescens lipase (lipase
AK) as a catalyst in diisopropyl ether at 45 °C. In the lipase
AK-catalyzed acylation of the sterically more hindered
()-cis 1-(tert-butyl) 4-ethyl 3-hydroxypiperidine-1,4-dicarbo-
xylate no product formation was observed even at higher
temperature (60 °C). From the lipases screened only Candi-
da antarctica A catalysed the reaction with low enantioselec-
tivity.
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We examined approaches towards the preparations of
SAMP and RAMP (1-amino-2-methoxymethylpyrrolidine 1,
important chiral auxiliaries) via enzyme-catalyzed enantio-
meric resolution of racemic intermediates. B. licheniformis
protease (subtilisin) preferentially hydrolyzed the (R)-carba-
moylproline ester (2b) with an enantiomeric ratio (E) of 10.
To a hydrophobic N-Cbz proline ester (3b), subtilisin showed
lower selectivity (E 2.8), and contrary to that, a purified
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earthworm protease isozyme (Lumbricus rubellus) showed
the preference of (S)-enantiomer (E 13.6). Diverse enantio-
meric preference was observed between purified isozymes. In
turn, C. antarctica lipase B (Chirazyme L-2) was effective for
the enantioselective hydrolysis of N-Cbz and N-Boc proline
esters (4b) with E > 100 (S preferred). The methyl ester (4b)
was obtained in 49 % yield (98.7 % ee) through a prepara-
tive-scale enzyme-catalyzed resolution.

OWCOZR enzyme < >

N N7 "COR
og\x o/*x
2b: X =NH; (R)-3b: X =0Bn
3b: X=0Bn 4b: X = OtBu
4b: X = OtBu

(R)-4b reduction

98.7 % e.e.

) X
A X

O OtBu
>99.9% e.e. by 1: X =NH,
recrystalization 6: X =CONH,

C. antarctica lipase-catalyzed hydrolysis could also be
applied on the bicyclic substrates. Enantioselectivities
(E =>100) were shown in the case of the hydrolysis of N-Boc
(7b) and N-Cbz indoline-2-carboxylic esters (8b). An elevated
reaction temperature over melting point of the substrate was
required, so that the reaction proceeds promptly up to nearly
50 % conversion, to give enantiomerically pure acid 7a (49 %
yield, >99.9 % ee) and ester 7b (50 % yield, 97.6 % ee).

@COZR ©j>_.cozH
N N

A A

C. antarctica
lipase

O X O X
7b: X = OtBu (S)-7a: X = OtBu
8b: X =0Bn 7a: X = OBn
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The importance of optically active B-hydroxy acid deri-
vatives as versatile building blocks for the synthesis of biolo-
gically active compounds is well established'. Amongst them,
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those bearing a substituent in a-position are especially inte-
resting, since they are bifunctionalised molecules with two
vicinal stereogenic centres. Biocatalytic approaches to these
compounds have been mainly via enantio- and diastereo-
selective reduction of the corresponding B-keto esters?,
amides or nitriles using whole cells, or by kinetic resolution
of the racemic mixtures with hydrolases (i. e. lipases or este-
rases)®. Although in recent years, a number of elegant stra-
tegies have been developed to address the problems
associated with the above mentioned methods, B-hydroxy
acids are still not readily available. Hence, an efficient metho-
dology for their preparation is still required.

OH
1
H O oH Q
H OMe
OEt
5

4

OH O

@)

H g
OFt
o

caten

(@]

OMe

Encouraged by the excellent results obtained in our re-
search group in the enzymatic kinetic resolution of cyclic
amino alcohols* and diamines®, over the last few years, we
decided to examine the lipase-catalysed enantioselective
acylation of the cyclic B-hydroxy esters 1-6 . The resolution of
the racemic alcohols (+)-1-6 was carried out by CALB-cata-
lysed enantioselective acylation using vinyl acetate (VA) as
the acyl donor and tert-butyl methyl ether as the solvent. In
all cases the acyl donor was used in moderate excess (molar
ratio VA: alcohol 3 : 1), and the temperature was kept at
30 °C. This acylation procedure afforded excellent enantio-
selectivities (E = 200) reaching in all cases (apart from sub-
strate ()-3) the maximal conversion of 50 %, at which both
substrate and product were isolated enantiomerically pure in
high yields. Quite surprisingly, the activity of CALB towards
substrate (%)-3 was very low (and thus unsatisfactory for pre-
parative purposes). After two days, a conversion of only 5 %
was reached, although it should be pointed out that this en-
zyme showed again complete enantiodiscrimination, (pro-
duct (+)-3 was obtained in >99 % ee. After testing a number
of different solvents and higher temperatures without suc-
cess, we considered the possibility of using a biocatalyst
whose binding pocket can accept more sterically hindered
substrates. Another isozyme from Candida antarctica
(CALA) belongs to the group of lipases which are highly ac-
tive towards tertiary alcohols. Very satisfyingly, under the
reaction conditions described above for CALB-catalysed
resolution, a 34 % conversion was reached after just 30 mi-
nutes affording product (+)-3 in >99 % ee and the remai-
ning substrate in 51 % ee.
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Thus, we have shown that lipases from Candida antartica
are excellent biocatalysts for the enantioselective transeste-
rification of five to seven-membered ring B-hydroxy esters.
This constitutes for the first time, a direct access to all four
stereoisomers of these interesting building blocks in enan-
tiopure form and high yield.
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We have been interested, for years, in the possibility to
use transketolase and fructose-1,6-diphosphate aldolase for
the production of ketoses with the (3S,4R) D-threo configura-
tion™2 These enzymes accept a wide range of aldehydes as
acceptor substrates. Transketolase appears very enantioselec-
tive towards o-hydroxyaldehydes. However when a racemic
aldehyde is used as substrate, fructose-1,6-diphosphate aldo-
lase gives both diastereoisomers. We have therefore decided
to study the enantioselective synthesis of o-hydroxyalde-
hydes. Two methodologies have been developped, both based
on lipase-catalysed kinetic resolution.

Alcohol 1, easily prepared from glyoxal dimethyl acetal is
a versatile synthon for applications with aldolase and trans-
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ketolase catalysed reactions. This alcohol can be converted
into a-hydroxyaldehydes by ozonolysis of the double bond or
hydrolysis of the acetal moiety. The kinetic resolution of this
product was accomplished by acylation with vinyl acetate in
the presence of Candida antarctica lipase.

OH
/O

1

OH OAc

O

-~ /O

CAL
— >
A 0nc

Enol ester epoxides are usefull intermediates in organic
synthesis. They can rearrange to a-acyloxyaldehydes or ke-
tones under thermal or acidic conditions®. The chemical
enantioselective synthesis of enol ester epoxides has been
reported. We studied the enzymatic kinetic resolution of
these compounds. The epoxides are prepared by epoxidation
of enol esters or oxidation of o,B-unsaturated ketones. The li-
pase-catalysed hydrolysis of enol esters epoxides gives the
desired o-hydroxy carbonyl compounds. The remaining chi-
ral epoxides can undergo stereospecific rearrangements to
the enantiomerically enriched a-acyloxy carbonyl com-
pounds.

OH
? o { oA e
c OAC -
Rl/ﬂ/ Lipase R1/<{““ N R]/Y
Ry Ry Ry
OAc (;Ac
o) H'| A Xe)
Ry RI/Y
Ry Ry
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P029 THE ENANTIOSELECTIVITY CHANGES
WITH SUBSTRATE CONVERSION DURING
KINETIC RESOLUTION
OF SECONDARY ALCOHOLS AND THEIR
BUTANOATES CATALYSED BY CALB
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Enzyme catalyzed kinetic resolution is characterized by
the enantiomeric ratio (E-value), which, according to the
theory, should be constant during the reaction and indepen-
dent of the degree of conversion'. However, E-values
increasing with conversion, both in transesterifications” and
hydrolysis® * have been reported.

COC3H,
OH 1

H OH
VB = =
Rie b _ory — B s i ORy + Ri_X_ORs

R; =Me, Et, Br, Cl
R; = Ph, CH,Ph

The substrate structure has been varied as follows: R, =
= Me, R, = Ph (1a, 1b), R, = Et, R, = Ph (2a, 2b) R, = Br,
R, =Ph (3a, 3b), R, = Me, R, = CI, R, = Ph (4a, 4b) R, =
= Cl, R, = CH,Ph (5a, 5b) where 1a-5a are the alcohols and
1b-5b are the respective butanoates. During kinetic resolu-
tion of 1-5 catalyzed by Candida antarctica lipase B the
E-value was found to decrease with increasing degree of con-
version when the reaction was transesterification. However,
when the resolution was performed as hydrolysis of the cor-
responding butanoates, the E-values increased by increasing
conversion. Since the composition of the reaction mixture
changes during the resolution process, the observed effect
may be due to enantioselective inhibition or activation either
by substrate or product.
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Thiols are highly interesting compounds due to their abi-
lity to form self-assembled monolayers (SAMs) on gold sur-
faces, with applications in areas such as biosensors and
nano-electronics. They also have widespread interest in ma-
terial science in form of polymers with thiol functionalities.
Thiol functionalization of alcohols can be performed via ester
bond formation using Candida antarctica lipase B. This study
is focused on the acylation of methyl-B-D-glucopyranoside
and the benzyl ester of bis(hydroxy)-propionic acid using
3-mercaptopropionic acid and y-thiobutyrolactone as acyl do-
nors. This resulted in the thiol functionalized compounds
shown below. In contrast to acyl donors such as lactones and
hydroxy acids no polymerisation were observed with the cor-
responding thiolactone and mercapto acid.

O SH
W

HO o
O

HO O

OH ‘
O
N
O
©A 0 SH
N
O

n = 1 for 3-mercaptopropionic acid, n = 2 for y-thiobutyrolactone
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Biotransformations catalysed by hydrolytic enzymes pro-
vide convenient methods to achieve regioselective transfor-
mations in the sugar moiety of nucleosides. Most of the
examples described and reviewed deal with the enzymatic re-
gioselective acylation and alkoxycarbonylation of nucleo-
sides™? in a lesser extent, the hydrolase-catalysed deacylation
of nucleosides has also been studied, mainly through enzy-
matic hydrolysis™.

Over the last years we have been studying the enzymatic
deacylation of peracylated ribonucleosides through enzyma-
tic alcoholysis and we have found that Candida antarctica B
lipase catalyses efficiently the formation of the corresponding
2’,3'-di-O-acylribonucleosides*®. Taking into account these
results, we considered of interest to study the Candida
antarctica B lipase (CAL B)-catalysed alcoholysis of 2’,3’-di-
-O-acetyl-2’'deoxy-nucleosides (1a-¢e) :

AcO HO

CALB

OAc

2a-e

: Thymine
: Cytosine
: Guanine
: Adenine

R: C2H5-, n-C3H7-, n-C4H9-

According to the regioselectivity displayed by CAL B in
the enzymatic acylation and deacylation of nucleosides™®, the
selective cleavage of the 5’-O-acetate of the substrates was
observed, giving the corresponding 3’-O-acetyl-2’-deoxy-
nucleosides 2a-e . The enzymatic butanolysis of 3’,5’-di-O-
-acetyl-2’'deoxyguanosine (1d) afforded the best result: after
48 hours at 30 °C, 2d was formed in 96 %.
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The pharmaceutical properties and high cost of steroids
made the research on these natural compounds a noteworthy
achievement. In the last years, highly selective synthetic pro-
cedures for the transformation of complex polyfunctional
steroids were developed. Among them, the enzyme-catalysed
approach was applied succesfully in regioselective acylation
and deacylation reactions producing new compounds with
added value to their physiological properties™™. In previous
works we have reported the enzyme-catalysed alcoholysis of
steroids 3B-acetates containing labile funcional groups in the
molecule® and the regioselective deacetylation of some
androstane derivatives®. We have observed that lipases from
two yeasts catalysed the alcoholysis of acetyl groups located
at different positions of the steroid skeleton. Candida rugo-
sa lipase (CRL) and Candida antarctica lipase (CAL) have af-
finity for different regions of the rigid steroid molecule.
While CRL removed acetyl groups situated in ring A, CAL
was preferentially active on substituents located in ring D.
Considering the good performance of CAL in alcoholysis of
16B-O-Ac with a carbonyl group at C(17) (1a) and the poor
activity when the keto at C(17) is replaced by an acetoxy
group, the activity of CAL seems to be conditioned by the oc-
currence of an sp’-hybridized C-atom in ring D (ref.?).

To learn more about the regio and stereoleselective be-
havior of lipases in the deacetylation of steroids we have per-
formed this reaction using different androstanes and
pregnanes 2a-10a as substrates. These substrates were pre-
pared in our laboratory, some of them being novel steroidal
compounds.
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Ry

Ry Rs
1a Ri=AcO; R, ==0; R3=p-AcO; Ry =Rs=H

2a Ri= AcO; R; ==0; R3= a-AcO; Rs =Rs = H

3a Ry = AcO; R; = =CHy; R3 = B-AcO; Ry Rs= A’

4a Ri= AcO; R; = =CHs; Rs = #-AcO; Ry, Rs = A’

Sa R; = TBDMSO; Ry = =CHj; R; = 0-AcO; Ry, Rs= A’

6a Ri= AcO; R, = (£) =CHCHs; R; = p-AcO; Ry, Rs= A’

7a Ri= AcO; Ry = () =CHCHs; R; = a-AcO; Ry, Rs = A

8a Ri= AcO; Ry = (£) =CHCH:OAc; Rs = H; Ry, Rs= A’

9a R; = TBDMSO; R; = (Z) =CHCH,OAc; Rs = 0-AcO; Ry, Rs= A’
10a R, = AcO; R; = (Z) =CHCH,OAc; R; = a-AcO; Ry, Rs = A

CAL was not very stereoselective in the deacetylation of
position 16 of androstanes. On treatment of 160-O-Ac 2a
with this lipase, the 3B-acetate of 2a, unknown till now, was
obtained in such a good yield as we had previously obtained
with 3p-acetate from 1a (ref.?).

The replacement of the carbonyl group by a carbon-car-
bon double bond at position 17 showed a remarkable de-
crease or no activity at all of CAL on the o and B 16-O-Ac of
substrates 3a-7a . The corresponding 3B-acetate-16-hydroxy
compounds were obtained in poor yield or not obtained at all.
The primary acetyl group in 8a was easily removed by both
enzymes (CAL and CRL). CAL kept its regioselectivity in the
formation of the 3-monoacetyl derivative.

In 9a and 10a the primary acetyl group in carbon 21 was
more reactive than the 16a.-O-Ac. This result shows that the
tert-butyldimethylsilyloxy in 3B position (9a) does not produce
inactivation of the enzyme.

The behavior of CRL was the expected one in all sub-
strates being removed the acetyl group in position 3B in the
acetylated derivatives. By enzymatic catalysis with CRL the
tert-butyldimethylsilyl derivatives 5a and 9a remained unal-
tered.

In conclusion, we show that lipases from C. rugosa and
C. antarctica removed acetyl groups in a regioselective
fashion from di- and triacetylated androstane and pregnane
derivatives. These results could lead us to say that the substi-
tution in ring D with a polar carbon double bond such as the
carbonyl group could be necessary for CAL activity. Some of
the reported compounds were proved to be useful interme-
diates in the synthesis of biologically active steroids.
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Candida rugosa lipases immobilized on polypropylene
powders were employed as the biocatalyst for the enantiose-
lective hydrolysis of (R,S)-naproxen 2,2,2-trifluoroethyl ester
in micro-aqueous isooctane at 45 °C, in which TBD immobi-
lized on polystyrene crosslinked with 2 % DVB was added as
an in situ racemization catalyst for the remaining (R)-ester
(Scheme). The kinetic behaviors of the lipase and the base
were first investigated, respectively, by considering of the
enzyme stability and product inhibition as well as the base
deactivation. The results for the dynamic resolution process
were then compared with the kinetic resolution process
without adding the base. The results were also compared with
the dynamic resolution process by employing (R,S)-naproxen
2,2,2-trifluorothioethyl ester and trioctylamine as the sub-
strate and the base, respectively, for producing the desired
(S)-naproxen.

(R)-Ro(CH3)CHCOOR + (S)-Ry(CH3)CHCOOR, %» (8)-Ry(CH3)CHCOOH
+H\N\-H" -H'//+H" +HOR,
Ry(CH3)C=CO OR;
R;=CH,CF; Ry =CH;0CoHg
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Optical active lactams are valuable building blocks in or-
ganic synthesis and find wide application as synthons for bio-
logically active compounds. It is known that some of them are
resoluted into stereoisomers by lipase-catalysed transesterifi-
cation™?,

We have obtained the isomeric mixtures of bicyclic terpe-
noid lactams, starting from (+)-3-carene, naturally occurring
monoterpene, component of many turpentines®, followed by
conversion into new amino acids®. Pharmacological studies
showed that these amino acids possess neuromodulatory
activity®.

As a continuation of our investigation we have developed
lipase-catalyzed resolution process for diastereoisomeric
mixture of terpenoid lactams which are intermediates in the
synthesis of novel chiral piracetam analogues with nootropic
activity.

Screening of lipases and the effects of solvent, influence
of donor group and temperature will be widely discussed with
special emphasis on their biosynthetic aspects.
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Racemic zopiclone is a hypnotic agent of the cyclopyrro-
lone class, which has been commercialized for the treatment
of insomnia'. However, the (S)-configured enantiomer is
more active and less toxic than the (R)-isomer. In a previous
report we described a chemoenzymatic method for the pre-
paration of enantiomerically pure (S)-(+)-zopiclone,
3 (Scheme)?. The key step in this procedure is the resolution
of the vinyl carbonate intermediate (+)-2a by lipase-cata-
lyzed hydrolysis. Although the enzymatic step is efficient, two
facts make the method expensive for the kilogram prepara-
tion of enantiopure (S)-(+)-zopiclone. Firstly, the high cost
of vinyl chloroformate as a reagent and, secondly, the low
30 % yield of the last step in the synthesis, i. e. the treatment
of the vinyl carbonate (+)-2a with N-methylpiperazine.
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(S)-(+)-desmethylzopiclone, 4 R = Me
ee >99%
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(+)-2a,b
ee >99%

Herein, we describe an improvement of this method
based on the preparation and enzymatic resolution of a new
carbonate intermediate (£)-2b, via Candida antarctica lipase
B-catalyzed hydrolysis. The (R)-configured product 1 of the
enzymatic reaction undergoes spontaneous racemization in
the reaction medium. Therefore, it can be directly recycled
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after work-up of the enzymatic reaction. Thus, the overall
formal yield of the enzymatic process is 100 %, even though
this enzymatic step is a kinetic resolution process.

It is noteworthy the low cost of the reagents employed in
the synthesis of (%)-2b as well as the high yield of the last
step in the synthesis of (S)-(+)-zopiclone by the reaction of
the enantiomerically pure carbonate (+)-2b with N-methyl-
piperazine.

This methodology has been also successfully used in the
synthesis of (S)-(+)-desmethylzopiclone, 4, a metabolite of
zopiclone, which has been recently reported as an interesting
compound for its biological activities in preclinical anxiolytic
evaluation®.

Taking into account the simplicity and easy scale-up of
lipase-catalyzed reactions, it is noteworthy the applicability of
this method to the industrial preparation of the hypnotic
(S)-(+)-zopiclone.

Furthermore, in order to prove the economic efficiency of
this biocatalytic method, we are investigating the feasibility of
reusing the immobilized Candida antarctica lipase B.
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Flavonoids are natural compounds with interesting pro-
perties due to their antioxidant, antimicrobial, anticarcino-
genic activities'. However, they are characterised by a low
solubility and stability, which could limit their use. In view to
improve these properties chemical and enzymatic acylations
with lipophilic groups have been suggested®®. The aim of this
work is to investigate the behaviour of enzymatic acylation of
different flavonoids and to study the carbon chain length
effect of the acyl donor (fatty acids).
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The enzymatic acylations were led in tert-amyl alcohol as
solvent at 60 °C and with immobilized lipase of Candida
antarctica as catalyst. The substrate used in this study are
rutin, hesperidin and esculin as flavonoids and caproic, pelar-
gonic, oenanthic, lauric, myristic, palmitic, stearic and oleic
acid as acyl donor. The reactions were conducted in Chem-
speed automated parallel synthesis workstation at low level
of water content in the reaction medium (<300 ppm). The
substrates and products were quantified by HPLC system
equipped by UV, Rl and LS detectors. The structures of some
obtained products were characterised by '"H NMR analysis.

The enzymatic acylation of the three flavonoids tested
indicated that the performance of this reaction depends of
the presence or not of a primary hydroxyl group on the gly-
cosyl moiety. The highest conversion yields was obtained with
esculin and it is about of 82 %. When rutin was acylated with
different fatty acids, the results showed that the conversion
yield increases with carbon chain length up to C12. For higher
carbon number, no effect was detected except for C14. The
'H NMR analysis showed that for glycosylated flavonoids the
acylation took place on the glycoside moiety.

Flavonoids acylation performance was affected by alcohol
and acyl donors structure. The highest conversions (>80 %)
were obtained for glycosylated flavonoids with a primary hy-
droxyl group. Only fatty acids with short carbon chain affect
the kinetic of this reaction. These enzymatically acylated
flavonoids will be evaluated for their properties and biolo-
gical activities.
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The flavonoids constitute a large class of compounds,
ubiquitous in plants, containing a number of phenolic
hydroxyl groups attached to ring structures, conferring the
antioxidant activity. The practical exploitation of their anti-
oxidant properties, for instance as protective agents for fats
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and oils against oxidation, is limited by the hydrophilic nature
of these compounds that may hinder solubility in lipidic ma-
trices. This problem can be solved by esterification of the po-
lyhydroxylated molecules catalysed by enzymes, in organic
solvent™ %3,

In this work acylated derivatives of plant derived flavo-
noids as catechin, hesperetin, were synthesised in a reaction
catalysed by lipase B from Candida antarctica, using tert-bu-
tanol as solvent whereas vinyl acetate and vinyl laurate were
used as the acyl donors. The various parameters affecting the
reactions were extensively studied.
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P038 DIRECTED EVOLUTION
OF A Pseudomonas fluorescens LIPASE
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A novel biotransformation has been developed in our la-
boratory for the preparation of homochiral enol acetates
derived from prochiral ketones. 4-Cyano-4-aryl substituted
cyclohex-1-enyl acetates such as 1 have been resolved with
Pseudomonas fluorescens lipase (PFL) by transesterification
with n-butanol in THF giving good to excellent enantiomeric
purities (e.e.’s) for the chiral enol acetates. With an efficient
recycling method (Scheme), even with a relatively low
E value of 13, it is possible to isolate enantiomerically pure
enol acetate (S)-1in 82 % yield after 4 cycles"> This is a suc-
cessful approach and has been scaled up to provide synthe-
tically useful quantities (20 g) of the (§)-enol ester 1 which
was used for the synthesis of a tachykinin NK-2 antagonist
used in the treatment of neuro-inflammatory conditions™*.

The aim of this project is to use this lipase resolution as
a model system for developing a high throughput directed-
evolution strategy for obtaining lipases with improved enan-
tioselectivity for use in organic solvents. The Pseudomonas
fluorescens lipase gene, lipA, has been cloned with a histidine
tag, expressed in E. coli, purified under denaturing conditions
and refolded directly on the Ni-NTA resin. This gene will be
subjected to a radical mutagenesis protocol (ep-PCR) to
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generate a library of mutant enzymes. Due to the tag, the en-
zymes can be absorbed from the crude cell lysate using
Ni-NTA coated microtitre plates, facilitating a high-through-
put enzyme screening strategy in organic solvents. The e. e.
screen is based on the use of pseudo-racemic d*-labelled enol
ester 1 with electrospray ionisation mass spectrometry
(ESI-MS) to detect M and M + 3 (ref.’). A protocol is being
developed to maximise the spectrum of mutations in the /lipA
gene, thereby increasing the probability of creating and iso-
lating mutant enzymes with improved enantioselectivity. Inte-
resting mutants will then be sequenced to identify key
mutations and may be subjected to further rounds of random

mutagenesis or gene shuffling.
AF ON
(R) 1

S)-1
ii-v
3 recycles 82%, 99%ce.c.

Ar CN
S)-1
Ar=3,4-Cl,C¢H3

i: Pseudomonas fluorescens lipase (PFL), nBuOH, THF; ii: Remove
PFL,; iii: add isopropenyl acetate and ‘BuOK; iv: Add Dowex H* re-
sin; v: Remove resin and add PFL and nBuOH
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OF LIPASE FROM Pseudomonas fluorescence
BY HYDROPHYLISATION IN THE PRESENCE
OF SODIUM DODECYL SULFATE
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The industrial interest in lipase activity is very high, espe-
cially as component of household detergents. Especially the
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temperature stability of enzymes used in laundry detergents
is an important factor. Enzyme engineering is a variable tool
to enhance the thermostability of enzymes.

The hydrophile-lipophile balance (HLB) of an enzyme
seems to be essential for most of its properties (recognition
of substrate, binding, stability, etc). In our work, the HLB of
lipase (Lip) from bacteria Pseudomonas fluorescence has been
changed by chemical modification. Lipase was modified by
glucose with primary amino group of lysine and the Schiff
base formed in the reaction was reduced by the addition of
sodium borohydride.

The comparative study of the behavior of the native Lip
and Lip-Glu modified by hydrophylisation showed that gluco-
sylation of lipase does not affect on the stability of these en-
zymes in buffer solution. The rate of thermoinactivation of
lipases at 58 °C is the same.

In the presence, however, of sodium dodecyl sulfate
(SDS) both lipases are less stable, but hydrophylisation of
lipase provides a better protection for thermoinactivation.
This stabilizing effect (ratio of the rate constant of thermo-
inactivation of the modified and native enzymes) is about
2-fold.

P040 REAL-TIME MONITORING
OF LIPASE-CATALYSED CARBOHYDRATE
MODIFICATION BY 'H-NMR SPECTROSCOPY
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Nuclear magnetic resonance (NMR) spectroscopy is
a non-invasive analytical method that can be used to study
biocatalytic reactions in situ. In this study, "H-NMR was used
to monitor on-line lipase-catalysed transesterification re-
actions in organic solvents without the need to sample the re-
action medium. The synthesis of acryl esters of a range of
monosaccharides and their a-methoxy derivatives catalysed
by lipase (Novozym 435) in tert-butan(ol-d) has been moni-
tored. The time-course of sugar acrylate and acetaldehyde
formation as well as the disappearance of vinyl acrylate was
monitored, allowing for simultaneous quantification of each
reactant and product species in the reaction mixture. The
kinetic parameters obtained from real-time 'H-NMR data
were comparable with those obtained by classical methods
consisting of sampling the reaction mixture and quantitative
determination by GC.

This study shows that *H-NMR can be used for real-time
monitoring of heterogeneous biocatalytic reactions.
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P042 PRODUCTION OF ETHYL BUTYRATE
BY LIPASE-CATALYSED ESTERIFICATION

IN BATCH AND IN CONTINUOUS REACTORS
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and SUZANA FERREIRA-DIAS®

%E.S.T., Universidade do Algarve, Campus da Penha, 8000 Faro,
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visco Pais, 1049-001 Lisboa, Portugal; ‘Instituto Superior de
Agronomia, Centro de Microbiologia e IndUstrias Agricolas, Ta-
pada da Ajuda, 1349-017 Lisboa, Portugal

A novel lipase was identified in the genome of the hyper-
thermophilic archaeon Archeaoglobus fulgidus'. Archaeo-
globus fulgidus is a sulphur-metabolizing organism with an
optimal growth temperature of 83 °C. We have cloned and
overexpressed a novel lipase from this organism in E. coli and
purified it using immobilized metal affinity chromatography
combined with anion exchange chromatography.

The activity measurements performed in a pH-Stat and
spectrophotometrically demonstrated that this enzyme prefe-
rentially uses p-nitrophenylesters and esters of short chain
fatty acids as substrates. Tributyrin was only weakly hydro-
lysed while triolein and other typical substrates for lipases
were not used. The location of the catalytic triad Ser-Asp-His
was identified by site-directed mutagenesis and the proper-
ties of the enzyme concerning the temperature and pH sta-
bility have been evaluated. The enzyme showed optimal
activity and stability at pH values of 10-11. The temperature
dependent activity measurements revealed a temperature
optimum of 70 °C and a rapid loss of activity at higher tempe-
ratures. This leads to the assumption that compatible solutes
of Archaeoglobus fulgidus like di-glycerolphosphate are a cru-
cial factor for the temperature stabilization of the enzyme in
vivo as it is in other thermophilic organisms?.
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Ethyl butyrate is an important flavouring ester widely
used in food and pharmaceutical products. The aim of this
study was the production of ethyl butyrate in n-hexane cata-
lysed by Candida rugosa lipase immobilized in biocompatible
hydrophilic polyurethane foams prepared with the pre-poly-
mers “Hypol FHP 2002™” (toluene diisocyanate) and “Hy-
pol FHP 5000™ (diphenylmethane-4,4’-diisocyanate). The
immobilised preparations were used in batch and in conti-
nuous reactors.

Batch experiments were conducted in 12 cm?® of n-hexane
solutions, at 30 °C under magnetic stirring, following a cen-
tral composite rotatable design, as a function of the initial bu-
tyric acid concentration, A (0.078-0.57 M) and of the molar
ratio ethanol/acid, R (0.43-2.27).

For both immobilised preparations, at 18 hours reaction
time, production of ethyl butyrate and conversion could be
fitted to flat or convex surfaces, described by first or second
order polynomial models.

Theoretically, a maximum ester production of 0.23M is
expected after 18 hours reaction time, at 0.35 M of A and R
equal to 1.5, for the lipase in “FHP 2002™”. When the immo-
bilized lipase in “FHP 5000™” foam is used, a maximum of
0.27M ethyl butyrate is expected at 0.53 M of A and 0.78 of
R. In reality, with these initial substrates concentrations,
0.28 M and 0.32 M ethyl butyrate concentrations were
achieved, after 48 hours reaction time, when the lipase was
immobilised in “FHP 2002™” and “FHP 5000™"” foams, re-
spectively. These concentrations correspond to conversions
of 80.7 % and 78.2 %, respectively.

For both immobilized preparations, the highest conver-
sion values were observed in acid-limited reactions, namely
for A equal to 0.078 M and R equal to 1.5. Under these con-
ditions, after 15 hours reaction time, 74.4 % and 97.1 % con-
versions were attained with the lipase in “FHP 2002™” and
“FHP 5000™, respectively. However, these high conversions
correspond to very low concentrations of ester (0.058 M and
0.076 M, respectively) and therefore to low productivities.

For the continuous process, an up-flow (0.1 ml.min™)
fixed-bed reactor consisting of a thermostated (30 °C) glass



Chem. Listy 97, 363-520 (2003)

column (16 mm internal diameter; 20 cm height) filled with
the immobilized biocatalyst (about 60 mg of lipase per ml of
reaction medium) was used. The reaction mixture residence
time was, in average, 260 min. As in batch reactions, when the
reaction medium composed by 0.078 M A and 1.35 R was
used, high conversions and low ester concentrations were also
obtained with both immobilised preparations.

The bioreactor was continuously operated for 1 month.
During this period, no activity decay was observed with either
immobilized preparation.

Using the reaction medium formulation predicted to
maximize ester production, the ethyl butyrate concentration
obtained with the biocatalyst in “FHP 2002™” was only
0.097 M, corresponding to a conversion of 27.6 %. These un-
expected results might be ascribed to an insufficient resi-
dence time, rather than to an inactivation of the biocatalyst.

The authors are grateful to Amano Enzyme Europe, for the
gift of lipase AY and to Dow Chemical Company, U. K., for the
gift of the polyurethane pre-polymers.
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The functional properties of fats are determined by the
distribution pattern of fatty acid radicals in their molecules.
The modification of that pattern, by transesterification, is
a route to improve certain properties of natural fats and to
implement their nutritional value. This is of much interest for
applications in margarine, confectionary and bakery indus-
tries, as well as for pharmaceutical purposes.

In this study, a commercial immobilized thermostable
1,3-specific lipase from Rizomucor miehei, “Lipozyme™ IM”,
kindly donated by Novozymes, Denmark, was used as a cata-
lyst for the transesterification of fats in a solvent free me-
dium. The reaction medium was composed of palm oil stearin
(POS), palm kernel oil (PK) and rapeseed oil (RP). Transes-
terification reactions were carried out in capped 100 ml cylin-
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drical thermostated reactors, under magnetic stirring with
a biocatalyst load of 5 % (w/w). The biocatalyst was used at
its original water activity (a,) of 0.248, at 25 °C.

A set of 26 experiments was carried out following a Cen-
tral Composite Rotatable Design, as a function of 4 variables:
POS and RP content (reaction medium formulation), tem-
perature (T) and reaction time (t). Temperature varied from
55 °C to 75 °C; t from 15 to 105 minutes; POS content from
45 % to 85 % (w/w) and RP from 5 % to 25 % (w/w). The
proportion of PK used was calculated from the amounts of
the other two fats. Five levels were considered for each va-
riable inside the tested range.

The reaction time course was indirectly followed by the
“Solid Fat Content” of the blend assayed by NMR at diffe-
rent temperatures (SFC,;..; SFC,,.. and SFC,;..), which are
related with the rheological behaviour of fats at storage
(SFC,,.0), packing (SFC,,..) and consumption temperatures
(SFC,,..), respectively. The SFC,;.. of transesterified fats
should be lower than that of their original counterparts, to
prevent a sandy and coarse texture. Also, the extent of the
competing reactions of hydrolysis and lipid oxidation was
evaluated along the transesterification reaction.

Reaction time showed to have significant linear and/or
quadratic effects on all SFC values and on the formation of
oxidation products (initial and final oxidation products).
A linear effect of reaction temperature on SFC,.., on FFA
and oxidation products was also observed. SFC values
showed to depend on the initial POS and on RP content.
Also, a linear effect of the initial POS concentration on the
formation of oxidation products was observed. Only the li-
near interactions (t < T) and (t < POS) were significant on
SFC,,.. and SFC,....

Response surfaces, described by first or second order
polynomials, can be well fitted to the final SFC values,
SFC,;.. reduction and oxidation products. The lowest SFC
values (lower than 8) and highest reduction levels of SFC,; ..
(higher than 50 %) were achieved under temperatures and
reaction times higher than 65 °C and 70 minutes, respectively,
and for POS between 45 and 60 %.

Starting from blends with 0.2 % FFA, transesterified fats
with 2 % to 4 % FFA were obtained. A lack of fit was ob-
served between FFA experimental data and the model. This
suggests that the production of FFA is mainly a result of the
first-step of lipase-catalysed transesterification and not very
much dependent on reaction conditions'.

35°C

Supported by the FEDER and Fundacé&o para a Ciéncia
e Tecnologia, Portugal, (Research Project POCTI/39168/AGR/
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In this study, a commercial immobilized thermostable li-
pase from Thermomyces lanuginosa, Lipozyme™ TL 1M,
kindly donated by Novozymes, Denmark, was used for the
transesterification of fats in a solvent free medium, starting
from different blends. The reaction medium was composed of
palm oil stearin (POS), palm kernel oil (PK) and a commer-
cial concentrate of triglycerides enriched in omega-3 fatty
acids (w-3 PUFA). The reaction medium formulation, tem-
perature (T) and reaction time (t) varied according to a cen-
tral composite rotatable design (CCRD). In CCRD 1, the
commercial concentrate (“EPAX 2050TG”) contained 20 %
eicosapentaenoic (EPA) and 50 % docosahexaenoic acids
(DHA). In CCRD 2, the concentrate “EPAX 4510TG”, with
c. a. 45 % EPA and 10 % DHA was used. Transesterification
reactions were carried out in small cylindrical thermostated
reactors, under magnetic stirring with a biocatalyst load of
5% (w/w). The reaction time course was indirectly followed
by the “Solid Fat Content” of the blend assayed by NMR at
different temperatures (SFC,..; SFC,..; SFC,,.. and
SFC,,..). A decrease in SFC,;... is desirable since this para-
meter is related to the decrease in the extent of fat crystalli-
sation at the same temperature. Hardness of the fats was
assayed at 20 °C by a TA-XT2 Texture Analyzer, using a 8 mm
stainless steel cylinder probe. The SFC values of the trans-
esterified fats depended on the POS and EPAX content, on
the reaction temperature and time, and also on the linear in-
teractions between these variables, for both experimental de-
signs. The transesterification resulted in higher hardness
values for high POS and low EPAX content, high t and T va-
lues. Response surfaces, described by first or second order
polynomials, can be well fitted to the final SFC values, SFC
reduction and final hardness values, either when “EPAX
2050TG” or “EPAX 45107, were used. Hardness at 20 °C can
be described by second order polynomials as a function of
SFC,,..or SFC

10 °C 20°C*
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Branched chain fatty acids are widespread in Nature, oc-
curring in several plant and animal tissues. They play an im-
portant role in the flavour and fragrance of mutton and
sheep’s cheese'. Most of them are chiral, depending on the
substituent and its position at the chain. Earlier research in
our laboratory has revealed that immobilised Candida an-
tarctica lipase B (Novozym 435°) is the best catalyst for the
kinetic resolution of 4-methyloctanoic acid. An enantiomeric
ratio (E) of 57 was obtained in a direct esterification reaction
with ethanol in a solventless system? which is quite high re-
garding the distance between the chiral centre and the posi-
tion where the enzymatic attack takes place (the carbonyl
group).

In order to gain more information about enzymatic ste-
reorecognition at more or less remote chiral centres, we have
synthesised all positional isomers of methyloctanoic acid and
subjected them to Novozym 435®-mediated esterification
with ethanol under the same conditions as previously used for
4-methyloctanoic acid. Remarkably, there appeared to be no
clear relation between the distance to the chiral centre and
the enantiomeric ratio. Using molecular dynamics we were
able to explain our results and give a good estimate of
E-values.
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Production of lipase by four strains of Geotrichum candi-
dum (48, 0302, 4012, 4013) in liquid medium was investigated
under addition of olive oil, which has been used as activator
of the activity.

Calculated differences in lipase activity values were used
as a basis for optimizing of fermentation conditions. Olive oil
and peptone were the best sources of carbon and nitrogen.
Majority of activated lipases represented extracellular lipa-
ses, which penetrated through cellular membrane into the
medium. The activity of intracellular lipases was determined
as well. The most remarkable growth of the cell biomass was
also observed using a medium with peptone as a source of
nitrogen. The highest specific activity of all activated lipases
was found in the second half of the period of exponential
(log) phase cultures. Strain 48 displayed the highest extra-
cellular and intracellular lipase activity after 80 h of growth
on a shaker at 30 °C. All activated lipases were used as bio-
catalysts of the hydrolytic resolution of racemic cis- and
trans-isomers of 2-(4-methoxybenzyl)cyclohex-1-yl acetates
(1 and 2)*. Enantiomeric purity and absolute configuration of
the products, chiral isomers of 2-(4-methoxybenzyl)cyclo-
hexanol, were studied.

OAc OAc

1 2

The substrate 2 was more favoured by most of the activa-
ted lipases employed due to the higher conversion rates
found. The optimal enantioselectivity of the enzymes were
found when the compound 2 was used as the substrate of
hydrolytic reaction.

The authors thank Ministry of Education of the Czech Re-
public for financial support of this research through the COST
D13.10 project, a part of the COST D13/0014/01 network.
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A new extracellular lipase from the yeast Yarrowia lipo-
Iytica was recently characterized'. This acid resistant and
thermostable lipase was demonstrated to be of great interest
in lipid waste process and in human pancreatic deficiency
treatments®. Moreover, Y. lipolytica appears to be one of the
most attractive organisms for heterologous enzyme pro-
duction and new expression plasmids have been developed®.
It combines the facility of single cell use, of high secretion
abilities and efficient tools for post-translational modifica-
tions’. New Y. lipolytica strains were constructed by introdu-
cing multiple copies of the lipase gene in the genome
(—15 copies/genome)®. The lipase gene is under the control
of a promoter POX2 inducible by oleic acid.

A mineral medium was developed for lipase production
which fulfilled Y. lipolytica nutritional requirements and
enabled in fed-batch mode 100 g.I™* of biomass to be obtained
with the tremendous production of 60 000 lipase U.ml™
(1U =1 micromol triolein hydrolyzed per minute). The li-
pase represented the main enzyme in the broth.

New potentialities of this lipase were discovered in the
field of resolution of racemic compounds. Y. lipolytica lipase
is active and selective for resolution of 2-bromo phenyl and
tolyl acetic acid esters. These types of compounds are impor-
tant intermediates in the synthetic pathways of drugs such as
prostaglandin, prostacyclin, semi-synthetic penicillin, thiazo-
lium salts, etc. Methyl and ethyl ester derivatives of 2-bromo-
o-tolylacetic acid are used as precursors for the synthesis of
analgesics, and non-peptide angiotensin ll-receptor antago-
nists®. Activity and enantioselectivity performances of Y. lipo-
lytica lipase were compared with those of Burkholderia
cepacia lipase, which is one of the preferred enzymes for
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these reactions®. V. lipolytica lipase has shown higher activi-
ties, an inverse enantioselectivity preference (S preference)
and similar enantioselectivity.

REFERENCES

1. Pignede G., Wang H., Fudalej E,, Gaillardin C., Seman M.,
Nicaud J. M.: J. Bacteriol. 182, 2802 (2000).

Pignede G., Fudalej F.,, Nicaud J.M., Gaillardin C.,
Seman M.: French patent 98,899 (1998).

Barth G., Gaillardin C.: Biotechnology. A Handbook
(K Wolf, ed.), p. 313. Springer-Verlag, Berlin 1996.
Nicaud J.-M., Madzak C., van den Broek P, Gysler C.,
Duboc P, Niederberger P, Gaillardin C.: FEMS Yeast
Research 2, 371 (2002).

Pignede G., Wang H., Fudalej F, Seman M., Gaillardin C.,
Nicaud J. M.: Appl. Env. Microb. 66, 3283 (2000).
Guieysse D., Salagnad C., Monsan P, Remaud-Simeon M.:
Tetrahedron: Asymmetry 74, 317 (2003).

2.

P048 ENANTIOSELECTIVITY IMPROVEMENT
OF Yarrowia lypolitica LIPASE
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amino acid changes. An original reaction medium was deve-
loped in order to easily and rapidly quantify enantioselectivity
from an Erlenmeyer culture of a Y. lipolytica strain containing
only one copy of the variant lipase gene in its genome.

Enantioselectivity was increased 12 times (E = 48) with
only one amino acid change for resolution of the 2-bromo-
phenylacetic acid ethyl ester, and 5 times (E = 40) with two
amino acid changes for resolution of 2-bromo-o-tolylacetic
acid ethyl ester. Surprisingly, this improvement in enantio-
selectivity was accompanied by an tremendous increase in
activity (fourteen and one hundred times respectively for the
two substrates). One mono mutant enabled enantioselectivity
to be reversed for both substrates.

A molecular model, based on accurate kinetic studies, is
proposed to explain the observed enantioselectivity and acti-
vity gains.

P049 MOLECULAR MODELING STUDIES
ON THE ENANTIOSELECTIVE
ESTERIFICATION OF (+/-)-PERILLYL
ALCOHOL CATALYSED BY LIPASES
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A new extracellular lipase from the yeast Yarrowia lipo-
Iytica was recently demonstrated as efficient for resolution of
2-bromo phenyl and tolyl acetic acid esters (intermediates in
the synthetic pathways of drugs such as prostaglandin, prosta-
cyclin, semi-synthetic penicillin, thiazolium salts, etc.) and
resolution of nonsteroidal anti-inflammatory drugs (ibupro-
fen, ketoprofen, naproxen) (see P047).

The objective of this work was to improve the lipase enan-
tioselectivity by site-directed-mutagenesis. An original
approach was used because of the non availability of the
3D-structure. By homology modelling (primary and secon-
dary structure) with Rhizomucor miehei lipase (identity 32 %)
the 3D-structure of the lipase from Y. lipolytica was deter-
mined in-silico. Four potential targets for mutagenesis were
identified using this structural model. Twenty five variants of
the protein were constructed containing one, two or three
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The use of biocatalysis by employing hydrolytic enzymes
such as lipases, esterases and proteases in non-aqueous me-
dia for the synthesis of compounds of biological interest has
gained particular interest during the last years mainly be-
cause of the advantages they present over the use in aqueous
solutions. One of the most important properties of enzymes
is the enantioselectivity they present towards a variety of sub-
strates. In this work several lipases have been tested as far as
their catalytic efficiency is concerned in the esterification of
the two enantiomeric forms of perillyl alcohol, (S)-(-) and
(R)-(+) and the findings showed a different preference of the
enzymes towards the two enantiomers.

In an attempt to explain the molecular basis of the enan-
tioselectivity, we have initiated molecular dynamics simula-
tion by using the program CNS based on the known X-ray
crystal structures of the lipases used.
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This laboratory has recently reported the low storage sta-
bility of different preparations of subtilisin Carlsberg sus-
pended in several organic solvents'. It was also reported that
the highly efficient co-lyophilized preparation with methyl-
beta cyclodextrin®® losses its activity most rapidly (as compa-
red to the CLEC and lyophilized powder). Curiously, the
enantioselectivity of all preparations is conserved during the
long incubation period (7 days).

To explain the reasons for these observations, we decided
to study the stability of a very different enzyme: a lipase. The
data to be presented compares the above mentioned results
with the storage stability of different preparations (colyo-
philized with MBCD, CLEC and lyophilized) of a lipase,
measured in different organic solvents. The substrates used
for these transesterification reactions were sec-phenetyl and
benzyl alcohols, and vinyl butyrate. Our results show that
under certain conditions, and for some preparations, the li-
pase is very stable, and actually in some cases its activity in-
creases after the first day of incubation in one organic
solvent. An explanation for these observations will be pre-
sented.
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Lipoxygenases (EC 1.13.11.12) are distributed widely in
nature and are responsible for the enzymatic conversion of
1(Z),4(Z)-pentadiene containing PUFAs into stereospecific
hydroperoxide isomer(s), by antarafacial insertion of molecu-
lar oxygen at the methylene carbon®. However, there has
been a paucity of studies investigating the role of this dioxy-
genase in microorganisms®. LOX has been implicated in the
biogeneration of volatile desirable and undesirable flavor
compounds in foods, stemming from an initial oxidation of
polyunsaturated fatty acid®. There is an ongoing research
work in our laboratory aimed at the biotechnological appli-
cations of microbial enzymes for the production of natural
flavor precursors and flavor compounds from lipids*.

The mold Aspergillus niger was grown and cultivated on
day 6 which corresponded to its maximal dry biomass and
lipoxygenase activity. Mycelia were washed of the growing
media, and pH adjusted with sodium phosphate buffer.
Lipoxygenase (LOX) enzymatic extract was recovered and
partially purified by ammonium sulfate precipitation. Enzy-
matic fraction precipitated by ammonium sulfate at 30-70 %
of saturation showed the highest LOX activity, with a purifi-
cation fold of 2.2. The enriched enzymatic fraction was
assayed for its LOX activity using selected polyunsaturated
fatty acids (PUFASs) as substrates, including linoleic, linolenic
and, arachidonic acids. Two pH optima were determined, in
the acidic range (pH 5.0) and in the basic range (pH 10.5).
The K and V,_, values indicated that LOX from A. niger dis-
played preferential activities toward linolenic and linoleic
acids at low and high pH, respectively. Using high-perfor-
mance liquid chromatography (HPLC) and gas chromatogra-
phy/mass spectrometry (GC/MS) analyses, the amounts of
hydroperoxides produced were separated and quantified.
Substrate specificity of the microbial LOX demonstrated
a preferential affinity for the free linoleic acid over its mono-,
di- and triacylglycerol esters. It was also shown that the LOX
activity of A. niger produced all positional isomers (mono-
hydroperoxy regioisomers) of the assayed PUFAs. In addi-
tion, there was a predominance of conjugated diene
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hydroperoxides, with approximately 60 % of end products.
Significant production of the unconjugated 10-hydroperoxide
of linoleic and linolenic acids was demonstrated for this en-
riched LOX extract, ranging from 15 to 21 % of total hydro-
peroxide produced, with a greater proportion attributed to
the more saturated fatty acid among the assayed PUFAs.
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Selective chemical modifications of carbohydrates always
involve multistep reaction sequences, and despite high yield
in each reaction step (e. g. 90 %), the overall yield is usually
quite low (e. g. after 5 steps the total yield is only 59 %), re-
gardless labour and material costs. Therefore, one-step selec-
tive modification, such as enzymatic acylation, is always
advantageous.

The goal of our project was to acylate selectively N-acetyl-
hexosamines using enzymes. For this aim we tested lipases
(lipase PS from Burkholderia cepacia, lipase B from Candida
antarctica, porcine pancreatic lipase) and protease subtilisin
from Bacillus licheniformis. Acetylation and butyrylation of
GalNAc, ManNAc and p-NP-B-GalNAc were carried out.
Acylation of GalNAc with subtilisin yielded 2-acetamido-6-
O-acetyl-2-deoxy-D-galactopyranose and interestingly also its
furanose form, i. e. 2-acetamido-6-O-acetyl-2-deoxy-D-ga-
lactofuranose, which were obtained in a pure and stable form.
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Acylation of p-NP-g-GalNAc with lipase B yielded selectively
p-nitrophenyl 2-acetamido-6-0O-acetyl-2-deoxy-D-galacto-
pyranoside. Acylation of ManNAc was considerably less fea-
sible than that of GalNAc. ManNAc could be acylated
exclusively by subtilisin to afford 2-acetamido-6-O-acyl-2-
deoxy-D-mannopyranose. However, butyrylation with the
same enzyme (trichloroethyl butyrate as donor) proceeded
further to 2-acetamido-3,6-di-O-butyryl-2-deoxy-D-manno-
pyranose. 2-Acetamido-6-0-acetyl-2-deoxy-D-mannopyra-
nose (1) could be further acylated also by other enzymes, e. g.
lipase B, yielding a quite unusual anomeric diacylderivative
2-acetamido-1,6-di-O-acetyl-2-deoxy-a-D-mannopyranoside
(2). 2-Acetamido-6-O-butyryl-2-deoxy-D-mannopyranose
treated with lipase B gave 2-acetamido-4,6-di-O-butyryl-2-
deoxy-D-mannopyranose.

AcO. NHA CHsCOOCH,CEs  HOCHCFs s Npiac
e} e
HO lipase B HO
H OH  pyridine/acetone Hi
OAc
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There have been several hints in the literature suggesting
that glycosidases exhibit a broad substrate specificity, which
enables them to cleave and even to transfer modified glyco-
sidic moieties yielding oligosaccharides™. In our project we
have studied five N-acyl modified glycosides considering their
ability to serve as glycosyl donors for fungal B-N-acetyl-
hexosaminidases from our library.

The p-nitrophenyl glycosides bearing different substi-
tuents at the 2-C amino group instead of the common acetyl
(formyl, glycoloyl, propionyl, trifluoroacetyl and hydrogen)
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were tested as substrates for 32 B-N-acetylhexosaminidases
belonging to the genera of Acremonium, Aspergillus, Penicil-
lium and Talaromyces. The enzymes were considered regar-
ding the following criteria: hydrolysis and transglycosylation
potential, yield of transglycosylation products and selectivi-
ty and stability in acetonitrile, used as a cosolvent due to the
limited solubility of substrates. On the basis of the screening,
B-N-acetylhexosaminidases from A. oryzae, P. oxalicum and
Talaromyces flavus were selected for the catalysis of semi-pre-
parative transglycosylations, which gave yield to p-nitro-
phenyl oligosaccharides. This rather novel concept widely
extends the synthetic capability of glycosidases.

OH

NO,
o /©/ B-M-Acetylhexosaminidase
A —
HCI){O O PH 5.0, 37 °C, CH;CN/H,O

NHR
OH

OH NO,
o
HO%O% /©/
o
HO HO

NHR NHR

R =-CHO, -COCH,0OH, -COCH,CHj
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Derivatives of 2-acetamido-2-deoxy-D-mannopyranose
(ManNAc) are quite rare in nature, however they are rather
important. B-ManNAc occurs in some surface structures of
bacteria, e. g., those attaching teichoic acid. Occurrence of
ManNAc is often linked to virulence and evading from the
immunity surveillance. ManNAc and its derivatives were
identified to be strong activators of the natural killer cells
(NK cells). Preparation of the ManNAc derivatives, especial-
ly of those with B-configuration is one of the greatest chal-
lenge of the carbohydrate synthetic chemistry.

GIcNACB(1 - 4)ManNAc (2) was prepared from chito-
biose (1) by 2-epimerization under catalysis of Ca(OH),. Re-
sulting mixture is hardly separable only by analytical HPLC.
Chitobiose in reaction mixture was selectively removed by
hydrolysis B-N-acetylhexosaminidase from Aspergillus oryzae;
GIcNAcbh(1 - 4)ManNAc (2) is resistant to the enzyme hy-
drolysis. Resulting disaccharide can be then easily isolated by
gel filtration. The enzyme was cloned and the molecular
modelling explains the mode of discrimination of these two
saccharides.

Ca(OH); aq. B-N-Acetylhexosaminidase

1 1+2 from Aspergillus oryzae 2 + GleNAc
T7% 23% ’ ’
HO HO_R'

Gel filtration

HO 0 e} BioGel P2

O in H,O
HO HO OH

NHAc R2

1R'=H, R =NHAc 2R'=NHAc,R’=H 2 18%

New, original and more effective methodology based on
separation of the GIcNAc and ManNAc derivatives in borate
buffer on the various gel materials (Sephadex, Toypearl, Cel-
lufine) was developed. This method enables effective large-
scale production of rather rare oligosaccharides containing
ManNAc with important immunoactivity. This method has
been extended to all common aminosugars (GIcNAc,
GalNAc, ManNAc, TaINAc and their di- and trisaccharides).
Analogous disaccharide as GalNAcB(1-4)ManNAc and
trisaccharides GIcNACB(1 - 4)GIcNAcB(1 - 4)ManNAc and
GalNACB(1 - 4)GIcNACB(1 »4)ManNAc were prepared by
the above methodologies as well.

This work was supported by COST Action D25, D13 and
Grant Agency of the Czech Republic (grant No. 203/01/1018).
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Macrocyclic lactones and lactames are known as potent
antibiotic and anti-cancer drugs. Since glycosidic side chains
play an important role for the specifity of these structures, we
want to generate a compound library of enzymatically mo-
dified macrocycles as part of a screening system for novel
anti-infective and anti-cancer agents.

As a first attempt, we investigated the enzymatic transfer
of the B-N-acetylglucosamine residue (GIcNAc) onto the se-
condary or the phenolic OH-residues of rifampicin as a mo-
del substrate (Fig. 1).

N-Acetylhexosaminidases, which usually catalyze the hy-
drolysis of terminal, non-reducing GIcNAc residues, are also
capable of catalyzing the formation of GIcNAc derivatives
both via reverse hydrolysis and transglycosylation'=,

Several examples for enzymatic GIcNAc transfer using
the activated donor p-nitrophenyl-GlcNAc have been repor-
ted. However, only a few non-sugar compounds have been
described as glycosyl acceptors, e. g. ergot alkaloids and vita-
mins with low yields below 15 % (ref.>*).

We tested several conditions for the enzymatic modifica-
tion of rifampicin, employing the commercially available
N-acetylhexosaminidases from Canavalia ensiformis (jack-
beans) and the fungus Aspergillus oryzae.

To increase the solubility of rifampicin, organic co-sol-
vents, namely acetonitrile and tert-butanol, were used in va-
rying amounts. Ammonium sulfate was added in order to
reduce the water activity in the medium. The reaction mix-
tures were analyzed with HPLC.

Fig. 1. Structure of rifampicin
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The pharmacological properties of ruscosides, in parti-
cular their anti-inflammatory activity, encouraged us to study
the enzymatic modification of this family of natural glyco-
sides in order to obtain new derivatives for testing. Specifical-
ly, we concentrated on desglucoruscin (1) and, in addition to
other biotransformations (e. g. selective acylations in organic
solvents), we were interested in changing the carbohydrate
moiety of this molecule. The repertoire of commercially
available a-L-rhamnosidases is quite limited and it did not
give satisfactory results.

Therefore, a series of fungal strains was screened for the
production of a-L-rhamnosidase (EC 3.2.1.40) in the pre-
sence of various inducers. Besides a-L-rhamnose, flavonoid
glycosides (e. g. rutin, hesperidin or naringin) were used as in-
ducers. None of the strains produced the enzyme constitu-
tively, the induction was always necessary. All preparations
were tested for a selective derhamnosylation of desgluco-
ruscin (1) with respect to the undesired a-L-arabinosidase
activity.

The substrate specificity of selected enzymes was tested.
Experiments with different substrates with water-miscible
solvents indicated the presence of isoenzymes having a diffe-
rent specificity and stability. The enzyme from Aspergillus ni-
ger K2 CCIM induced by L-rhamnose proved to be highly
active towards 1 and stable in organic solvents. The conta-
mination with a-L-arabinosidase was negligible. Consequent-
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ly, it was chosen for a preparatory derhamnosylation of 1,
which yielded the desired product in 70 % conversion.

OH a-L-Ara
Cleavage O
HO

O

Me O HO
HO
HO

OH
a-L-Rha

Desglucoruscin (1)
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Naringinase, an a-rhamnopyranosidade from Penicillium
decumbens, is commonly used to debitter grapefruit juice.
This enzyme does not occur in mammalian biology which
turn it particularly important for application to prodrug acti-
vation. A full understanding of the enzymology of naringi-
nase is essential for its major applications.

Flavonoids, namely naringin from citrus, are functional
chemicals with important properties in the fields of health
care, food, and agriculture. They possess anticarcinogenic
activity, act as natural pest control agents and as chemota-
xonomic markers.

Naringin, the principal bitter flavonone glycoside and the
primary bitter component in grapefruit juice, can be hydro-
lyzed by o-L-rhamnosidase into rhamnose and prunin.
Prunin, with a one third bitterness ratio to naringin can be
further hydrolyzed by the B-D-glucosidase into glucose and
tasteless naringenin.

Naringinase provides the activities of both enzymes,
a-L-rhamnosidase and B-L-glucosidase’. In the past, the high
cost and limited availability of naringinase has restrained its
industrial application. Recently, the gene of a-L-rhamnosi-
dase has been cloned and expressed with marked activity in
Escherichia coli®. The recombinant o-L-rhamnosidase, in na-
ringinase provides an economical and easily available source
of debittering enzymes and reveals a practical revolution in
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industrial debittering of grapefruit juices, having also an im-
portant impact in the pharmaceutical industry.

The aim of this work was the study of the kinetic parame-
ters of naringinase under different conditions and its poten-
tial applications to the degradation of naringin in biological
systems. The bioconversion of naringin in standard solutions
(acetate buffer, pH 4), on an orbital shaker at 200 rpm, was
carried out at different: initial naringin concentrations, narin-
ginase concentration, incubation time, pH and temperature
(25, 30, 40 and 50 °C).

Initial rates of naringin conversion were calculated by li-
near regression of the 5 data-points during the first 15 mi-
nutes reaction time. The fit of Michaelis-Menten model to
experimental data was carried out using a nonlinear curve-fit
program. Kinetic studies showed that the free enzyme had an
optimum temperature at 40°C, a Michaelis-Menten
constant (K, ) of 130 pg.mlI™* and a maximum velocity (V__)
of 12.8 pg.mI™.min™, at 40 °C.

The activity and the operational stability of immobilised
naringinase depend on several parameters such as the type of
support and the immobilisation method. Naringinase was
immobilised by entrapment in calcium alginate beads. Seve-
ral parameters were studied, namely: naringinase loading,
incubation time, pH, initial naringin concentrations, and tem-
perature. Operational stability was evaluated.
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For the pharmacological effect of many natural products
glycosylation plays an important role. The aim of the
EU-Project COMBIOCAT (EC Framework programme 5) is
the synthesis of novel macrolids, glycosylation and screening
for biological activity. Carminic acid is a natural product and
used as a red colorant. It was used as a testing material for
enzymatic glycosylation.

Within our work we tested different glycosidases for their
ability to glycosylate carminic acid. From literature no glyco-
sylated carminic acid derivates are known. Our results with
six glycosidases are listed in Table 1.
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The reaction mixtures consisted of: Carminic acid, 100 mM
phosphate buffer pH 6 and depending on the reaction type
different donors (disaccharides, nitrophenylglycosides or the
monosaccharides). Reactions were carried out in microtubes
at 37 °C (75 °C for R-Glucosidase Cel B from Pyrococcus fu-
riosus). For analysis we used HPLC with a RP C-18 column.
Mass spectroscopy was used for identification of the peaks.
Four different single glycosylated derivatives of carminic acid
could be proved. Yields obtained range from 1 % up to 13 %,
reaction conditions were not fully optimized.

CH,OH

Carminic Acid

Table I
Enzymes used for the experiments and results

Enzyme Nitrophenylglycoside Disaccharide  Reverse
as donor as donor hydrolysis

B-Glucosidase + + (6]
from Almonds

B-Glucosidase Cel B + ++ O
from Pyrococcus furiosus

B-Glucosidase Rec + O O
from Saccharomyces cerevisiae

B-Galactosidase + ++ O
from Bacillus circulans

o-Galactosidase + + O
from Aspergillus oryzae

o-Mannosidase + - O

from Jack Beans

+ glycosylated carminic acid found, — no reaction occurred, O — only
traces of the product were found

P059 MEDIUM ENGINEERING
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Beyond the natural hydrolysis activity the recombinant
B-glucosidase from Pyrococcus furiosus shows a remarkable
transglucosylation activity. Furthermore, both the thermos-
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table properties and the less specificity towards aglycones
makes the enzyme interesting for synthetic purposes®.

This work focuses on the enzymatic condensation of
B-D-glucose with glycerol. The resulting products 2-O-B-D-
-glucosylglycerol, (2R) and (2S)-3-O-B-D-glucosylglycerol
(GG) have shown attractive properties, especially in anti-tu-
mor promoting studies®. They might also find application in
food technology and as pharmaceuticals®. Within this work
the aim was to optimise the yield by using the following stra-
tegies: (i) Find a way to suppress the hydrolysis activity
(Fig. 1), (ii) stabilise the product yield in preventing the se-
condary hydrolysis (Fig. 1), (iii) explore optimum conditions
for enzyme activity and stability.

OH
HOH H OH
Ho
Ho +
HO 0 HO OH
HO (6) OH OH
i ol B! H H
+ H,O
D-cellobiose
Transglucosylation B-glucosidase Primary hydrolysis
Pyrococcus furiosus
HOH HOH
1o HQ OH HO Lo
HO 0{ ) . HO OH
[6) OH Secondary hydrolysis [6)
H H H H
2-0-B-D-glucosylglycerol B-D-glucose

Fig. 1. Scheme of the investigated reaction system

As glycone we used D-cellobiose, which is an easily avai-
lable raw material for biocatalytical transglycosylations with
glucosidases. The reaction mixture consisted of: D-cellobiose,
B-D-glucose, GG, glycerol and acetate buffer (50 mM). These
substrates and products could be analysed by HPLC using an
organic acid analysis column (Aminex HPX - 87 H).

First studies showed promising results in suppressing the
competing hydrolysis and optimising the enzyme activity. By
increasing the amount of glycerol in the reaction mixture, the
hydrolysis could be suppressed to a great extent. The enzyme
activity could be improved by optimising the cellobiose con-
centration and the reaction temperature. At 75 °C the maxi-
mum of enzyme activity is limited by solubility of cellobiose
which was 0.58 mol.I™. Rising the temperature up to 95 °C,
the solubility of the disaccharide could almost be doubled to
1.12 mol.I™". Glucosidase activity and product maxima could
be increased significantly.
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During cheese production the disaccharide lactose accu-
mulates to an amount of approximately 4 million tons an-
nually®. Only about 25 % of this quantity is used for further
applications and the large residual amount causes increasing
environmental problems by its disposal®. Besides, around
70 % of the world population is lactose intolerant, leading to
heavy gastrointestinal problems after consumption of food
containing lactose®.

The aim of our work was to obtain valuable conversion
products of enzymatic treated lactose that possesses novel
functional food properties.

As already described by Petzelbauer et al., a thermostable
B-glycosidase from Pyrococcus furiosus was successfully used
for lactose hydrolysis and galacto-oligosaccharide (GalOS)
formation respectively’. The major GalOS formed during
lactose hydrolysis were identified as (1-3)- and (1-6)-linked
di-, tri- and tetrasaccharides in a maximum yield of 30 % de-
pending on initial lactose concentration®.

We used free and immobilised B-glycosidase from Pyro-
coccus furiosus with lactose as glycosyl donor and different
sugar and non-sugar compounds as acceptors. The free en-
zyme has about 60 % B-galactosidase activity referring to its
B-glucosidase activity and a half life time of 85 h at 100 °C
(ref® 7).

oH OH
H O g OH ol OH
H
H Ho
H H/%/ Q Tomec H E
o
H H glucose H H
lactose
+R-OH
ol OH
R =aglycons: . H O
— dietic sugars _R

— lipophilic vitamines HO ] O
H

galactoside

OH
H

Fig. 1. Reaction scheme of transglycosylation using B-glucosidase
from Pyrococcus furiosus. R-OH could be a primary, secondary or
tertiary hydroxylgroup, E = enzyme.
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The biotransformations (10 ml scale) were performed at
75 °C and pH 5 in aqueous media, in case of lipophilic agly-
cons organic solvents were added. Products obtained were
analyzed by TLC, HPLC and NMR after preparative HPLC.
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The increasing interest in biologically active carbo-
hydrates and novel food components, in particular the syn-
thesis of non-cariogenic sweeteners and bifidogenic sugars,
constitutes a field of significant interest. Herein we want to
report the synthesis of new oligosaccharides based on known
ingredients in food utilising o- as well as B-galactosidases and
natural and artificial donor substrates.

For example sucrose (1) as acceptor was reacted with lac-
tose (2) or 4-hydroxypyridinol-3-D-galactopyranoside (3) ca-
talysed by B-galactosidase BgLT. By using donor 2 a maximum
yield of 31 % of product 4 was obtained and in case of donor
3 the yield was 12 %. Further on sucrose (1) as acceptor was
reacted with a-galactopyranosyl fluoride (5), a-para-nitro-
phenylgalactopyranoside (6) and melibiose (7) catalysed by
a-galactosidase RAF-A gave product 8 in 23 %, 24 % and
19 % vyield, respectively.
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We developed an efficient method for removing remain-
ing lactose and monosaccharides from lactose-derived ga-
lacto-oligosaccharide mixtures (GOS). The initial sugar
mixture was obtained by enzymatic transgalactosylation of
a lactose solution (270 g.I™) at 70 °C using recombinant B-gly-
cosidase from the Archaeon Sulfolobus solfataricus. At the
optimum reaction time for oligosaccharide yield, it contained
46 % monosaccharides, 13 % lactose and 41 % GOS. Lactose
was selectively oxidized into lactobionic acid by using cello-
biose dehydrogenase from Sclerotium rolfsii which displays
a = 100-fold preference for reaction with lactose compared to
reaction with GOS. Oxidation of lactose was coupled to re-
duction of 2,6-dichloro-indophenol (DCIP) which was added
in catalytic concentrations. The reduced redox mediator was
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regenerated continuously by fungal laccase-catalysed reduc-
tion of molecular oxygen into water. Anion exchange chro-
matography was employed to remove lactobionic acid, DCIP,
other ions and monosaccharides. The final product contained
96.7 % GOS, 1.2 % lactose and 2.1 % monosaccharides. The
yield accounted for 25 % of original lactose.
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A number of Lactobacilli strains were tested for their
ability to utilize and grow on galacto-oligosaccharides and for
the presence of B-galactosidases. The tested strains showed
the ability to grow well on two commercial galacto-oligo-
saccharides compared to that on glucose. The in vitro results
suggest that these galacto-oligosaccharides will promote the
growth of these strains in vivo if they are consumed in com-
bination with the products containing these galacto-oligo-
saccharides. B-Galactosidases extracted from these strains
can be used for the production of galacto-oligosaccharides by
transgalactosylation of lactose™?. The formation of galacto-
oligosaccharides by transgalactosylation of lactose is shown in
Fig. 1. These ‘prebiotic’ galacto-oligosaccharides might be
used for human and animal food applications.

E+ Gal
Gle Kyater
Kaiss
E+Lac —*>Ee+Lac—>E-Gal+ Glc ‘kZ'E-Gal Nu
Gle
Gle k!:\\‘
/" EeGalsNu
Nu l
E+Gal * Nu

Fig. 1. Formation of galacto-oligosaccharides by transgalactosyla-
tion of lactose catalyzed by B-galactosidases; E — enzyme (B-galacto-
sidase), Lac — lactose, Gal — galactose, Glc — glucose, Nu — galactosyl
acceptor
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B-Galactosidase (EC 3.2.1.23) is a hydrolase which attacks
the O-glucosyl group of milk sugar. Galactosyl transfer to
other sugars accompanies lactose hydrolysis into mono-
saccharides-glucose and galactose®. Thereby galacto-oligo-
saccharides containing from two to seven units are formed.
Ingestion of transgalactosylated oligosaccharides induces
a significant increase of probiotic intestinal bacteria and this
change is responsible for several beneficial physiological ef-
fects?. In addition, many people are lactose intolerant and
have gastrointestinal problems because of the lactose con-
sumption. Therefore, low-lactose but high-oligosaccharides
dairy product might provide more than nutrition and could
be recognized as “functional food” (ref.?).

In this study the effect of enzyme type and concentration,
temperature and hydrolysis time on oligosaccharides produc-
tion was investigated. The objective was to find the optimal
conditions for the enzymic reactions in concentrated (RO)
acid whey. B-Galactosidases from Aspergillus oryzae (Amano F,
Tolerase, Validase) were used, the conditions investigated
were the temperatures of 12, 20 and 43 °C and the enzyme
concentrations 0.003, 0.005, 0.01, 0.02 and 0.03 %. During the
enzymic reaction the samples were removed periodically,
heated in boiling water to inactivate the enzyme and after
protein precipitation analyzed for saccharides content with
High Performance Liquid Chromatography (Ostion LG KS
0800 Ca?" column, elution by deionized water, ELS detec-
tion). The maximum of oligosaccharides is formed early on
(at low degree of hydrolysis — DH) under the all conditions
(Amano F: 15-30 % DH, Tolerase and Validase: 20-55 %
DH). The choice of conditions depends on demands. The
temperature of 20 °C is critical because of microbial growth;
the temperature of 12 °C is energetic particular because of
cooling and of long time necessity. The temperature of 43 °C
is not so much microbial critical as 20 °C and allows a shor-
ter time and lower enzyme concentrations as well. Indispen-

400

Posters

sable content of oligosaccharides in time of 70 % DH at least
was obtained with enzyme Tolerase (43 °C, 7 hr, 0.01 % E)
and Validase (43 °C, 12 hr, 0.003 % E or 43 °C, 1 hr, 0.03 % E).
These are the optimal conditions for obtaining of combined
effect. By described procedures we obtained the low-lactose
high-oligosaccharides product.
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The inactivation behaviour of a technical preparation
a-amylase, Maxamyl from Gist-Brocades, was investigated in
a broad range of conditions. The thermal inactivation study
was conducted in the temperature interval of 70-95 °C at pH
5.3 in four different solutions: distilled water in the presence
or absence of calcium ions, respectively and acetate buffer
both with and without calcium ions. The experiments were
carried out in a batch mode with frequent assaying until
almost complete loss of activity. The inactivation curves exhi-
bited a biphasic inactivation pattern at lower temperatures
whereas first-order behaviour was demonstrated at higher
temperatures. Compared to the previous study of gluco-
amylase', the deviation from the first order was less pronoun-
ced even in those experiments where the incubation had to be
extended for quite a long period (up to 3600 min).

From several mechanisms considered, a consistent de-
scription of experimental data was achieved using the kine-
tic form of the Lumry-Eyring mechanism,

Ng@. DOG 1
o

where N is the native enzyme form, D is the denatured form
and | is the irreversibly inactivated form. The temperature
dependence of the rate constants of this mechanism was
expressed through the Arrhenius equation and incorporated
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in the mathematical model characterizing the temporal
changes of individual enzyme forms at different tempera-
tures. Using the so-called multi-temperature evaluation,
based on a simultaneous fit of all available inactivation data,
the kinetic parameters, the rate constants at the reference
temperature and activation energies, were estimated. The
comparison of estimated parameters for different solutions
clearly demonstrated the stabilizing effect of calcium and
sodium ions.

The acid inactivation of a-amylase was carried in the
same four types of solutions in the pH-range of 3.3-4.5 at
30 °C. The individual inactivation curves could be well fitted
with first-order kinetics but the rate constants strongly
increased with more acidic pH. Several mechanisms were
suggested from which models were derived that were used to
fit all inactivation curves simultaneously. The validated
mechanism had the following form,

H
N, ——> N
ar &
k1_1Lk1+
Dy

where the subscript 1 denotes the acidic forms of the enzyme.
The protonation/deprotonation reaction between the neutral
and acidic native forms had a character of a fast equilibrium
reaction characterized by the equilibrium constant K.

The denaturation of the acidic native form had a kinetic
character and was considered to be an acid-catalyzed re-
action. The calcium and sodium ions exhibited also a signifi-
cant stabilization effect toward acid inactivation.

This work was supported by the Polish KBN grant
No. 3T09C 03119. Milan Polakovic was also supported by the
Slovak Grant Agency for Science VEGA grant No. 1/0065/03.
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Alkylpolyglucosides (APG) are a class of non ionic sur-
factants of great interest’. Indeed, they are synthesized from
renewable materials (starch and oil), are non toxic and eco-
logically safe. In addition, APG present numerous physico-
chemical properties, which render them very useful for
various applications as detergents and cosmetics. These pro-
perties are closely related to the hydrophilic/lipophilic ba-
lance (HLB), whose value depends on the size of both the
alkyl and glucosidic moieties. Whereas the size of the hydro-
phobic part of the molecule can be easily modified by che-
mical way, glucosidic chain length can’t be increased easily via
chemical synthesis. Consequently, APG with high HLB can-
not be easily available.

Glucansucrases (E.C. 2.4.1, GS) from Leuconostoc me-
senteroides are natural catalysts for glucosylation tool: in the
presence of sucrose as substrate, they are able to transfer the
glucosyl residue from this donor to an acceptor molecule,
yielding series of oligosaccharides’.

In our study, three GS have been tested to glucosylate
a-butylglucopyranoside (a-BG). These enzymes have been
selected for their specificities to catalyse the synthesis of dif-
ferent types of glucosidic linkage. All the GS tested gluco-
sylated a-BG, yielding APG with polymerisation degree up
to 8. The glucosylation efficiency of the reaction was im-
proved by increasing the sucrose/acceptor molar ratio. Struc-
tural characterization of some of these APG using LC-MS
and NMR techniques showed that various kind of regio-iso-
mers can be formed, owing to the GS used.
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Deffieux et al. were the first to demonstrate the presence
of 1,5-anhydro-D-fructose (AF) in fungi as a precursor of the
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prebiotic microthecin®. Since, this molecule has proved to
occur in numerous other organisms (morels, red algae,
E. coli, rat liver tissue). Its presence results from the degra-
dation of starch or glycogen by the action of «-1,4-glucan
lyase (EC 4.2.2.13)2 The great interest of the molecule is
related to its particular structure: no anomeric carbon, but
two hydroxyl groups (primary and secondary) and a pro-chi-
ral center . This renders AF very attractive as a chemical syn-
thon, and is responsible for its anti-oxidant and anti-diabetic
properties.

To further extend AF properties, enzymatic glucosylation
of AF has been envisaged. Glucansucrases (EC 2.4.1, GS)
from Leuconostoc mesenteroides catalyse glucosyl residue
transfer from sucrose to an acceptor, yielding series of oligo-
saccharides with the acceptor at the reducing end®.

In our study, AF has been tested as an acceptor for three
of these GS, which have been selected for their distinctive
regio-specificities, in the prospect of synthesizing various glu-
cosylation products. Thus, all the GS tested have recognized
AF as an acceptor, yielding glucosylation products with poly-
merisation degree up to 5. Glucosylation reaction has also
been optimised leading to yields up to 80 %. Besides, owing
to the catalyst used, different regio-isomers are synthesized.
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recombination to enhance the existing properties of enzymes.
Thermomyces lanuginosus is a thermophilic fungus that pro-
duces high levels of a thermostable xylanase and although
many of its hemicellulases have been extensively characte-
rized on a physiological level, they have limited application in
industry. The xylanase gene from T. lanuginosus DSM 5826
was functionally expressed in E. coli as a LacZ fusion pro-
tein'. Here we show that both the thermostability and activity
of this cloned xyn A was improved by error-prone PCR using
different concentrations of MnCl,. Transformed colonies
were first selected for xylanase production on 0.4 % Rema-
zol Brilliant Blue Xylan and then screened at different tem-
peratures for improved stability and activity. After the first
round of screening, four mutants showed slight improvement
in both stability and activity and were subjected to further
mutagenesis, using low concentrations of MnCl,. Three mu-
tants with markedly enhanced stability were obtained. One
mutant, 2B7-10, exhibited a two-fold higher activity than the
wild type xynA and retained 71 % of its activity after treat-
ment at 80 °C for 60 min. The other two mutants retained al-
most 65 % of their activity when treated under the same
conditions, but showed a reduction in activity in comparison
to their first generation parent mutants. These genes are cur-
rently being sequenced to determine their resulting muta-
tions and we are attempting to further enhance the properties
of the xylanases using DNA shuffling, between the variants.
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Most natural enzymes are unsuitable for biotechnological
processes since they have evolved over millions of years to
acquire their specific biological functions. Such enzymes are
often genetically altered to suit the rigours of industrial pro-
cesses. Directed evolution is one such strategy and makes use
of iterative rounds of random mutagenesis, screening and

402

Pyranose dehydrogenase (PDH) from Agaricus xantho-
derma is a new type of oxidoreductase, that was only recently
discovered and is of interest for both biochemistry and bio-
catalysis. PDH so far has not received an EC number.

Pyranose dehydrogenase from the mushroom A. xantho-
derma was purified to apparent homogenity and subsequently



Chem. Listy 97, 363-520 (2003)

characterized. PDH is a weakly glycosylated monomeric pro-
tein, that is actively secreted into the extracellular fluid. PDH
has a native molecular mass of ~58 kDa as determined by gel
filtration. The organism forms at least 5 isoforms with iso-
electric points ranging from 4.2 to 4.5.

Pyranose dehydrogenase is believed to be involved in
lignocellulose breakdown by interconnecting sugar and lignin
metabolism through its donor/acceptor specificities.

PDH does not accept oxygen as electron acceptor but
instead reduces predominantly various quinones, natural and
toxic products of lignin degradation. Pyranose dehydro-
genase exhibits an extremly broad sugar substrate specificity,
whereas it is rather limited concerning the electron acceptors
it reduces. In addition to monosaccharides, both disaccha-
rides and oligosaccharides can serve as electron donor sub-
strates and are oxidised, depending on the saccharide and the
incubation time, to the corresponding 2-ketoaldoses, 3-keto-
aldoses and 2,3-diketoaldoses. Oxidation can thus occur at C2
and/or C3. The so formed ketosaccharides are useful syn-
thons for carbohydrate chemistry and will play an important
role in food industry.

P070 CONTINUOUS OXIDATION OF GLUCOSE
BY PYRANOSE OXIDASE:
REACTION ENGINEERING
AND PROCESS DEVELOPMENT
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Pyranose oxidase (P20), a tetrameric flavoenzyme found
in wood degrading fungi, catalyzes the C-2 oxidation of seve-
ral aldopyranoses, including glucose and some monosaccha-
rides commonly found in lignocellulose, to the corresponding
2-keto derivatives. During this oxidation electrons are trans-
ferred to oxygen to yield hydrogen peroxide. Pyranose oxi-
dase was regarded as the key biocatalyst in the Cetus process,
in which pure crystalline fructose was produced from glucose
via the intermediate 2-ketoglucose. Traditionally, pyranose
oxidase has been utilized in biotransformations as an immo-
bilized preparation. We decided to use the free enzyme in
order to exploit its full catalytic potential and to avoid pos-
sible mass transfer limitations that frequently occur in hetero-
geneous systems due to diffusion in particles. The soluble
enzyme from the fungus Trametes multicolor proved to be
exceptionally stable even under operational conditions, pro-
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vided that hydrogen peroxide was continuously destroyed.
Hence, the biocatalyst could be successfully reutilized for
several cycles of discontinuous substrate conversion followed
by separation of the enzyme by ultrafiltration. For the conti-
nuous P20-catalyzed conversion of sugars a novel plug-flow
enzyme reactor with bubble-free aeration was developed in
our laboratory. The performance of microporous Teflon tu-
bings was compared to that of silicon tubings. This conti-
nuous enzyme reactor was successfully operated for more
than 2 weeks with an average productivity of 3.5 g of 2-keto-
glucose per liter per hour.
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The availability of cloned glycosyltransferases has made
enzymatic glycosylation a realistic alternative to chemical
synthesis. However, a severe drawback to this approach is the
requirement for sugar nucleotides. In situ regeneration of the
sugar nucleotides is the most elegant way of using these co-
factors, but it calls for additional enzymes and complicates
matters. From a preparative point of view, donor substrates
with a simpler structure than sugar nucleotides, which would
be prepared at a lower cost, would be highly desirable. This
question can be addressed according to two independent
approaches, searching either for direct nucleoside analogues
or diphosphate bond mimics. We chose to tackle the problem
by first looking at the possible changes of the base in the
nucleotide part of the molecule.

Therefore, we describe here the chemical synthesis of
four unnatural sugar nucleotides 2, 3, 4, 5, analogues to
GDP-Fuc 1, the natural fucose donor, and the sugar nucleo-
tide 6, analogue to UDP-GIcNAc 7, the natural N-acetylglu-
cosamine donor. These syntheses rely on the coupling of
fucose-B-1-phosphate or N-acetylglucosamine-a-1-phosphate
with the nucleotide activated as morpholidate®.

The new compounds 3, 4, 5, as well as compound 2 al-
ready known? were tested as donor substrates of a recom-
binant human o(1-3/4)fucosyltransferase (FucTIII)® and
compound 6 as a donor substrate of a recombinant bacterial
B(1-3)N-acetylglucosaminyltransferase®. Their ability to serve
as donors was evaluated in simple enzymatic assays using
fluorescent oligosaccharide acceptors.
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According to the kinetic constants, UDP-Fuc 3 turned out
to be as efficient a substrate of FucTI11 as ADP-Fuc 2 (ref.’).
Analogue 5, easily prepared from cyanuric acid, a very cheap
starting material, exhibited a low affinity towards FucTIII,
but a higher V_, than CDP-Fuc 4, a poor substrate. Fur-
thermore the purine sugar nucleotide 6 turned out to be
a very poor donor substrate of the bacterial N-acetyl-
glucosaminyltransferase, whereas conversely the pyrimidine
sugar nucleotide 3 is well recognized as a substrate of
FucTlII.

In conclusion fucose can be effectively transferred from
the GDP-Fuc analogues 2, 3 and even 5 to oligosaccharide
acceptors in the a(1-3/4)fucosyltransferase-catalyzed reaction.
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Besides azasugars like nojirimycine and mannojirimycine,
or aminocyclopentitols like mannostatine A, six members
ring aminocyclitols appear as potential inhibitors of glycosi-
dases. Valienamine, validamine and valiolamine found in the
structure of antibiotics like validamycin or antidiabetic agents
like acarbose or voglibose, are natural products®.

OH OH OH
HO,,, HO., O
" "NH, HO” " "'NH, HO” > "'NH,
OH OH oH
Valienamine Validamine Valiolamine

Numerous syntheses of sugar analogues based on the uti-
lisation of aldolases and transketolase have been published,
but only few of them have concerned cyclitols**. In this com-
munication, we will present our work concerning the conden-
sation of dihydroxyacetone phosphate (DHAP) with
nitroaldehydes catalysed by the fructose-1,6-diphosphate
aldolase.

NO; Rj

OH OH NO; Rj3 OH OH
(o). on  (HO) oH g : - Ry A0
H oH ﬁlz H ‘DHA; R OH O >
OH OH non isolated
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Glycosyltransferases catalyse the transfer of sugar moie-
ties. Most of the so far known enzymes belong to the Leloir-
type and therefore require activated sugar derivatives such as
UDP-glucose. These substances are too expensive for usage
in food industry.

Only few glycosyltransferases are known which are able
to transfer sugar moieties just by utilisation of high energy
glycosidic bonds. For instance the dextransucrase from
Leuconostoc mesenteroides’ and the levansucrase from
Rahnella aquatilis? can utilise sucrose as sole substrate for
polysaccharide formation.

The especially promising market in the food sector, the
pre- and synbiotics for use as functional food, constitutes the
need for new enzymes implementable in industrial processes.

After investigating sucrose containing habitats in a semi
automated screening (microplate scale), several micro-orga-
nisms with either levan- or inulinsucrase activity were ob-
tained. Those strains, showing highest fructosyltransferase
activity in the screening assay were compared to the refe-
rence organism Rahnella aquatilis, concerning activity and
formed products.

This work is financially supported by the DBU (Az: 13066).

REFERENCES

—_

Jeanes A., et al.: J. Am. Chem. Soc. 76, 5041 (1954).
Ohtsuka K., Hino S., Fukushima T., Ozawa O., Kane-
matsu T., Uchida T.: Biosci. Biotech. Biochem. 56, 1373
(1992).

P074 EXPRESSION OF Fusarium oxysporum
LACTONASE GENE IN Aspergillus oryzae

KOHSUKE HONDA, EIJI SAKURADANI,
MICHIHIKO KATAOKA, and SAKAYU SHIMIZU

Division of Applied Life Sciences, Graduate School of Agri-
culture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan,
e-mail: khonda@Xkais.kyoto-u.ac.jp

Keywords: lactonase, optical resolution, pantoyl lactone,
Fusarium oxysporum, Aspergillus oryzae

405

Posters

There is a group of esterase-family enzymes, i. e. lacto-
nases, which catalyze the hydrolysis of the intramolecular
ester bonds of lactone compounds. The reactions catalyzed
by lactonases, as well as those by lipases and other esterase-
family enzymes, sometimes show stereoselectivities, and thus
should be applicable to the synthesis of useful compounds.
For example, a novel lactonase from Fusarium oxysporum,
which was previously found in our laboratory*, catalyzed the
stereoselective hydrolysis of D-pantoyl lactone (D-PL), and
enabled the large-scale optical resolution of DL-PL. The en-
zymatic resolution of bL-PL using the Fusarium cells has al-
ready come into practical use, and it has been shown that the
novel enzymatic process is highly satisfactory not only from
an economic aspect but also an environmental one.
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Here, we report the overexpression of the Fusarium lacto-
nase gene in a heterologous fungus, Aspergillus oryzae, and its
application to the enzymatic resolution of DL-PL as the en-
zyme source with higher potential.

The lactonase genomic gene of F. oxysporum contains five
introns and presumed NH,-terminal signal peptide. In order
to determine whether A. oryzae can recognize these splice
junctions and the signal peptide, we constructed three plas-
mids. The plasmid pNAN-PC bears the cDNA coding the
mature lactonase. pPNAN-XC and pNAN-XG bear, respecti-
vely, the cDNA and genomic DNA coding full-length form of
the lactonase including the signal peptide. The transformants
harboring each plasmid could produce the lactonase, but the
structures of the recombinant enzymes were different from
each other. While the molecular mass of the lactonases of
pNAN-XC and pNAN-XG transformants were estimated to
be 60 kDa, which was identical to that of the wild type en-
zyme, the pNAN-PC transformant produced an extra protein
of 51 kDa. Deglycosylation analysis with glycopeptidase re-
vealed that the difference of the molecular mass arise from
the sugar content of each recombinant enzyme.

The mycelia of the transformants were immobilized by
calcium alginate gel, and used as catalyst for asymmetric hy-
drolysis of DL-PL. When the immobilized mycelia of the
pNAN-XG transformant were incubated with 35 % DL-PL
solution for 24 h, 49.1 % of the initial amount of bL-PL was
converted to D-pantoic acid, stereoselectively.
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The production of pectinases was studied in fungi and
one of them, Penicillium occitanis, was chosen for nitrous acid
mutagenesis. Based on hexadecyl-trimethyl-ammonium
(CTAB) staining and after only one round of mutagenesis, an
interesting mutant, CT1, was selected. It secretes about
50 times more pectinase than the wild-type strain (CL100)
but not cellulases or other hydrolases. In comparison with
another already known mutant of the same strain (the Pol 6
mutant) CT1 is not only genetically stable and sporulating,
but also able to secrete high amounts of pectinases on local
substrates such as “orange peel” and “gruel”. The most inte-
resting feature of this mutant is its constitutivity: it produces
the same specific activity of pectinases on citrus pectin as well
as on glycerol or glucose, which are potent repressors of
pectinolytic activities in Penicillium and many other fungi.

In order to get molecular information on the other pecti-
nolytic genes in this mutant, namely the disbranching en-
zymes, we started by the isolation of a rhamnogalacturonase
gene by PCR strategy using genomic DNA and a couple of
rhamnogalacturonase consensus primers. This fragment will
be used as a probe for mMRNA analysis.

P076 PREPARATION OF A CYCLODEXTRIN
GLUCANOTRANSFERASE
FROM THE BACTERIAL ISOLATE BT3-2:
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Cyclodextrin glucanotransferase (CGTase) was recently
confirmed produce not only small cyclodextrins such as CD6,
CD7 and CD8, but also large ring cyclodextrins (LR-CD)
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with a degree of polymerisation (DP) up to at least 60
(ref.*?). CGTases differ not only with regard to the equili-
brium amounts of cyclodextrins produced but also with re-
gard to the courses by which they are formed®. CGTase from
bacterial isolate BT3-2 was purified to homogeneity using the
DEAE sepharose 6FF and resource Q chromatography.
About 39 % of the enzyme activity could be recovered. Cha-
racterization of the enzyme showed a temperature optimum
of 60 °C and a pH optimum of 6.0. The synthesis of LR-CD
by the purified enzyme from bacterial isolate BT3-2 was in-
vestigated using synthetic amylose as the substrate. After 20
hours incubation at 60 °C in 50 mM acetate buffer (pH 5.5),
LR-CD with DP up to 50 could be detect under the experi-
ment conditions. LR-CD from CD9 to CD21 were quantified
using HPAEC chromatography. This confirmed that the pro-
duction of LR-CD at the initial stage is the common feature
of CGTase. Adjust the reaction condition of the CGTase
could produce LR-CD.
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Three proteases were investigated for their catalytic
properties regarding synthesis of fatty acid esters of sucrose
and cyclodextrins in DMSO and other organic solvents.

Sucrose laurate esters were synthesised from sucrose and
vinyl laurate in organic solvents using an alkaline protease
AL-89 from a new alkalophilic strain, Bacillus pseudofirmus
AL-89. Maximum synthetic activity was observed in DMF
mixed 1 : 1 (v/v) with either DMSO or pyridine in the pre-
sence of 7.5 % (v/v) water at pH 7-10. With protease AL-89
esterification occurred predominantly at the 2-O-position
while subtilisin A catalysed monoester predominantly at the
1’-O-position. In the absence of enzyme, buffer salts cata-
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lysed nonspecific synthesis of a number of esters. Nonspecific
catalysis was also observed upon inhibition of protease AL-89
using a serine protease inhibitor as well as inactivation at pH
above 10 (ref.h).

Thermolysin catalysed the formation of sucrose esters
from sucrose and vinyl laurate in DMF and DMSO respecti-
vely, with 2-O-lauroyl-sucrose as the main product and
a specific activity in DMSO of 53 nmol.min"~.mg™. Trans-
esterification reactions are normally observed only when the
mechanism involves an acyl enzyme intermediate, as with li-
pases or serine proteases, and not with metalloproteases like
thermolysin. A possible reason could be the affinity of the
active site of thermolysin for sugar moieties, as for the potent
inhibitor phosporamidon. The reaction was not catalysed by
other proteins under the same conditions, and was inhibited
by removal of the active site zinc®

Vinyl fatty acid esters were used as acyl donors for este-
rification of cyclodextrins in DMSO and other solvents. The
cyclodextrin esters obtained were isolated and characterized
by FTIR, NMR and mass spectroscopy. The position and
degree of substitution depended on the choice of protease
and substrate, with Thermolysin regioselective substitution of
B-cyclodextrin at the glucose C2 position was obtained.

Protease activity and regioselectivity is discussed regar-
ding the effect of polar, aprotic solvents on the solubility and
conformation of carbohydrates and proteins.
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The importance of alkyl-glycosides, in general, has been
demonstrated for many industrial applications as non-ionic
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surfactants. B-Glycosidases, B-glucosidase and B-xylosidase,
were used in the synthesis of alkyl-glycosides by transglyco-
sylation reaction with long-chain alcohols. The medium is
biphasic® (alcohol/aqueous) in which the aqueous phase
(pH 4 to 5) contains 5 U enzyme and 50 mg sugar substrate
per ml. The synthesis was studied under different conditions
with primary and secondary alcohols as substrates, in pre-
sence of free or immobilized enzyme. Different supports
were tested for immobilization. B-Glucosidase and B-xylosi-
dase were immobilized by adsorption on Duolite, Amberlite,
Celite and DEAE-sepharose, and also by entrapment in poly-
acrylamide gel or reticulation using glutaraldehyde. We used
cellobiose and xylan respectively for the synthesis of alkyl-
-glucosides and alkyl-xylosides.

Table I summarizes some results of transglycosylation
reaction catalyzed by B-glycosidases from Sclerotinia sclero-
tiorum compared to activity from other source. Highest yields
were obtained when using xylan and C, to C,-alcohols in pre-
sence of enzyme extract from S. sclerotiorum. The reaction
produced alkyl-B-xyloside, alkyl-B-xylobioside as well as small
amounts of alkyl-B-xylotrioside and alkyl-B-xylotetraoside
identified by MS. HPLC analysis quantified the production of
alkyl-B-xyloside and alkyl-B-xylobioside (Prontosil C18-AQ,
refractometer). Up to 22 mM isoamyl-xyloside and 14 mM
isoamyl-xylobioside were produced from isoamyl alcohol and
xylan. When using xylan and hexan-1-ol as substrates the syn-
thesis reaction takes around 3 days. Two enzymes are in-
volved in this reaction. After hydrolysis of xylan with
endo-xylanase, the B-xylosidase is able to catalyze transxylo-
sylation between partially hydrolyzed xylan and alcohol with
more than 20 % conversion yield. Alkyl-glycosides were
applied in detergents and pharmaceuticals as biosurfactants.

The used enzymes are produced by a plant pathogenic
fungus, and participate to the degradation of polysaccharides
(as cellulose and xylan) among other hydrolyzing enzymes
that damage the plant cell-walls (xylanases, pectinases, cuti-
nases, esterases, endoglucanases...). The production of B-glu-
cosidase and B-xylosidase was optimized in presence of
different carbon sources®. This had influence not only on the
enzyme concentration but also on the iso-enzyme production.
Enzyme activities and stabilities were investigated under
different conditions after purification achieved on ion ex-
change and gel filtration chromatography.
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Table 1
Alkyl-xyloside and alkyl-glucoside synthesis in biphasic
medium

Butan-1-  Isoamyl Me-2-butan- Pentan-2- Pentan-1
-ol* alcohol*  -2-ol -ol* -ol*
Alkyl-B- 2.1 21 0.9 14.2 17
-glycoside®
Alkyl-B- 1 13.6 0.5 22 11
-glycobioside®
Hexan-1- Hexan-1- Hexan-1- Octan-1-  Octan-1-
-ol* -ol® -ol° -ol* -ol*
Alkyl-B- 9.7 1.1 12 2.8 2.5
-glycoside®
Alkyl-B- 3.8 nd nd 2.1 nd
-glycobioside®

“Synthesis of alkyl-xyloside in presence of B-xylosidase from S. sclero-
tiorum in biphasic medium alcohol/aqueous (4/1) pH 4, 50 °C,
250 rpm, 10 mg.ml™ xylan oat spelt; "synthesis of alkyl-xyloside in
presence of immobilized B-xylosidase from S. sclerotiorum on Celite
545 in biphasic medium alcohol/aqueous (4/1) pH 4, 50 °C, 250 rpm,
10 mg.mlI™ xylan oat spelt; “synthesis of alkyl-glucoside in presence of
B-glucosidase from S. sclerotiorum in biphasic medium alcohol/
aqueous (4/1) pH 5, 50 °C, 250 rpm, 150 mg.ml™' cellobiose; ‘synthe-
sis of alkyl-xyloside in presence of B-xylosidase from Tiichoderma re-
esei in biphasic medium alcohol/aqueous (4/10) pH 4.5, 40 °C,
300 rpm, 14.3 mg.ml™" xylan oat spelt; “alkyl-B-xyloside or alkyl-B-glu-
coside in mmol.I”

P079 PRODUCTION OF FUNGAL
B-N-ACETYLHEXOSAMINIDASE -
EFFECTS OF VARIOUS INDUCTORS
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Fungal B-N-acetylhexosaminidases are widely known for
their participation in the process of extracellular digestion of
chitin. They are also important tool in biotechnology due to
its ability to carry out enzymatic synthesis of oligosaccha-
rides’. B-N-Acetylhexosaminidases from Aspergillus oryzae
CCF1066 — enzyme showing interesting properties in chemo-
enzymatic reactions® — was isolated from the medium and
sequenced using both protein chemistry and molecular clo-
ning of the corresponding gene. We also studied the details

408

Posters

of induction and intracellular transport of the enzyme. We
have found that a broad range of chitin-related compounds
can be used for induction of the enzyme’s biosynthesis. How-
ever, only the end cleavage product of the enzyme -
N-acetylglucosamine, induced accelerated secretion of the
enzyme, which was characteristic by high production of the
enzyme accompanied by higher total protein secretion. More-
over, distinct changes in mycelliar morphology were observer
upon induction with N-acetylglucosamine.

A characteristic peptide motif was found in the N-termi-
nal part of the enzyme. We proposed that this motif may be
involved in the accelerated secretion of the enzyme, by which
the enzyme is released from the intracellular stores depen-
ding on the extracellular concentration of its end cleavage
product.

Supported by Ministry of Education of the Czech Republic
grant MSM 113100001, by Institutional Research Concept
No. A0Z5020903 for the Institute of Microbiology, and by Grant
Agency of the Czech Republic grant 203/01/1018. Conference
presentation assisted by RHODIA company.
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Development of economically feasible and ecologically
friendly processes of bioconversion of renewable plant bio-
mass requires detail knowledge of catalytic properties of mi-
crobial glycosyl hydrolases and esterases involved in
biodegradation of plant cell walls. In this connection, there is
an increasing demand for variety of regioselectively acetyla-
ted 4-nitrophenyl glycosides that can serve as precursors for
chromogenic substrates important for investigation of cata-
lytic properties of the enzymes and for elaboration of simple
methods for enzyme monitoring. In this work we present
summary of results of lipase-catalysed preparations of di-O-
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and mono-O-acetates of 4-nitrophenyl a-L-arabinofuranoside
1-7 , 4-nitrophenyl B-D-xylopyranoside 8-12 and 2,3,4-tri-O-
-acetate of 4-nitrophenyl B-D-galactopyranoside 13 (Figure).
The acetates of NPh glycosides 1 and 13 were produced by
selective hydrolysis of per-O-acetylated NPh glycosides by
lipase AY (Candida rugosa) or Lipolyve CC (Candida cylin-
dracea) in phosphate buffer. Diacetates 2, 3, 8 and 9 were
obtained by regioselective acetylation of the corresponding
glycoside in the presence of Lipase PS (Burkholderia cepacia)
and vinylacetate in organic solvent. Variation of polarity of
organic solvents was found to have an effect on regioselecti-
vity of di-O-acetylation and on the yields of products 8 and 9.
The influence of reaction period and organic solvents on the
main production of monoacetates 10-12 during lipase PS
acetylation will be also presented. We were able to isolate
monoacetate 6 as the main product by controlling the lipase
PS acetylation of NPh a-L-arabinofuranoside. Finally, we
prepared monoacetates 4 and 5 by enzymatic hydrolysis of
primary position of diacetates 2 and 3. The diacetates 1-3 ,
7-9 and triacetate 13 were used for the syntheses of saccha-
ridic ferulates ? through enzymatic protection, feruloylation
and chemical deacetylation. We intend to use monoacetates
4-6 and 10-12 to study substrate specifity and substrate struc-
ture requirements of a-L-arabinofuranosidases and B-D-xylo-
sidases.

RO ONPh
b
RO Q
s R%0 ONPh
RO OR' OR!

NPh = 4-nitrophenyl

1 R'=Ac, R=Ac, R*=H
2 Rl=Ac, R%=H, R*=Ac¢
3 R!=H, R=Ac¢, R*=Ac
4 R'=Ac, R’™=H, R*=H
5 R'=H, R’=Ac, R*=H
6 R!=H, R=H, R*=Ac

R°OOH

o)
R%0 ONPh
1

OR

13 RI=R>=R’*=Ac
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7 R!=Ac, R=Ac, R*=H
8 R!=Ac, R’=H, R*=Ac
9 R!=H, R?=Ac, R*=Ac
10 R'=A¢, R?=H, R*=H
11 R'=H, R?>=A¢, R*=H
12 R'=H, R’=H, R*=Ac

1. Biely P, Mastihubova M., van Zyl W. H., Prior B. A.:
Anal. Biochem. 311, 68 (2002).

2. Mastihubova M., Szemesova J., Biely P.: Tetrahedron
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We present the results of kinetic and thermodynamic in-
vestigations of alcohol release step in the Candida antarctica
lipase B (CALB)-catalyzed hydrolysis of the acetates of the
both single enantiomers of a series of chiral primary and se-
condary alcohols in sufficiently emulsified reaction mixtures
of water-insoluble substrates and discuss the mechanism of
action of the enzyme including rate determining enantio-
selective catalysis in the step.

The partition experiments shown in Scheme 1 has suc-
cessfully determined deacylation rate constant k, being
4 %< 10° s using ethanol as a nucleophile. The value, ex-
tremely larger than k_s obtained, has demonstrated
quantitatively the acylation being the rate determining step
and k_,, = k, and K = K, for almost all the substrates exa-
mined.

Measuring k,, K, and k,/K; values for each substrates
above at 40 °C, we have determined thermodynamic para-
meters associated with these kinetic constants (Scheme 2) of
the both enantiomers of the two substrates 1 and 2 exhibited
in Table I.

The results in Table | clearly indicate that great enantio-
selectivity of the secondary alcohol is predominantly attri-
buted to the large enthalpy difference of activation between
the two enantiomers, whereas small enantioselectivity of the
primary alcohol is mainly due to the difference in entropic
factor of activation. Table Il A shows the binding feature of
(R)-2 in the ES complex is different from that of (S)-1,
although the strength of binding appears to be similar to each
other. The tiny enthalpy of activation for (R)-2 in Table 11 B
indicates the substrate was bound favorably to release the
enthalpy greatly in the transition state. This may imply the
rate determining step is the formation of tetrahedral inter-
mediate (ET) in the alcohol release step. On the other hand,
rather high entropy of activation of (S)-1 may suggest the
release of solvent shell water in the transition state and rate
determining breakdown of ET.
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Table I
Thermodynamic parameters of CALB for enantiometric ra-
tio (k,/K)"/(k,/K)° = E, at 313K

Substrate AAG.! AAH! TAAS,! 448!
(kcal.mol™) (kcal.mol™) (kcal.mol™) (cal.mol.T™)

@J\CM ) 52 93 4.1 ~13.0

@_/QOAC 1 1.1 -1.1 22 -7.0

Table IT

Thermodynamic parameters of CALB for hydrolysis of single
enantiomers of 2 and 1 at 313K. Date shown are only for fast-
reacting enantiomers

A)
AG, AH, T4S, S,
(kcal.mol™)  (kcal.mol™) (kcal.mol™) (kcal.mol™T™)
UK, 2 R -5.0 -4.1 0.93 3.0
1 S -4.2 -9.0 -4.8 -15.2
(B)
AG' AH' TaS' 4s'
(kcal.mol™) (kcal.mol™) (kcal.mol™) (kcal.mol™.T™)
k, 2 R 17.0 5.0 -12.0 -38.0
1 S 17.6 14.3 -3.3 -10.5
k/K, 2 R 121 0.96 -11.1 -35.0
1 S 13.3 5.3 -8.0 -26.0
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Keywords: biocatalysis, nitrilase, nitrile hydratase, amidase,
substrate profile

We investigated biocatalytic reactions to convert aromatic
and arylaliphatic nitriles to the structurally related amide or
acid. Each biocatalyst exhibited a distinctive substrate selec-
tivity profile, related to the length of the aliphatic chain of the
arylaliphatic nitrile, and the position of substituents on the
aromatic ring or aliphatic chain® 2. The cell free nitrilases
exhibited a narrower substrate range than the resting whole
cells of Rhodococci with nitrile hydratase activity.

(0]

0
_N :
/C// 10 )L 0 )k
R” “NH, R” DOH

Nitrile hydratase

+ NHj3
R

Amidase

2H,0
Nitrilase

Based on this information, we were able to provide an
initial model of the enzyme active sites using quantitative
structure-activity relationships and predict additional sub-
strates.
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Nitriles are versatile synthetic intermediates due to the
ease with which they can be obtained and subsequently hy-
drolysed, yielding the corresponding amides and acids. The
products from nitrile hydrolysis have a great potential as
building blocks for the life science industries (pharmaceuti-
cals and agrochemicals), provided they are enantiopure.

Biocatalytic procedures for the hydrolysis of nitriles
(Fig. 1) have numerous advantages when compared to the
chemical pathways, as regards reaction conditions, chemo-,
regio- and stereoselectivity.

1 1

R 21,0 R
=N i COOH

2 nitrilase 2

R (E.Cc3551) R

Fig. 1: Enzymatic nitrile hydrolysis

The principles have been demonstrated by Yamamoto
who produced (R)-mandelic acid from mandelonitrile using
A. faecalis cells'. Our goal is to create novel methods for syn-
thesizing commercially relevant, enantiopure carboxylic acids
with the use of nitrilases produced by either naturally selec-
ted or genetically engineered strains.
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In the last decade, B-amino acids have been recognized to
have antibiotic, antifungal, cytotoxic and other pharmacolo-
gical effects’. Recent work by several authors® has demon-
strated that carboxylic acids can be prepared from nitriles
using isolated enzymes or whole cell systems of Rhodococci
under very mild conditions.

We wish to report a new protocol for the preparation of
N-protected B-amino acids and carboxamides using whole
cells of Rhodococcus sp. R312 and Rhodococcus erythropolis
NCIMB 11540, both containing the nitrile hydratase/amidase
system.
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Alicyclic as well as aliphatic B-amino nitriles were pre-
pared bearing different N-protecting groups. Screening expe-
riments revealed that the N-protecting group has a significant
influence on the biotransformation. Moreover, alicyclic sub-
strates are better accepted than their aliphatic counterparts.
Isolated yields were determined of those substrates which
showed promising screening results.

In summary, we have developed a novel approach to
B-amino acids and amides, some of which have not been re-
ported in the literature to date. Extensions of our work are
due.
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Rhodococcus equi strain A4 is a versatile biocatalyst for
hydrolysis of nitriles and amides. The purified nitrile hy-
dratase of this microorganism has a very broad substrate spe-
cificity towards a wide range of nitriles™2 Fungal strain
Aspergillus niger K10 also seems to be a promising source of
nitrile hydratase. Saccharides bearing a nitrile moiety have
been rarely demonstrated as substrates of nitrile hydra-
tases®“. The enzymes examined by us showed activity towards
such nitriles.

2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl cyanide (1);
2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl cyanide (2); 4,5,7-
-tri-O-acetyl-2,6-anhydro-3-deoxy-D-lyxo-hept-2-enononitrile
(3) were tested as substrates for both purified nitrile hydra-
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tase and whole cells of Rhodococcus or Aspergillus. 2,6-An-
hydro-3-deoxy-D-lyxo-hept-2-enononitrile (4) was prepared
by deacetylation of 3 and used as a substrate for the purified
enzyme only. In case of Rhodococcus, glycosyl cyanides 1 and
3 were transformed into the corresponding amides and at the
same time partially deacetylated due to presence of an este-
rase activity in this strain. However, biotransformation of 1
was slower and the major product was the deacetylated gly-
cosyl cyanide. Aspergillus transformed only glycosyl cyanide 3
and produced deacetylated amide. By using purified nitrile
hydratase, both 3 and 4 were converted into 2,6-anhydro-3-
-deoxy-D-lyxo-hept-2-enonoamide. Deacetylation of 3 oc-
curred because of remaining esterase activity in nitrile
hydratase. Hydration of the cyano group into amide in 1 was
very slow as that catalyzed by whole cells. This suggests that
substitution on C-2 decreased nitrile hydratase activity. Ga-
lactosyl cyanide 2 was substrate neither for nitrile hydratase
nor for microorganisms tested.

Financial support of this work from the Grant Agency of the
Academy of Sciences of the Czech Republic (project A4020213/
2002), Ministry of Education of the Czech Republic (project
OC DC25.001), COST D25/0002/02 and Institutional Research
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Data published on fungal nitrile-converting enzymes have
been scarce to date. Hydrolysis of 3-indoleacetonitrile,
2-aminonitriles, di- and trinitriles was demonstrated with fila-
mentous fungi. Detection of carboxylic acids as products sup-
ported the opinion that nitrilases were involved in these
biotransformations>. Indeed, a nitrilase accepting aromatic
nitriles as substrates was purified from Fusarium solani®.
However, the only purified nitrile hydratase from a filamen-
tous fungus was that from Myrrothecium verrucaria®. This
enzyme showed a narrow substrate specificity for cyanamide.

Aspergillus niger K10 studied in the present work pro-
duced carboxylic acids from most aromatic and arylaliphatic
nitriles tested. However, formation of picolinamide from
2-cyanopyridine and 4-cyanobenzamide from 1,4-dicyano-
benzene suggested that the fungus metabolized nitriles via
the nitrile hydratase/amidase pathway. Steric hindrances in
these nitriles probably prevented the amidase from hydroly-
sis of the amide intermediates.

Benzonitrile (at 10 mM) was the superior substrate of the
fungus, being totally hydrolyzed within 3 h. Meta- and para-
substituted benzonitriles and 2-, 3- and 4-cyanopyridine were
converted at a significantly lower rate than benzonitrile while
ortho-substituted benzonitriles (2-tolunitrile, 1,2-dicyanoben-
zene) were not substrates of the nitrile hydratase. 3-Chloro-
benzonitrile as a substrate with an electron-withdrawing
substituent was hydrolyzed more rapidly than 3-tolunitrile
and 3-hydroxybenzonitrile, i. . compounds bearing electron-
donating substituents. Small arylaliphatic nitriles such as
2-phenylacetonitrile and 2-thiopheneacetonitrile were also
hydrolyzed rapidly, but more bulky molecules such as 3-in-
doleacetonitrile or nitriles substituted at C-2 such as
2-phenylpropionitrile were poor substrates. 2-Substituted
acrylonitriles, e. g. 2-(1-hydroxy-1-phenylmethyl)-acryloni-
trile and 2-(2-hydroxy-3,3-dimethoxy-propyl)-acrylonitrile,
were converted at a slower rate than aromatic substrates. The
biocatalyst applied either as whole cells or cell extract was
functional at both alkaline and acidic pH values.

Financial support from the Grant Agency of the Academy of
Sciences of the Czech Republic (project A4020213/2002),
MSMT (Barrande 2003-020-2, ME 579, OC D25.001),
COST D25/0002/02 and the Institutional Research Concept No.
AV02z5020903 is gratefully acknowledged.
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Nitrile hydratases catalyze the addition of water to nitriles
forming amides, which are not further hydrolyzed, as is the
case for nitrilases™®. Both, substrate and reaction product are
not easily detectable, especially when taking the case of a cell
background. We therefore applied an amidase for the detec-
tion of the amide, released by the enzyme reaction. This sen-
sing enzyme shows sufficient selectivity towards the primary
amide compound, leaving behind the biological matrix. Hy-
droxamic acid for detection as colored iron compound is
formed, as the sensing step is done in the presence of hydro-
xylammonium chloride. In a second step the gene for the
expression of the accessory amidase has been integrated into
an E. coli chromosome, thus forming a screening strain for
the easy detection of nitrile hydratase expression from plas-
mid libraries transformed to this strain. We demonstrated the
usefulness of this novel method of screening for the fast iden-
tification of nitrile hydratase activity among bacteria. Fur-
thermore we managed to identify nitrile hydratase active
clones in chromosomal gene libraries.
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The enantioselective formation of cyanohydrins from
aldehydes and ketones catalyzed by hydroxynitrile lyases
represents a method to produce versatile chiral building
blocks with high optical purities as precursors for the synthe-
sis of biologically active molecules such as a-hydroxy carbo-
xylic acids, a-hydroxy ketones or B-amino alcohols®2 Up to
now only HCN and acetone cyanohydrin were used as cya-
nide sources. This prompted us to investigate the synthetic
potential of ethyl cyanoformate as a reagent consisting of
both the cyanide group and a protecting functionality for the
in situ derivatization of the cyanohydrin formed in this reac-
tion.

O
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R)\CN

o o
R)LH ’ /\OLCN

Due to the fact that some cyanohydrins are labile this
concept opens the possibility to obtain protected cyano-
hydrins and hence stable products with high enantiomeric
excess from an enzyme catalyzed one pot procedure. Mecha-
nistical considerations based on NMR-studies and experi-
mental results will be disclosed in more detail in this
presentation.

REFERENCES

1. North M.: Tetrahedron: Asymmetry 74, 147 (2003).
2. Gregory R. J. H.: Chem. Rev. 99, 3649 (1999).



Chem. Listy 97, 363-520 (2003)

P089 ENZYME CATALYSED CYANOHYDRIN
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Cyclopentenone cyanohydrin glycosides are known from
nature’, cyclobutanone derivatives were synthesised enzyme
catalysed recently®. These results prompted us to investigate
diverse derivatives of methyltetrahydrofuranon and methyl-
tetrahydrothiophenon. This new class of substrates reacted
with HCN under the catalytic action of hydroxynitrile lyase
(HNL) from Hevea brasiliensis as well as Prunus amygdalus
according to known procedures®. Depending on the methyl
position, the heteroatom, and various reaction conditions
different distributions of diastereomers were obtained.

Y 0
CN J
ISR

X X

X=SorO

For structure elucidation after enzymatic conversion
further transformations were performed.
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Based on the Hevea brasiliensis hydroxynitrile lyase cata-
lysed transformation of ferrocene-carbaldehyde 1 to the cor-
responding (R)-cyanohydrin 2 (99 % ee, 98 % yield)" several
follow-up reactions were performed. Reduction of the unpro-
tected cyanohydrin constitutes a convenient and high-yielding
access to enantiomerically pure ferrocenyl amino alcohol 3.
Amino alcohols of similar structure have attracted attention
as catalysts for the enantioselective addition of dialkylzinc-
-compounds to aldehydes? and as chiral ligands for ruthenium
catalysed asymmetric hydrogenation®. Furthermore, amino
alcohol 3 can easily be transformed into several interesting
heterocyclic compounds such as oxazolidinone 4, oxazoline 5
and pyrrolidine 6, which may find applications as chiral li-
gands and auxiliaries for asymmetric synthesis.

CN OH
O H NH,
Fe H Fe Fe
! 2 / ’ l \
//o R
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Y MO
Fe Fe Fe
4 5 6
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The enantioselective hydrocyanation of aldehydes in the
presence of an oxynitrilase (hydroxynitrile lyase, EC 4.1.2.10)
is an established concept in the biocatalytic production of fine
chemicals. The competing, uncatalyzed background reaction,
which erodes the ee of the product, is an inherent problem in
such procedures and necessitates a careful tuning of the re-
action conditions. We reasoned that the use of a highly active,
immobilized biocatalyst would obviate the background re-
action in a straightforward manner. Thus, we have prepared
a cross-linked enzyme aggregate (CLEA), of (R)-oxynitrila-
se from almonds via its precipitation and subsequent
cross-linking using glutaraldehyde. The resulting enzyme
preparation very efficiently catalyzed the synthesis of of
cyanohydrins in a micro-agueous organic solvent. Under
these conditions, the uncatalyzed background reaction was
considerably reduced, which greatly benefitted the enantio-
purity of the obtained cyanohydrin, especially in the case of
slow-reacting substrates, such as trans-cinnamaldehyde and
bulky ortho-substituted benzaldehyde derivatives. Further-
more, the immobilized catalyst could be easily separated
from the reaction mixture and recycled for at least ten times,
offering an additional advantage over the traditional two-
phase system using free enzyme. In conclusion, the use of an
oxynitrilase CLEA results in a considerably improved proce-
dure.

P092 ONE POT CONVERSION OF BENZALDEHYDE
INTO MANDELIC ACID
USING CLEA TECHNOLOGY

CESAR MATEO?, JOSE M. PALOMO?,
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Enantio-pure mandelic acid is a very important com-
pound from industrial point of view because it is the pre-
cursor of interesting semisynthetic antibiotics. Thus, an
asymmetric synthesis starting from a very simple compound
such as benzaldehyde would be very interesting. We have in-
vestigated a two step bienzymatic procedure for mandelic
acid. In the first step, benzaldehyde and HCN are transform
in the presence of oxynitrilase. In the second step, the hydro-
lysis of previously formed mandelonitrile is catalysed by a ni-
trilase to produce mandelic acid.

OH

OH
HCN COOH

CHO
©/ CN  nitrilase
o N
oxynitrilase HO NH,

The limited stability of the intermediate product, man-
delonitrile at neutral or basic pH, is a major obstacle. Hence,
we have investigated the simultaneous use of immobilised
oxynitrilase and nitrilase in a one-pot procedure.

The enzymes were immobilised as cross-linked enzyme
aggregates because these are composed of pure protein and,
hence, are highly active. Moreover, the costs of the supports
are avoid and CLEAs can be used in organic media® 2

By optimisation of the reaction parameters, a quantitative
conversion of benzaldehyde into mandelic acid was obtained.
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We have cloned genes coding for isoenzymes of R-oxyni-
trile lyase (R-HNL) from almonds and showed expression of
active enzyme by the host Pichia pastoris (EP1223220).

The enzymes have been optimised for highly efficient
enzymatic conversion of unnatural substrates.
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Successful examples, which were scaled up to g-scale
product formation of industrially relevant cyanohydrins will
be shown.

P094 CYANOHYDRIN FORMATION
USING WILDTYPE AND MUTANT HNL
AS A STARTING POINT
FOR FURTHER TRANSFORMATIONS
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hydrin

Different rigid aldehydes were converted using the hydro-
xynitrile lyase (HNL) from Hevea brasiliensis according to our
published procedure®. Both the wild type enzyme and mu-
tants were used to prepare the corresponding cyanohydrins
achieving high optical purity and yield.

Consequently, after the enzymatic conversion, the cyano-
hydrins were hydrolysed to the corresponding hydroxy acids
and further follow-up chemistry using the method developed
by Seebach? gave a new approach to versatile optically pure
precursors for agrochemicals and pharmaceuticals.

REFERENCES

1. Griengl H., Klempier N., Pochlauer P, Schmidt M.,
Shi N., Zabelinskaja-Mackova A. A.: Tetrahedron 54,
14477 (1998); Griengl H., Schwab H., Fechter M. H.:
Trends Biotechnol. 18, 252 (2000).

Seebach D., Naef R., Calderari G.: Tetrahedron 40, 1313
(1984).

416

Posters

P095 SUBSTRATE SPECIFICITY OF MUTANTS
OF THE HYDROXYNITRILE LYASE
FROM Manihot esculenta

FRANZ EFFENBERGER?, HOLGER BUHLER?,
SIEGFRIED FORSTER®, HANSPETER LAUBLE?,
BURKHARD MIEHLICH?, and HARALD WAJANT®

®Institut fur Organische Chemie, Universitét Stuttgart, Pfaffen-
waldring 55, D-70569 Stuttgart, Germany; °Institut fiir Zellbio-
logie und Immunologie, Universitéat Stuttgart, Allmandring 31,
D-70569 Stuttgart, Germany

Keywords: cyanohydrins, hydroxynitrile lyase, mutants, ste-
reoselectivity, substrate specificity

For the preparation of (R)-cyanohydrins, (R)-PaHNL
from bitter almonds and for the synthesis of (S)-cyano-
hydrins, the recombinant HNLs from cassava (MeHNL) and
rubber tree (HbHNL) turned out to be the best biocatalysts'.

The three-dimensional structures of HbHNL (ref.?) and
MeHNL (ref.%) show a topology that is related to but still dis-
tinct from /B hydrolases. In the active site of MeHNL, Ser80
is involved in binding the substrate carbonyl group, with par-
ticipation of Thrll, whereas His236 is proposed to act as
a general base. From kinetic measurements of the mutants
Ser80Ala, Thrl1Ala and Cys81Ala combined with structural
data a plausible mechanism of cyanogenesis can be deduced.

Several tryptophan128-substituted mutants of the hydro-
xynitrile lyase from Manihot esculenta (MeHNL) are con-
structed and applied in the MeHNL -catalyzed addition of
HCN to various aromatic and aliphatic aldehydes as well as
to methyl and ethyl ketones to yield the corresponding cyano-
hydrins. The mutants, especially MeHNL-W128A, are in
most cases superior to the wild-type (wt) enzyme when diiso-
propyl ether is used as the solvent. Substitution of trypto-
phan128 by an alanine residue enlarges the entrance channel
to the active site of MeHNL and thus facilitates access of
sterically demanding substrates to the active site, as clearly
demonstrated for aromatic aldehydes, especially 3-phenoxy-
benzaldehyde. These experimental results are in accordance
with the X-ray crystal structure of MeHNL-W128A. Alip-
hatic aldehydes, surprisingly, do not demonstrate this reacti-
vity dependence of mutants on substrate bulkiness.
Comparative reactions of 3-phenoxybenzaldehyde with
wtMeHNL and MeHNL-W128A in both aqueous citrate
buffer and a two-phase system of water/methyl tert-butyl
ether again reveal the superiority of the mutant enzyme:
3-phenoxybenzaldehyde was converted quantitatively into
a cyanohydrin nearly independently of the amount of enzyme
present, with a space-time yield of 57 g.I".h™.
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The hydroxynitrile lyase from the tropical rubber tree
Hevea brasiliensis (HbHNL) catalyzes the decomposition of
o-hydroxynitrile acetone cyanohydrin into HCN and acetone
during cyanogenesis of damaged plants. HbHNL is of prac-
tical importance as biocatalyst for the reverse reaction of
cyanogenesis, as this enzyme can also be used for stereoselec-
tive synthesis of a wide range of (S)-cyanohydrins by addition
of HCN to aldehydes or ketones. Chiral cyanohydrins have
attracted much attention as components or intermediates of
numerous pharmaceuticals and agrochemicals. HbHL shows
high stereoselectivity, but rather low substrate specificity,
which offers a wide range of industrial applications of
HbHNL and the catalysed reaction represents one of the few
industrially relevant examples of enzyme mediated C-C cou-
pling reactions.

The catalytic triad (Ser80, His235, Asp207) has already
been determined by mutational analysis', allowing subse-
quently the formulation of the mechanism of enzyme-cata-
lysed cyanohydrin formation or cleavage®. Recently a number
of amino acids, proposed to be involved in reaction mecha-
nism of HbHNL were also changed by site directed mutage-
nesis. Additional we constructed a set of HOHNL mutants
with improved features like substrate acceptance. All the mu-
tated HbHNLSs were expressed in an appropriate Pichia pas-
toris expression strain to gain high yield of the recombinant
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proteins. This high level expression allowed efficient bio-
chemical and functional characterisation of the HbHNL
mutants, providing a more detailed picture of the enzyme
properties and relationship between structure and function of
the HbHNL enzyme.
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The gene encoding a putative nitrilase was identified in
the genome sequence of the photosynthetic blue-green bacte-
rium Synechocystis spp. PCC6803. The gene was amplified by
PCR and cloned into an expression vector. The encoded pro-
tein was heterologously expressed in the native form and as
a His-tagged protein in Escherichia coli and the recombinant
strains shown to convert benzonitrile to benzoate. The active
enzyme was purified to homogeneity and shown by gel filtra-
tion to consist probably of 10 subunits. The purified nitrilase
converted various aromatic and aliphatic nitriles. The highest
enzyme activity was observed with fumarodinitrile, but also
some rather hydrophobic aromatic (e. g. naphthalenecarbo-
nitrile), heterocyclic (e. g. indole-3-acetonitrile) or long-chain
aliphatic (di)nitriles (e. g. octanoic acid dinitrile) were con-
verted with higher specific activities than benzonitrile. From
aliphatic dinitriles with less than six carbon atoms only one
mole of ammonia was released per mole of dinitrile and thus
presumably the corresponding cyanocarboxylic acids formed.
The purified enzyme was active in the presence of a wide
range of organic solvents and the turn-over rates of dode-
canonitrile and naphthalenecarbonitrile were increased in
the presence of water-soluble and water-immiscible organic
solvents.
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The investigation of microorganisms at the infraspecific
level is crucial in the context of biotechnology discovery be-
cause many sought-after properties are known to be strain as
opposed to species determined®. In our study, considerable
molecular diversity was found among nitrile hydratase
(NHase) enzymes of geographically distinct Rhodococcus
erythropolis strains demonstrating the extent of such infra-
species variability?. The genetic diversity of the NHases was
screened by PRS analysis, a molecular fingerprinting tech-
nique used as a pre-sequencing step that combines polyme-
rase chain reaction (PCR), restriction fragment length
polymorphism (RFLP) and single-strand conformational po-
lymorphism (SSCP)*®. The enzyme genes revealed unique
PRS patterns that mostly correlated with the distinct geo-
graphical sites studied indicating that R. erythropolis from
widespread locations possess NHase genes that are not glo-
bally mixed. A selection of NHase PRS patterns were se-
quenced and nucleotide sequences showed high similarities.
Phylogenetic analysis revealed these enzymes were related to
Fe-type NHases. The alignment of the deduced amino acid
sequences of the studied NHases o and B subunits revealed
diverse positions with variable residues. The substituted resi-
dues were located at neighbouring or very close positions to
regions not directly related to the enzymes active site but that
were completely conserved among published Fe- and Co-type
NHases, highlighting the potential significance of these
substitutions on the structure, activity and substrate specifi-
city of the final active enzymes. The deduced amino acid
NHase sequence of a particular R. erythropolis strain showed
one amino acid substitution at a region that is highly con-
served among all NHases reported in literature, suggesting
this change could be responsible for its different catalytic
activities. Currently this strain is being studied in more detail
for its ability to convert nitriles, particularly a-aminonitriles.
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The enzymes D-amino acid oxidase and glutaryl-7-ACA
acylase (GA) are currently utilised for the industrial produc-
tion of 7-aminocephalosporanic acid (7-ACA, 2), an impor-
tant precursor of semisyntetic cephalosporins. Specifically,
GA is devoted to the cleavage of the amide bond between
glutaric acid and 7-ACA in the intermediate glutaryl-7-ACA
Q).

The synthetic performances of this enzyme towards 1
have been widely investigated, while very little is known on
GA substrate specificity. We have found that an industrial GA
is very specific for the acyl moiety that has to be released, the
glutaryl derivatives being by far the best substrates"?. On the
other hand, this enzyme accepts a wide variety of “leaving
groups”. Not only N-glutarate of B-lactam derivatives, but
also N-glutaryl aminoacids as well as N-glutarylamides (aro-
matic and aliphatic) could be hydrolysed by GA, which, ad-
ditionally, showed a significant esterase activity. More
notably, GA-catalysed hydrolyses were highly enantioselec-
tive, as exemplified with the racemic compounds 3-6 .

GLUTARIC

CooH

R (e] (o]
@)\Xw(}l{
3-6

S
7 NCH,O0 A
COOH

2

3 R=COOCH3, X =NH
4 R=CH; X =NH

5 R=COOCH; X=0
6 R=CH; X=0



Chem. Listy 97, 363-520 (2003)

REFERENCES

1. Raimondi S., Forti L., Monti D., Riva S.: Tetrahedron:
Asymmetry 14, 1091 (2003).

2. Raimondi S., Monti D., Pagnoni U. M., Riva S.: Advan-
ced Synthesis & Catalysis, in press.

P100 SUBSTRATE TOLERANCE
OF GLUTARYL ACYLASE
PETER GRUNDMANN and WOLF D. FESSNER
Institut fir Organische Chemie und Biochemie, Technische

Universitat Darmstadt, Petersenstr. 22, D-64287 Darmstadt,
Germany, e-mail: peter.grundmann@gmx.de

Keywords: glutaryl acylase, substrate tolerance

Glutaryl acylase (GA) is an enzyme that belongs to the
Ntn hydrolase superfamily and exhibits a close structural re-
lationship to penicillin G acylase (PGA)*. GA is of technical
importance for the generation of 7-aminocephalosporanic
acid (7-ACA) (1) from natural Cephalosporin C produced by
fermentation?®. Despite its commercial availability, applica-
tions of GA in synthetic organic chemistry are lacking so far.

Cephalosporin C

y

D-amino acid
oxidase

H

HO N S glutaryl  HoN, S
M \ET/ acylase \ET/
(0] O N~ OAc N~ OAc
(0] (0]
CO,H COH

1

In this work we have investigated the substrate tolerance
of the GA from E. coli to evaluate its suitability for prepara-
tive applications, particularly for racemate resolutions of
chiral amines or alcohols, or for enzymatic protective group
chemistry. For this purpose, several series of substrate ana-
logs were screened by small-scale preparative reactions.
Structural variations included amines and alcohols with dif-
ferent aromatic, aliphatic, or multiply substituted side chains.
Additionally, the acyl moiety was investigated for acceptance
of structural variations. The investigation furnished a fluoro-
genic substrate that proved suitable for sensitive assays in
high-throughput mode for screening of GA activity.
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Aminoacylase | (N-acyl-L-amino-acid amidohydrolase,
E.C. 3.5.1.14) is a readily available and inexpensive enzyme
with a relaxed substrate specificity® that is used in the indus-
trial production of enantiopure L-amino acids from their
N-acyl derivatives®®. In organic and water-organic medium
aminoacylase was shown to be able to mediate the reverse re-
action, acylation of L-amino acids, and also to perform the
enantioselective irreversible acyl transfer from activated acyl
donor to alcohols and amines. In general, typical substrate
for the aminoacylase-catalyzed reactions can be presented by
structure (1). Until now, near all scientific and industrial
applications of aminoacylase-family exploited the ability of
these enzymes to cleave or synthesise the N-acyl bond of
amino group (R, moiety).

In presented investigation we have shown several princi-
pally new abilities of Aminoacylase | — family enzymes to
perform the enantioselective conversions of the carboxyl de-
rivatives of different amino compounds (R, moiety of struc-
ture 1). Particularly, aminoacylase was shown to be able to
hydrolyse the amides and esters of natural and non-natural
amino acids (including beta-amino acids) with surprisingly
high enantioselectivity. The reaction rates of these conver-
sions are comparable, and in some cases much faster, than
hydrolysis of “traditional” for aminoacylase N-acetyl deriva-
tives of corresponding compounds.

We believe that presented invention can be of high inte-
rest for the development of new effective and inexpensive
methods for the obtaining of optically active amino com-
pounds, including non-natural amino acids and their deriva-
tives.
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The new principal strategy of effective and enantioselec-
tive acylation of amines in agueous medium based on the
unique catalytic properties, stability and enantioselectivity of
relatively unknown penicillin acylase from Alcaligenes faecalis
has been suggested recently®. In contrast to lipase-catalyzed
acylation in organic solvents, acylation of reactive amines in
aqueous medium by Alcaligenes penicillin acylase is a very fast
and chemoselective process not accompanied by their sponta-
neous acylation and accumulation of by-products. Acylated
amine (active form) can be easily isolated and subjected to
the subsequent stereoselective deacylation by the same en-
zyme. Two enzymatic steps - acylation and deacylation can be
integrated into an original biocatalytic process for effective
production of both amine enantiomers. As a result double
chiral control is imposed at this type of biocatalytic resolu-
tion.

Detailed kinetic analysis of acyl transfer to racemic
amines catalyzed by Alcaligenes penicillin acylase in aqueous
medium helped to find out critical factors delimiting effecti-
vity of enzymatic acylation. At an adequate management
enzymatic acylation in aqueous medium appears to be very
effective for synthetic as well as for resolution purposes.
Using different acyl donors (phenylacetamide and its struc-
tural analogues R-phenylglycine amide, R- and S-mandela-
mide, which are totally stable to non-enzymatic hydrolysis
and do not spontaneously acylate amines) allowed improving
enantioselectivity and effectivity of acylation (synthesis/hy-
drolysis ratio and rate of enzymatic reaction). Examples of
nearly quantitative conversion (more than 95 %) of both
amine and acyl donor and extremelly enantioselective
(E = 1000) penicillin acylase-catalyzed acylation have been
documented. Resolution of chiral amines catalyzed by Alcali-
genes penicillin acylase in aqueous medium can become
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a practical alternative to the existing methods. The possibility
to exploit stabilized enzyme preparations for these purposes
has been examined.
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o-Aminonitriles are crucial intermediates in production
of corresponding amides and acids. Within the frames of nu-
merous applications of these compounds in fine chemistry
phenylglycinonitrile is of special interest since its derivative,
(R)-phenylglycine amide, serves as an acyl chain donor in
a biocatalytic ampicillin and cephalexin synthesis'. However,
each particular application demands only one enantiomer
and hence a problem of chiral resolution arises since o-ami-
nonitriles are available via Strecker reaction only in a racemic
form. The current strategies tackle this problem by using ni-
trilases or combining nitrile hydratases and amidases. The
former, nitrilases, perform enantioselective conversion of
a nitrile directly into carboxylic acid while the latter imply (as
a rule) nonspecific hydration of a nitrile to an amide with
consequent amidase-catalyzed hydrolysis of a single enantio-
mer®2. Despite a variety of strategies to cultivate strains, har-
boring activity towards given nitrile, are available*®, still
industrial applications of biocatalytic nitrile conversions are
handicapped due to the lack of properly formulated bioca-
talyst: immobilized cells are prone to loose activity when re-
cycling,® and purified enzymes are very capricious’. In
addition only low concentrations of substrates could be con-
verted by currently available techniques: the best examples
show productivity (the so-called space-time yield) of 0.1-0.3 kg
of product per m® of reactor space per hour, which is quite
low for industrial purposes*®. With respect to phenylglycino-
nitrile there have been a number of studies on nitrilase and
hydratase/amidase catalyzed resolution®®. It was shown, that
the latter approach works better with respect to yields and
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enantioselectivity. However, productivity of the process was
still moderate even at high catalyst loading®.

We suggest an alternative route of chiral phenylglycino-
nitrile resolution based on the enzymatic recognition of
o-amino- rather than nitrile-functionality. Namely, we have
found that the aminogroup of the nitrile could be acylated
enantioselectively and with nearly quantitative yield. For this
purpose penicillin acylase from E. coli, an enzyme, well
known for its affinity towards (S)-phenylglycine derivatives as
external nucleophiles'®™, was used with phenylacetic acid as
an acylating agent in an aqueous medium. Proposed
approach allows converting high substrate concentrations
and enables easy separation of non-reactive (R)-phenylglyci-
nonitrile from acylated (S)-form by simple filtration due to
very low solubility of the latter. As a result removal of
(S)-phenylglycinonitrile from the reaction sphere is almost
complete and irreversible, favoring kinetics of the process
and making possible high degrees of requested conversion.
Proposed approach is characterized by high space-time yield
and extends the scopes of enzymatic synthesis in an aqueous
medium.

We would like to acknowledge financial support by the Russian
Foundation for Basic Research (03-04-48472, 03-04-06307),
INTAS (2001-0673) and DSM Research.
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lonic liquids are recently explored as reaction media for
biocatalytic reactions’. The well-investigated hydrolytic enzy-
mes, such as lipases, proteases or glycosidases were chiefly
examined in this unconventional media®.

Our aim was to study the feasibility of using ionic liquids
as reaction media for two enzymes, which were up to now not
tested in this environment: namely penicillin G amidase
(penicillin G acylase, PGA, EC 3.5.1.11) and p-amino acid
oxidase (DAAO, EC 1.4.3.3).

Penicillin G amidases are involved in the industrial pro-
duction of semisynthetic penicillins and cephalosporins,
which remain the most widely used group of antibiotics®. We
examine the application of PGA in ionic liquids to overcome
some limitations of the conventional process. In the synthe-
sis of semi-synthetic penicillins the major drawback such as
substrate/product solubility and selectivity (ratio of hydrolysis
= synthesis) limits the process yield.

In the other part, the application of an immobilized
DAAO from Trigonopsis variabilis for racemate resolution of
D/L-amino acids in ionic liquids was investigated. Here, the
higher oxygen solubility in ionic liquids is advantageous, since
oxygen is a limiting factor in the aqueous system*.

The activity and operational stability of PGA and DAAO
in different ionic liquids as well as in organic solvents were
studied for comparison. The applied ionic liquids have a high
degree of purity, since ionic liquids with impurities caused
a pH-shift in the reaction medium (up to 5 pH units). For
both enzymes the following water miscible solvents were
used: [BMIM][OcSO,], [BMIM][BF,], dimethyl formamide
(additionally methanol for PGA and n-propanol for DAAO).
Further, DAAO was also investigated with water immiscible
solvents e. g. [BMIM][BTA], [BMIM][PF] and n-hexane.

We express our thanks to BC Biochemie, Kundl, Austria for
providing the immobilized DAAO, to our co-operation partner
Solvent Innovation GmbH, Kéln, Germany and the BMBF for
financial support.
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Different types of polymer magnetic beads — commercial
poly(vinyl alcohol) donated by “Chemagen”(Baesweiler,
Germany) and in house produced poly(methyl methacrylate-
divinylbenzene) and poly(vinyl acetate-divinylbenzene), were
activated with epoxy- or amino-spacer and tested as matrices
for covalent attachment of penicillin amidase (E. coli) as
a model system. The small size (1-6 um) of the particles, their
large surface area and practically non-porous nature result in
reduced mass transfer limitations during the processes cata-
lysed by enzymes immobilized onto them. Another advantage
is the easy separation of the immobilised biocatalysts after
completion of the reaction by mean of a magnetic field*. The
immobilisation conditions were varied to optimise the immo-
bilisation yield, stability and catalytic efficiency of the
attached penicillin amidase. Its catalytic properties were
characterised in hydrolytic and kinetically controlled synthe-
tic reactions? The enzyme immobilised onto poly(vinyl alco-
hol) magnetic beads has k_, for the hydrolysis of penicillin G
the same order of magnitude as the free enzyme. The K
value is higher compared to the free enzyme, but an order of
magnitude lower compared to enzymes immobilised on the
widely used larger (— 100 pm) porous carriers. The immobi-
lised penicillin amidase was tested as a catalyst for the kineti-
cally controlled synthesis of cephalexin from R-phenylglycine
amide and 7-aminodeacetoxycephalosporanic acid. Its selec-
tivity in the condensation reaction was higher compared to
the conventional carriers. Another important property of the
immobilised biocatalysts is their enantioselectivity®. For the
studies immobilised penicillin amidase was tested for the
condensation of R-phenylglycine amide with S- and R-phenyl-
alanine and for the hydrolysis of racemic penylacetyl-phenyl-
alanine. The enantiomeric ratio E was reduced compared to
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the free enzyme, but improved compared to enzyme immo-
bilised onto carriers with limited mass transfer.
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The metagenome constitutes a vast and almost un-
explored pool of new genes and, consequently, potential new
biocatalysts. We used microorganisms indigenous to different
types of soil and sediment as a source of DNA to construct
environmental gene banks in E. coli, which were subsequently
screened for clones encoding penicillin amidase activity. In
one case, DNA was isolated from soil without any interme-
diate cultivation step to preserve a high degree of genetic
diversity, which was demonstrated by DGGE analysis of the
starting material and the presence of various enzymatic
activities in the resulting gene bank®. When screening about
200 Mb of environmental DNA, clones exhibiting glucosidase
(2), B-lactamase (4), amylase (1), and amidase activity (2)
were found. To possibly reduce the number of clones required
to find one of our actual target enzymes, DNA was also iso-
lated from enrichment cultures, in which one single or a mix-
ture of different aromatic and non-aromatic acetamide and
glycine amide derivatives were supplied as sole nitrogen
source. Amplified gene libraries were searched, using a three-
-step screening procedure that started with growth selection
of amidase-expressing clones (= 200,000 individual clones in-
put), followed by colorimetric screening of positives in micro-
titer plates (300 clones), and a final round of HPLC analysis,
in which a limited number of different clones (7) were tested
for their capacities in B-lactam antibiotic synthesis.

This procedure, although carried out on a relatively small
scale, resulted in the isolation of 7 new amidases including
one with penicillin amidase activity. Results from sequence
analysis and detailed biochemical and kinetic characteriza-
tion of the recovered enzymes will be presented.
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Penicillin acylase of Escherichia coli is capable of hydro-
lyzing the antibiotic Penicillin G into phenylacetic acid and
6-aminopenicillanic acid (6-APA), but the enzyme can also be
used in the reverse reaction, thus the coupling of a synthetic
acylgroup to 6-APA. The aim of this project is to improve
these synthetic properties, so penicillin acylase can be used
more efficient in the production of semi-synthetic antibiotics.

To achieve this goal we used family-gene shuffling* combi-
ned with error prone PCR. In this directed evolution experi-
ment the 3 genes of Escherichia coli, Kluyvera cryocrescens
and Providencia rettgeri were used. These genes encode pro-
teins that have more then 60 % sequence identity.

To check if our protocol resulted in hybrids between the
different genes, we have performed a DNA-restriction with
Rsal. The three genes show a different pattern on an agarose
gel after restriction. Four out of 15 randomly picked trans-
formants had a restriction pattern that suggests the shuffled
genes are hybrids. DNA sequencing confirmed that these
four genes are indeed hybrid genes.

Gene shuffling generates a large number of mutants and
to find improved mutants efficient selection and rapid scree-
ning methods are of utmost importance. To eliminate scree-
ning of inactive mutants a growth selection is used. The
screening is done with the use of HPLC coupled to an pipet-
ting robot. Screening resulted in three enzymes with im-
proved synthetic properties. These enzymes have better
synthesis over hydrolysis ratio, while retaining the high acti-
vity of the wild type enzyme. With the means of site-directed
mutagenesis also mutants with better a better synthesis over
hydrolysis ratio have been made, but all of these mutants
have a 10-fold reduced activity.

Family-gene shuffling proves to be a good way to make
penicillin mutants with improved synthetic properties, while
retaining the high activity of the wild type enzyme.
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Among industrially employed enzymes, penicillin acyla-
se is one of the most widely studied and used, since the
B-lactam antibiotics industry has replaced the traditional
chemical multistep process for the production of 6-amino-
penicillanic acid by an enzymatic one, just using penicillin
acylase (PA). The most common source of commercially
available penicillin acylase is Escherichia coli (PA-EC),
though the same enzyme from Alcaligenes faecalis (PA-AF)
has recently received attention in the literature®™, especially
for its high synthetic efficiency in enantioselective synthesis
and its high thermostability.

Since up to date no crystallographic data are available for
PA-AF, a tridimensional model of PA-AF was built up by
means of homology modelling using three different crystal
structures of penicillin acylase from various sources. An in
silico selectivity study was performed to compare this homo-
logy model to the PA-EC in order to point out selectivity dif-
ferences between the two enzymes. The GRID/PCA
technique, that conjugates molecular mechanics with multi-
variate analysis and was originally thought for drug design,
was applied to identify the regions of the active sites where
the PAs potentially engage different interactions with ligands.
GRID/PCA method is able to point out differences and also
to evaluate their entity (nature and strength) after having
cleared away the “noise” of non-significant differences. It
proved to be a very effective tool for the comparison of the
two structures on a rational basis, while speeding up the com-
putational analysis. The structural differences pointed out by
GRID/PCA were further analysed and confirmed by mole-
cular docking simulations. The PA-AF homology model pro-
vided the structural basis for the explanation of the different
enantioselectivity of the enzyme previously demonstrated ex-
perimentally and reported in the literature. Furthermore,
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a different selectivity towards the 4-hydroxyphenylacetic re-
sidue was predicted on the basis of a change in the aminoacid
sequence in position B:67.

The PA-AF tridimensional homology model represents
a valuable tool for fully exploiting this attractive and efficient
biocatalyst, especially in enantioselective acylations of
amines.
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With recent progress in sequencing of whole genomes,
a large amount of data has become available that can be
screened for promising genes encoding biotransformation
enzymes. We have explored enzymes that share the same
canonical a/B-hydrolase fold and contain a Ser/Asp-His-Acid
catalytic triad. The different families were distinguished using
multiple sequence alignments and phylogenetic analysis. This
analysis was done using both sequences of well-characterised
proteins and sequences obtained with a BLAST search using
as a query the amino acid sequence of an enzyme of known
function. The focus was on epoxide hydrolases, since they can
be used in kinetic resolutions of epoxides and are therefore
of interest to biocatalytic applications.

The multiple sequence alignments and phylogenetic ana-
lysis revealed that at least three families of epoxide hydrola-
ses can be distinguished in addition to three families of
proteins that consist only of putative sequences that share the
conserved residues and motifs of epoxide hydrolases. The
motifs present were the Asp-His-Asp catalytic triad, at least
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one putative ring-opening tyrosine, and the G-x-G-x-S and
H-G-x-P motifs.

To test their suitability in biocatalytic applications, some
genes of a subclass of family 2, to which also the plant and
mammalian cytosolic epoxide hydrolases belong, were cloned
as a Maltose Binding Protein (MBP) N-terminal fusion and
expressed in Escherichia coli, in order to prevent possible
inclusion body formation and facilitate purification. The pu-
tative epoxide hydrolases from Bacillus subtilis (Bsueh),
Deinnococcus radiodurans (Draeh) and Nostoc punctiforme
(Npuehl) all showed activity towards pNSO and/or pNPGE
with opposite enantiopreference as compared to the well-
studied epoxide hydrolases from A. radiobacter AD1 (ref."),
Aspergillus niger’ and Rhodotorula glutinis®. One example of
an enantioselective conversion of phenyl glycidyl ether with
the same enantiopreference as the three newly cloned en-
zymes is the whole cell biocatalyst Bacillus megaterium
ECU1001 (ref.?). These results show that in addition to
screening of large culture collections of microorganisms for
epoxide hydrolase activity, the in silico available sequence
space can be successfully screened for new enantioselective
epoxide hydrolases with complementing stereospecific pro-
perties as compared to many of the well known cloned micro-
bial enzymes.
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Studies aimed to immobilise the Aspergillus niger epoxide
hydrolase were performed'. The use of conventional
approaches — i. e. of commercially available supports and
classical methodologies — only led to low stabilisation and un-
satisfactory enzymatic activity recovery. Therefore, a new
strategy based on the use of a “second generation” type of
support allowing multi-point covalent immobilization —i. e.
Eupergit C activated with ethylene diamine (Eupergit C/
EDA)? and of an adequate experimental procedure, allowed
to prepare an immobilized biocatalyst with 70 % retention of
the initial enzymatic activity and a stabilisation factor of
about 30. Interestingly, this biocatalyst also led to a noti-
ceable increase of the E value for the resolution of two test
substrates — i. e. styrene oxide and p-Cl-styrene oxide. This
was improved from about 25 to 56 and from 40 to 100, respec-
tively. A typical repeated batch experiment indicated that the
thus immobilized enzyme could be re-used for over 12 cycles
without any noticeable loss of enzymatic activity and enantio-
selectivity. This therefore opens the way to the use of an
“heterogeneous” methodology for achieving the preparation
of various enantiopure epoxides via biocatalysed hydrolytic
kinetic resolution.
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In this presentation we describe a high performance pre-
parative scale resolution of rac-1 — at a very high substrate
concentration (i. e. 500 g.I™*, 2.5 M) — using the fungal Asper-
gillus niger epoxide hydrolase®. This affords both (S)-chloro-
epoxide 1 and (R)-chloro-diol 2 in enantiopure form®. The
thus obtained products both allow the formal synthesis of the
enantiopure eutomer of D0870, an efficient bis-triazole anti-
fungal agent®.

cl
\ OH

F F
0 ® ‘on
e /\ + g > D0870

A.niger EH,

—_———
plain water

S F

Cl

rac-1

500g1"  (2.5M)

1

2

During the scale up of this bioreactor, a surprising re-
action rate enhancement was observed at high substrate con-
centration. A comparative study with the enzymatic
resolution of styrene oxide using the same enzyme showed
that the formed diol 2 was a strong activator.
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The general objective of our work is to develop efficient
biocatalytic approaches for the synthesis of enantiopure
epoxides (or vicinal diols) by performing the hydrolytic kine-
tic resolution of racemic epoxides using an epoxide hydrolase
(EH).
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Glycidyl dialkyl acetals are very interesting chiral building
blocks because these molecules are bearing two chemically
different reactive sites, i. e. an oxirane ring and a protected
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aldehyde moiety. They have been used as C3 chirons to car-
ry out the synthesis of various bioactive compounds like for
example azasugars, nucleoside derivatives or glycosidase in-
hibitors. In this presentation we propose a preparative scale
enzymatic process, implying an epoxide hydrolase as bioca-
talyst, to synthetise these compounds in enantiopure form.

N
0]
OR | ooes sugar and
o ® azasugars
OR 4. niger N OR > 77777777 nucleoside
EH derivatives
HO OH
OR S 0OR | o, - glycosidase
©®) inhibitors
OR Y,

The biocatalyzed hydrolytic kinetic resolution of some
glycidyl dialkyl acetals i. e. ethyl-, isopropyl- and 2,2-dime-
thylen acetals derivatives by the Aspergillus niger epoxide hy-
drolase has been explored"? A comparative study using
whole cells, crude extracts of the wild type strain, as well as
partially purified recombinant (immobilized) enzyme to hy-
drolyse these substrates has been carried out. From this study
it appeared that the preparation of the two enantiomers of
these products could be easily achieved at a very high sub-
strate concentration (=200 g.I™"). A preparative multi-gram
scale resolution showing the feasibility and the interest of this
enzymatic process will be described.
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Chiral epoxides and vicinal diols are high-value inter-
mediates for the synthesis of biologically active pharmaceu-
tical compounds. In the last years, a great interest has been
devoted to biocatalytic approach involving the hydrolytic acti-
vity of epoxide hydrolases (EC 3.3.2.3) to prepare these
important building blocks in enantiopure form'. The enzy-
matic way is an interesting alternative approach to the chemi-
cal methods to obtain enantiopure epoxides. A research work
done in our laboratory has demonstrated that epoxide hydro-
lase (EH) from the Aspergillus niger is a very interesting
biocatalyst with high activity and enantioselectivity on deri-
vatives of styrene oxide®. Bioconversions at a multi-gram
scale have been demonstrated using the free enzyme*. How-
ever, the enzyme was not stable in these conditions and no
recycle was possible. The lack of biocatalyst recovery ham-
pered the practical use of the process at higher scale level.
Thus, the EH from Aspergillus niger was immobilized as
a mean to get an easy enzyme recovery, as a goal to obtain
a more stable biocatalyst and as a way to run continuous re-
actors®. Simple immobilization by adsorption onto DEAE-
-cellulose was used in this study and EH activity was tested by
hydrolysis of racemic para-chlorostyrene oxide pCSO. The
protein loading varied from 2 to 50 mg.g™ of support. The
retention of activity was 70 % in the range of 2-10 mg.g™ of
immobilized proteins and further decreased due to diffu-
sional limitations. The optimal amount of 10 mg.g™ was se-
lected, in these conditions the immobilization yield on activity
was 99 %. Analysis of the adsorption isotherm of EH onto
DEAE-cellulose using the Langmuir model resulted in the
following constants: K, = 12.7 mg.ml™, [A] max = 124 mg.g™
which suggested that the enzyme had a high affinity for the
support. The temperature where the activity was maximal
(40 °C) and the activation energy (38.8 kJ.mol™) for the im-
mobilized EH were similar to those for the free EH. The
effect of temperature on enzyme stability showed no clear
stabilization upon immobilization. The optimal pH was about
one unit less (6.5 and 7.5) for the immobilized EH than for
the free enzyme. This difference was explained by a micro-
environmental effect due to the positive charges of the
DEAE cellulose.

The diminution of the specificity constant, k /K, ., for
pCSO after immobilization came from variations of both
Kyvape COMpared to k.. The immobilization slightly affected
the enantioselectivity of EH as well as temperature of reac-
tion with E =29 at 27 °C and E = 60 at 4 °C. The operational
half-life of the immobilized EH in continuous packed-bed
reactor at 4 °C was 27 days (substrate concentration of
4 mM). This catalyst was tested in repeated batches to
achieve the resolution of racemic pCSO in monophasic and
biphasic conditions. At 4 mM (monophasic system) signifi-
cant recovery of activity (80 %) was observed after 7 runs.
More interestingly, from a preparative point of view, at
a concentration of 2M (306 g.I™, biphasic condition) a high
enantiomeric excess of the residual epoxide could be always
reached after seven cycles, the reaction time being only in-
creased from 4 to 30 h.
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Optically pure epoxides are important building blocks for
the production of a wide range of pharmaceutical com-
pounds. Besides synthetic methods using asymmetric cataly-
sis, some biocatalytic methods have been described. We
investigated biocatalytic applications of two enzymes ob-
tained from the epichlorohydrin degrading bacterium Agro-
bacterium radiobacter AD1. Two enzymes are involved in the
degradation of epichlorohydrin, an epoxide hydrolase (Fig. 1,
steps a and ¢), and a halohydrin dehalogenase (step b). Halo-
hydrins can be considered as direct precursors of epoxides
since ring-closure of an optically pure halohydrin generally
yields an optically pure epoxide.

OH OH

O (0}
Cl Lo \)\/ b > HO ¢ J\/
Q\/ +H,0 HO - HCI \/Q +H0 HO OH

Fig. 1. Degradation route of epichlorohydrin by Agrobacterium radio-
bacter AD1 by epoxide hydrolase (a, c), and halohydrin dehalogenase

(b).

Both enzymes have been brought to overexpression ma-
king them available in large quantities for biocatalytic appli-
cations. With the epoxide hydrolase several optically pure
aromatic epoxides can be obtained by kinetic resolution with
moderate to high enantioselectivity. Aliphatic epoxides such
as epichlorohydrin were converted without any enantioselec-
tivity.
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The halohydrin dehalogenase enantioselectively dehalo-
genated 2,3-dihalo-1-propanols and aromatic halohydrins
such as 2-chloro-1-phenylethanol. Because of the reversibility
of the enzyme action, epoxide hydrolase was added to draw
the kinetic resolutions to completion. In this way an
e. e. > 99 % was reached for all tested halohydrins. This high
activity and enantioselectivity of a halohydrin dehalogenase
towards aromatic halohydrins has not been described before.

Using the chromogenic substrate p-nitrostyrene oxide, we
determined the activity and equilibrium constant of the re-
versible ring opening with a variety of halides and nucleo-
philes. The halohydrin dehalogenase catalysed the highly
enantioselective (E > 200) and regioselective azidolysis of
substituted styrene oxides. The high B-regioselectivity (=95 %
B-selective) of the enzyme-catalysed reaction is opposite to
the observed selectivity in the non-catalysed azide ion ring
opening. We have also examined two distinct halohydrin de-
halogenases from other organisms in this investigation. The
recombinant enzymes from Mycobacterium sp. GP1 and
Arthrobacter sp. AD2 also catalyzed the azidolysis of p-nitro-
styrene oxide, but the E-value was lower than 5.
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Halohydrin dehalogenases, which catalyze the conversion
of halohydrins to the corresponding epoxides, have been
purified from several bacterial strains. Due to their high
enantioselectivity, these hydrolytic enzymes represent pro-
mising biocatalytic tools.

T A
R—C—C—H et R—C—C—H + HX
H H H H

Recently we have cloned the gene encoding the halo-
hydrin dehalogenase from A. radiobacter AD1 (HheC)* The
kinetic mechanism of HheC has been studied by steady state
and pre-steady state kinetic analysis®. The halide release step
was identified as the slowest step in the catalytic cycle. X-ray
crystallographic data of the enzyme reveals that Trp249,
Tyr187, and Asn176 form hydrogen bonds, which can modu-
late halide release. In order to investigate the effect of these
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residues on the catalytic activity of the enzyme, several mu-
tants have been constructed (W249F, Y187F, N176A, and
N176D). Steady-state Kinetic studies revealed that, compared
with wild-type enzyme, several mutants displayed a higher k ,
value with some tested substrates. Moreover, stopped-flow
fluorescence experiments showed that both binding and re-
lease of halide with these mutant enzymes is much faster than
with wild-type HheC. Interestingly, it was found that also the
enantioselectivity towards p-nitro-2-bromo-1-phenylethanol
could be significantly improved by one of these mutations.
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Haloalkane dehalogenases (E.C. 3.8.1.5) utilize water as
the only co-substrate to transform haloalkanes into inorganic
halides and alcohols. The industrial production of halo-
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carbons and the persistence of these compounds in the envi-
ronment has lead to interest in dehalogenating enzymes for
bioremediation purposes. Dehalogenase-containing bacteria
are being used as an inoculum in the bioreactor for decon-
tamination of ground water polluted by 1,2-dichloroethane®.
Technologies utilising the haloalkane dehalogenases for re-
moval of side-products from chemical synthesis of propylene
oxide, epichlorohydrin and butylene oxide® and for biosensors
allowing on-line monitoring of the presence of halogenated
contaminants in the environment are under development.
Catalytic properties and thermostability of natural enzymes
is not optimal for these practical applications.

This project aims to study structure-function relationships
and rationally re-design haloalkane dehalogenases. The ma-
jor objectives of the project are: (i) to understand the struc-
tural determinants of catalytic activity and substrate
specificity of these enzymes, (ii) to design mutant proteins
with modified catalytic properties, (iii) to construct such
mutants using DNA-recombinant technology and (iv) to
characterise them structurally and functionally. To meet these
objectives, theoretical (i. e., bioinformatics, computer model-
ling) and experimental (i. e., molecular biology, enzymology
and X-ray crystallography) methods are being employed in
parallel. The presentation will demonstrate the benefits of
such a combined approach not only for the construction of
more efficient biocatalysts, but also for better understanding
of fundamental principles of enzymatic catalysis that are
applicable also to other enzymes®”.

REFERENCES

1. Stucki G., Thuer M.: Environ. Sci. Technol. 29, 2339
(1995).

Swanson P. E.: Curr. Opin. Biotech. 10, 365 (1999).
Bohac M., Nagata Y., Prokop Z., Prokop M., Monin-
cova M., Tsuda M., Koca J., Damborsky J.: Biochemistry
41, 14272 (2002).

Bosma T., Damborsky J., Stucki G., Janssen D. B.: Appl.
Env. Microbiol. 68, 3582 (2002).

Otyepka M., Damborsky J.: Prot. Sci. 11, 1206 (2002).
Oakley A. J., Prokop Z., Bohac M., Kmunicek J., Jedlic-
ka T., Monincova M., Kuta-Smatanova I., Nagata Y.,
Damborsky J., Wilce M. C.J.: Biochemistry 41, 4847
(2002).

Nagata Y., Prokop Z., Marvanova S., Sykorova J., Monin-
cova M., Tsuda M., Damborsky, J.: Appl. Env. Microbiol.,
in press.

2.
3.



Chem. Listy 97, 363-520 (2003)

P117 APPLICATION OF DEGENERATE
OLIGONUCLEOTIDE GENE SHUFFLING
FOR CONSTRUCTION OF HYBRID
HALOALKANE DEHALOGENASE

ANDREA JESENSKA!, YUJI NAGATA",
and JIRl DAMBORSKY®

“National Centre for Biomolecular Research, Faculty of Science,
Masaryk University, Kotldrskd 2, Brno, 611 37, Czech Republic,
e-mail: andreaj@chemi.muni.cz; "Department of Environmen-
tal Life Sciences, Graduate School of Life Sciences, Tohoku
University, Sendai 980-8577, Japan

Keywords: haloalkane dehalogenase, in vitro recombination,
construct, substrate specificity

Halogenated organic compounds constitute one of the
largest groups of environmental pollutants as a result of their
widespread use in industry and agriculture. Haloalkane de-
halogenases hydrolytically convert halogenated aliphatic
compounds to corresponding alcohols. Enhancement of cata-
lytic properties of environmentally important enzymes using
in vitro evolution techniques is one of the obvious goal of bio-
technology.

Our study was undertaken to construct and preliminary
characterise hybrid haloalkane dehalogenases. Four genes
cloned from different bacteria were used in this study: dhlA
cloned from Xanthobacter autotrophicus GJ10 (ref."), linB
from Sphingomonas paucimobilis UT26 (ref.?), dhaA cloned
from Rhodoccous erythropolis NCIMB13064 (ref.?) and dhmA
from Mycobacterium avium N85 (ref.*). Considering relatively
low level of homology among parental genes, Degenerate
Oligonucleotide Gene Shuffling techniques was selected as
an effective tool for of haloalkane dehalogenase genes®.

Altogether twelve different combinations were construc-
ted using one pair of degenerate oligonucleotides, cloned
into pAQN vector and hybrid proteins were overexpressed in
Escherichia coli BL21(DE3). Preliminary screening of deha-
logenating activity was conducted with resting cells and six
substrates representing different classes of halogenated
aliphatic compounds. Four out of twelve hybrid proteins keep
good expression and ten proteins showed obvious catalytic
activity. Some hybrid proteins showed dehalogenating activity
despite of changes in position of catalytic residues within the
active site. Comparison of relative activities determined for
the hybrid enzymes with the activities of wild type enzymes
suggests that constructs do not possess novel substrate speci-
ficities.

Work on more efficient expression systems to obtain
higher expression level of hybrid haloalkane dehalogenase is
under progress recently.
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Steady-state and transient-state kinetic methods were
applied to solve reaction pathway, to identify reaction inter-
mediate and to specify the rate limiting step of catalytic
action of haloalkane dehalogenase LinB from bacterial strain
Sphingomonas paucimobilis UT26 (ref.'). The steady-state
experiments involved direct monitoring of LinB activity by
isothermal titration calorimetry and initial rate of product
formation measurements using gas chromatography. Stopped-
-flow fluorescence and rapid-quench-flow techniques were
applied for the transient-state kinetics measurements. Addi-
tionaly, steady-state inhibition experiments and transient-
state binding experiments were employed to find out leaving
ability of both products (halide and alcohol) during dehalo-
genation reaction.

The results showed that export of products as well as im-
port of substrates into the active site of LinB are fast proces-
ses reaching rapid equilibrium. This fast exchange of the
ligands between the active site and bulk solvent can be ex-
plained by wide opening of the entrance tunnel and large
active site of LinB. In contrary, the release of the halide ion
from narrow active site after the reaction was found to be
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slow rate limiting step for another haloalkane dehalogenase,
enzyme DhIA from Xanthobacter autotrophicus GJ10 (ref.?).
The actual cleavage of the carbon-halogen bond was found to
be fast step in both enzymes. Further the results confirmed,
that the reaction proceeds via a covalent alkyl-enzyme inter-
mediate. Using bromocyclohexane, chlorocyclohexane and
1-chlorohexane as model substrates, hydrolysis of this inter-
mediate was found to be the slowest step in the catalytic cycle
of LinB. The alkyl-enzyme complex was highly accumulated
due to the fast dehalogenation step following the slow hydro-
lyses of this intermediate. The study provides a basis for the
analysis of kinetic steps in hydrolysis of environmentally im-
portant substrates by the action of LinB.
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The chiral intermediate R-phenylacetylcarbinol (PAC) is
the precursor in the production of ephedrine and pseudo-
ephedrine. Commercially, it is synthesized through biotrans-
formation of benzaldehyde and pyruvate by fermenting yeast
Saccharomyces cerevisiae. Alternative use of a cell free sys-
tem, e. g. Candida utilis pyruvate decarboxylase (PDC), has
the advantage of higher PAC yields and concentrations. For
both options, issues regarding PDC stability, activity and by-
-product formation are still of key concern.

This study investigates PDC from 4 yeast strains i. e.
C. utilis, C. tropicalis, commercial PAC producer S. cerevisiae
and thermotolerant Kluyveromyces marxianus. PDC was pro-
duced and investigated with respect to PAC production as
well as stability at 23 °C using whole cell and/or crude extract
preparations as catalysts.
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All strains were grown in shake flasks with 90 g.I* glucose
medium and harvested when glucose concentration fell below
10 g.I"%, which was within 10-15 hours. Between 120 and
250 U PDCl/g dry cell weight were produced.

PAC production in an aqueous/organic two-phase system
with whole cells at 23 °C resulted in the highest PAC concen-
tration with C. utilis and in the lowest by-product acetoin for-
mation with C. tropicalis. In a single phase system, cell free
C. tropicalis PDC also formed the lowest amount of by-pro-
duct acetoin. Lower acetoin formation in both systems indi-
cates that the formation of this by-product is a characteristic
of the PDC itself.

C. utilis and S. cerevisiae PDC were very stable with half-
-lives of nearly two weeks at 23 °C. The half-lives were even
slightly longer in whole cells. In contrast C. tropicalis PDC
was very unstable (half-life 3 days in crude extract and less
than one day in whole cells). The deactivating effect of
50 mM benzaldehyde was confirmed, generally reducing the
half-lives by 50 % or more. K. marxianus PDC was stabilized
by the addition of protease inhibitors while these had no in-
fluence on PDC stability for the other strains.

In summary, C. utilis PDC was confirmed to be the best
catalyst for PAC production with high stability (half-life of
nearly two weeks at 23 °C) and highest final PAC concentra-
tions. C. tropicalis PDC had the advantage of lower by-pro-
duct acetoin formation but was very unstable and yielded less
PAC.

P120 IMPROVED PRODUCTION OF Candida utilis
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R-phenylacetylcarbinol

Pyruvate decarboxylase (PDC) catalyses the decarboxyla-
tion of the glycolysis end product pyruvate to acetaldehyde
and carbon dioxide as the penultimate reaction of ethanol
fermentation. This same enzyme is used industrially in the
synthesis of enantiomerically pure R-phenylacetylcarbinol
(R-PAC), which is the precursor for the chemical synthesis of
ephedrine and pseudoephedrine.

After a comprehensive screen of PDC from various
sources (Rosche et al 2003, submitted for publication), Can-
dida utilis PDC is currently regarded as the best enzyme for
biotransformation in terms of enzyme stability and R-PAC
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concentration. Since R-PAC production depends on the acti-
vity of the PDC enzyme, it is of interest to optimise PDC pro-
duction for the biotransformation. Higher PDC activity level
will be beneficial as it can enhance R-PAC production and
contribute significantly in the development of an economi-
cally competitive process.

Candida utilis PDC enzyme production was carried out in
51 batch and fed-batch bioreactors under controlled condi-
tions using minimal medium. A preliminary study on PDC
production was carried out in shake flasks with low agitation
and limited buffering. The final PDC carboligase activity of
333 U.g™ dry cell was higher than previously achieved activity
of 86 U.g™ dry cell (Sandford et al. 2003, submitted for pub-
lication). The aim of this study is to determine and optimise
conditions for PDC production in a bioreactor.

This project was focusing on the effect of aeration and pH
to PDC production. Decreasing aeration in comparison to
the previously established protocol (aerobic growth phase
followed by a fermentative phase) resulted in an increase of
PDC activity to 160 U.g™ dry cell when one third of glucose
was consumed. Afterwards the PDC activity remained con-
stant throughout the process. However, when the culture was
allowed to shift pH from 6.0 to 2.9 at this time point, the PDC
carboligase activity was drastically increased to 335 U.g™ dry
cell at the end of the process with a biomass of 9.1 g-DCW.I™,
The drop in pH was caused by the yeast, and most likely by
the secretion of pyruvic acid.

In order to investigate if there is an optimum pH for PDC
production, three identical bioreactors were set up in parallel
at constant pH of 3, 4, and 5. The resultant PDC carboligase
activities had shown no significant differences to each other
and to a process at pH 6. This is strong evidence that not the
pH itself, but the pH shift was responsible for the increased
PDC activity.

P121 LACTATE RACEMASE AS A VERSATILE TOOL
FOR THE RACEMIZATION
OF a-HYDROXYCARBOXYLIC ACIDS

SILVIA M. GLUECK, MONIKA PIRKER,
BARBARA SCHNELL, WOLFGANG KROUTIL,
and KURT FABER
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University of Graz, Heinrichstrasse 28, A-8010 Graz, Austria,
e-mail: si.glueck@stud.uni-graz.at
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The transformation of a racemate into a single stereoiso-
meric product in 100 % theoretical yield has become a prime
target for the industrial production of chiral nonracemic
materials'. One powerful method to reach this goal makes
use of a stepwise kinetic resolution which is based on the en-
zyme-catalyzed racemization of the non-reacted enantiomer.
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Thus both enantiomers of a racemate can be converted into
the desired product in 100 % theoretical yield”.

OH H

chiral
catalyst
PN >

R” DCo,H

lactate
racemase

CO,H

wnQ

desired Product

R 100% theoretical yield

Previous studies have shown that mandelate racemase is
a versatile tool for the biocatalytic racemization of B,y-un-
saturated a-hydroxy acids. However, aliphatic o-hydroxycar-
boxylic acids are not accepted®. In order to circumvent this
limitation, we were aiming at the enzymatic racemization of
aliphatic substrate analogues. A screening for lactate race-
mase activity was initiated starting from scarce literature
data®®. In our ongoing screening for lactate racemase activity
we identified several active strains possessing a desired broad
substrate spectrum for o-hydroxycarboxylic acids, which
could not be transformed by mandelate racemase.

This work was performed within the Spezialforschungs-
bereich Biokatalyse (project # F-115) and financial support by
the FWF (Vienna) is gratefully acknowledged.
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Aldolases have attracted the interest of organic chemists
because their ability to catalyze the formation of C-C bonds
by an aldol addition reaction between an aldehyde and a ke-
tone, with a high degree of stereochemical control’. Dihydro-
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xyacetone phosphate (DHAP)-dependent aldolase produce
2-keto-3,4-dihydroxy adducts and, with some exceptions?,
they control the configuration of the newly formed stereoge-
nic centers. An additional advantage of these enzymes is that
they are stereocomplementary, that is, their use allows the
synthesis of the four possible diaestereoisomers for a given
pair of substrates. DHAP-dependent aldolases have shown
their utility in the synthesis of carbohydrate, carbohydrate-
-like structures or non-carbohydrate compounds.

One limitation of these enzymes is that they practically
only accept DHAP as donor substrate. DHAP to be used as
aldolase substrate can be efficiently obtained by chemical®
and enzymatic* synthesis. Recently, it has been shown that
DHAP can be also produced by enzymatic phosphorylation
of dihydroxyacetone (DHA) catalyzed by the enzyme dihy-
droxyacetone kinase (DHAK) from Schizosaccharomyces
pombe®.

Here, we describe a new multi-enzymatic system for one-
-pot C-C bond formation, based in the use of a recombinant
DHAK from Citrobacter freundii. Thus, DHA phosphoryla-
tion is coupled with the aldolic condensation catalysed by the
DHAP-dependent aldolase. The multi-enzymatic system is
completed with the in situ regeneration of ATP catalysed by
acetate kinase.
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Aminotransferases are becoming useful catalysts for the
stereoselective synthesis of rare or non-proteinogenic amino
acids'. This emergence is due to the variety of aminotrans-
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ferases available and to their broad substrate specificity.
Furthermore, these enzymes are characterised by high turn-
over numbers and do not require external cofactor recycling.
However, aminotransferases catalyse equilibrated reactions
and this drawback has to be overcome for biotechnological
applications.

Our studies in this field are focused on the production of
L-glutamic acid (Glu) analogues. Indeed, Glu is widely
accepted as the major excitatory transmitter within the cen-
tral nervous system where it acts at multiple subtypes of iono-
tropic and metabotropic receptors?. Glu analogues behaving
as selective agonists or antagonists are helpful to elucidate
the properties of these receptors® and could even bring some
therapeutic effects. New methodologies to access this class of
compounds have attracted considerable attention from
chemists researchers in recent years.

We have developed a chemo-enzymatic approach based
on transamination of a-ketoglutaric acid (KG) analogues
catalysed by aspartate aminotransferase (AAT, EC 2.6.1.1)*
A close analogue of aspartic acid (cysteine sulfinic acid) is
used as the amino donor substrate thus providing a shift of
the transamination equilibrium and simplifying glutamic
acids isolation.

o r o Rr' o
Aminotransferase
HO OH —— > HO : OH
o R NH, R’
KG analouge L-Glu analouge

Fig. 1. Production of L-Glu analogues by enzymatic transamination

We have designed efficient methods for the chemical syn-
thesis of diversely substituted KGs. Most of these analogues
are readily converted into L-glutamic acids with AAT from
porcine heart or E. coli. Surprisingly, this enzyme presents
a broad substrate specificity, specially towards 4-substituted
KGs bearing alkyl or polar functionalised groups. Further-
more, AAT shows a marked enantioselectivity for most sub-
strates which allows the kinetic resolution of racemic
substituted KGs.
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Alcohol oxidase (AO) has been isolated from several
yeast sources. It was found that AO from methylotropic yeast
Pichia pastoris has the most wide substrate specificity. Nu-
merous primary alcohols may be oxidized to the correspon-
ding aldehydes by using this enzyme as a catalyst™.

We present here oxidation of monomethylethers of
poly(ethylene glycols) catalyzed by AO from P. pastoris:

Alcohol oxidase
o] OH + O ———> O H + H
H3C/ \EAO}/\/ 2 H3C/ %th L0,
n nog
1 2

Relative initial rates of the oxidation reactions are given
in the Table I. Two aliphatic alcohols (methanol and butanol)
are included for comparison. Oxidation rate is high enough
even for long chain alcohols (1). Similar results were obtained
by using AO immobilized on macroporous cellulose carrier.

Oxidation rate is falling with the time course of the re-
action. It may be caused by product inhibition®. TRIS buffer
was proposed to alleviate this inhibition?. But we found that
TRIS itself is oxidized by AO from P. pastoris.

We tested three chemical oxidation methods for conver-
sion of poly(ethylene glycol) monomethylethers (1) to alde-
hydes (2): oxidation by oxalyl chloride?®, action by TEMPO
radical (2,2,6,6-tetramethylpiperidin-1-yloxy radical) in the
presence of sodium hypochlorite® or by BAIB ([bis(acetoxy)-
-iodo]benzene) and potassium bromide as cooxidants®. All
these chemical oxidation methods were not perfect because
of undesirable side products, difficult separation or cross-
linking. Oxidation of poly(ethylene glycol) monomethyl
ethers (1) by using enzymatic method would be very attrac-
tive because of absence of oligomeric side-products which are
hardly separable.

Poly(ethylene glycol) monomethyl ether aldehydes (2)
were used for reductive alkylation of chitosan leading to wa-
ter-soluble comb-shaped graft copolymers. Positive results
were obtained.
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Table I
Relative rates of oxidation of alcohols by AO

Substrate Relative rate of oxidation?, %
Methanol 100
n-Butanol 58
1,n=1 42
1,n=2 30
1,n =8 (M = 350) 17
1,n=17 (M = 750) 12
1,n=25 (M = 1100) 14

%0.1M phosphate buffer, pH = 7.3, 30 °C, substrate concentration 0,1M
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Enantiomeric pure fine chemicals like (2S,5S)-2,5-he-
xanediol are very precious educts for the production of phar-
maceuticals and agrochemicals such as various chiral
phosphine ligands like the DuPhosLigand. The stereospecific
de novo synthesis of these compounds by organic chemistry
however is a very complicated and expensive process, often
requiring lots of chemical steps. The yields involved are very
poor in most cases because of the reactions or product losses
by changes of reaction conditions between successive re-
action steps.

Another chemical approach to get enantiomeric pure
compounds is the resolution of racemic mixtures, in which on
principle the half of educt is lost.

On the other hand only one enantiomer of an interesting
substance can be produced in just one reaction by bioconver-
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sion of prochiral compounds using different enantioselective
enzymes. Because of the very high enantioselectivity (=99 %)
of an appropriate enzyme and a comparatively simple down
stream processing this kind of synthesis is the method of
choice for providing a broad variety of chiral compounds.
Catalytic active proteins are taken from the nearly inex-
haustible variety of nature: yeasts, plants, fungi and bacteria
from different habitats were screened for interesting activi-
ties in reduction of prochiral ketones, e. g. the cheap 2,5-he-
xanedione.

The use of alcohol dehydrogenases for these productions
is one of the specialities of JFC. Bacteria strains constructed
by methods of biotechnology allow to obtain these proteins
in large amounts for efficient production of chiral fine che-
micals.

A rare and often requested compound is the chiral
2,3-butanediol in all of its different stereoisomers (2S,3S)-,
(2R,3R)- and meso-butanediol. These substances play an im-
portant role as e. g. part of chiral catalysts in pure chemical
asymmetric reactions. They are expensive and accessible in
small amounts only. Using above mentioned enzyme systems
JFC is able to provide all these stereoisomers of 2,3-buta-
nediol with an enantiomeric and diastereomeric excess higher
then 99 % in a kilogram scale. This increase of production
scale permits a new order of following applications.
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The piperidine ring is an ubiquitous structural feature
occuring in numerous secondary metabolites (e. g., alkaloids,
nonproteinogenic amino acids and respective peptides) and
biologically active compounds (e. g., anesthetics, analgetics
immunosupressor agents)®. Enantiomerically pure pipecolic
acid 1 (piperidine-2-carboxylic acid, Pip) and its derivatives
are important building blocks for the introduction of the chi-
ral 2-alkyl-piperidine motif into these types of compounds.
Surprisingly, there exists up to now no powerful chemical or
biocatalytical process for the production of Pip derivatives
which provides high yields and at the same time a high enan-

434

Posters

tiomeric purity of the desired product®. Therefore, the main
focus in the present work was the development of a DKR
process (“dynamic kinetic resolution”), which enabled 100 %
yield of enantiopure product®. For this purpose, the sponta-
neous racemization of N - p-toluenesulfonyl pipecolic
aldehyde (rac)-2 should be coupled with a preferably enantio-
specific biotransformation process. After a screening for oxi-
doreductase activity employing microorganisms as well as
isolated enzymes, the bioreduction of 2 with an alcohol dehy-
drogenase proved highly active and enantiospecific. The
bioreduction was coupled with an enzymatic NADH regene-
ration method and the reaction kinetics of the resulting
batch-system (Fig. 1) was analyzed. Specific limitations of the
investigated process could be identified. After optimization
of the reaction conditions, optically pure N-p-toluenesulfo-
nyl-(2R)-(hydroxymethyl)-piperidine (2R)-3 was synthesized
by means of a preparative scale conversion in 73 % yield. The
compound by itself is a valuable and configurationally stable
synthetic building block, or it can easily be converted to
D-pipecolic acid by chemical means.

"l"s "l"s

N_ .CHO N_ _CHO
O — U+ H NADH HO-COO’
(25)-2 (2R)2

H "{s @ @

N_ _CO,H N._ _CHO

U <> U NAD H-COO™ + OH"
(2R)-1 (2R)-3

Fig. 1. Enantioselective biotransformation process for the produc-
tion of pipecolic acid derivative (2R)-3. ADH: Alcohol dehydroge-
nase, FDH: Formate dehydrogenase, Ts: p-Toluenesulfonyl
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Phenylacetaldehyde reductase (PAR) produced by sty-
rene-assimilating Corynebacterium (Rhodococcus) strain
ST-10 was used to synthesize chiral alcohols. This enzyme
with a broad substrate range reduced various prochiral aro-
matic ketones and B-ketoesters to yield optically active secon-
dary alcohols with an enantiomeric purity of more than 98 %
enantiomeric excess (e. e.)'. The E. coli recombinant cells
which expressed the par gene could efficiently produce im-
portant pharmaceutical intermediates; (R)-2-chloro-1-(3-
-chlorophenyl)ethanol (28 mg.mI™) from m-chlorophenacyl
chloride, ethyl (R)-4-chloro-3-hydroxy butanoate (28 mg.ml™)
from ethyl 4-chloro-3-oxobutanoate and (S)-N-tert-butoxy-
carbonyl(Boc)-3-pyrrolidinol from N-Boc-3-pyrrolidinone
(51 mg.mI™), with more than 86 % yields. The high yields
were due to the fact that PAR could concomitantly reproduce
NADH in the presence of 3-7 % (v/v) 2-propanol in the re-
action mixture. We have established a practical asymmetric
hydrogen transfer process using 2-propanol as the hydrogen
donor by phenylacetaldehyde reductase (PAR) expressed in
E. coli cells (Fig. 1)°.

(@] OH
Cl Cl
280 g/l
93.2% yield
Cl Cl +99.5% ee, R-form
m-CPC (R)-CCP

(suspended in the reaction mixture)

i )()L
PAR (E.coli transformant)
~ o - oy o
H

50.6 g/l
HO ;
+ 85% yield
- NAD (S)-Boc-PL Y N
(suspended in the reaction mixture) - >>99% ee, S-form
(0] (@] OH O
CI\MO P CIMO N

CAE OH

(@]
(two-phase reaction with 50%
n-octane)

acetone  3-7% (v/v) propanol

(R)-CHBE 282 g/l
94% yield
+99.0% ee, S-form

Fig. 1. Asymetric transfer hydrogenation process by recombinant
PAR
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The demands for optically active drugs has increased
owing to the efficacy of these drugs and the market pressure
for safe chemical compounds. Therefore, chiral starting ma-
terials have also been increasingly required in pharmaceuti-
cal and agrochemical fields. A biological method is often
adopted for the synthesis of optically active compounds, be-
cause biocatalysts express high stereospecifities. Stereospe-
cific dehydrogenase/reductase might be one of the useful
biocatalysts for the synthesis of chiral compounds. Recently,
two novel microbial reductases catalyzing C=C or C=0O re-
duction were found.

Candida macedoniensis was found to catalyze the hydro-
genation of C=C bond of ketoisophorone (2,6,6-trimethyl-2-
-cyclohexene-1,4-dione), and to specifically produce
(6R)-levodione (2,2,6-trimethylcyclohexane-1,4-dione). The
enzyme catalyzing this stereospecific conversion was identi-
fied as one of the Old-Yellow-Enzyme (OYE) family pro-
teins®. This is the first application of OYE to the production
of chiral compounds.

Carbonyl reductase of Corynebacterium aquaticum, which
catalyzed the asymmetric reduction of (6R)-levodione to
(4R,6R)-actinol (4-hydroxy-2,2,6-trimethylcyclohexanone),
was also found. The enzyme, levodione reductase, was highly
activated by monovalent cations, and shown to belong to the
short-chain alcohol dehydrogenase/reductase family? 2,

By combination of these two reductases, enzymatic pro-
duction of doubly chiral compound, (4R,6R)-actinol, which is
a useful chiral intermediate for the synthesis of naturally-
-occurring optically active compounds such as zeaxanthin and
xanthoxin, from prochiral compound, ketoisophorone, was
established".
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Ketoisophorone (6R)-Levodione

Levodione reductase /Ej%O
HO B

(4R,6R)-Actinol
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Sulfatases catalyze the hydrolytic cleavage of the sulfate
ester bond" via retention or inversion of configuration®?® de-
pending on the type of enzyme.

Using a bacterial alkylsulfatase from Rhodococcus ruber
DSM 44541, biohydrolysis of sec-alkyl sulfate esters proceeds
in an enantioselective fashion via inversion of configuration”.
Thus, a homochiral product mixture can be obtained from
a racemate. In order to gain a single enantiomeric pure
sec-alcohol product, the remaining (S)-sulfate ester has to be
hydrolyzed under retention of configuration at the chiral car-
bon atom.

[OH]
C-Obond S-O bond
HO)\H cleavage HO)\O 503 cleavage )\
! z Inversion ! ) z Retention 1 z
+50,7 [OH] +50,7
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n-CgHi3 CH3 Inversion n-C¢Hi3 CHj; n-CgHis CH3 !
rac S) ()

Chemical Hydrolysis §

Retention

By combining the two independent selective reactions
proceeding through opposite stereochemical pathways, an
enantioconvergent process can be achieved®®.

This work was performed within the Spezialforschungs-
bereich Biokatalyse (project # F-115) and financial support by
Degussa AG (Frankfurt) and the FWF (Vienna) is gratefully
acknowledged.
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Laccase-mediator systems that catalyze oxidation of alco-
hols have drawn increasing attention in organic synthesis.
Nitroxyl radical 2,2,6,6-tetramethylpiperidinyloxy (TEMPO)
was shown to be the most effective mediator of laccase cata-
lyzed oxidation of alcohols™? It seems likely that oxoam-
monium ions, which can be formed in-situ, are the actual
oxidants. Disadvantage of the laccase-TEMPO system are the
long reaction time and the large amounts of TEMPO (up to
30 mol %) required.

In order to understand and optimize the system, we have
performed mechanistic investigations on the fungal laccase
(from Coriolus versicolor) catalyzed oxidation of alcohols in
the presence of TEMPO and its derivatives. No oxidation
took place in the absence of either TEMPO, laccase, or oxy-
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gen. Results obtained from kinetic isotope studies and re-
action kinetics underline the intermediacy of oxoammonium
ions. One of the problems we identified is that the oxoammo-
nium, formed via oxidation of TEMPO, is unstable in acidic
acetate buffer. A way to address this problem is the use of
two-phase systems. We will present our results on the use of
laccase-TEMPO in two phase systems.

Laccase-oxi Aldehyde
X X (Ketone)
Laccase-red q Alcohol
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Laccases (benzenediol:oxygen oxidoreductases; EC 1.10.3.2)
are multicopper enzymes that catalyze the one-electron oxi-
dation of a wide variety of substrates, i. e. phenols and aro-
matic amines, with the concomitant reduction of molecular
oxygen to water. Recent reports describe the use of laccases
for the oxidation of different classes of organic compounds
using suitable “mediators” (ref.’). Conversely, literature data
on the laccase-mediated oxidation of complex natural com-
pounds are quite scant. For instance, 30 years ago a laccase
from Polyporus versicolor was used for the oxidation of steroid
hormones (i. e. B-estradiol 1) in emulsion of water and orga-
nic solvents to give a mixture of isomeric dimers?.

In the frame of our general interest in the biocatalyzed
formation of carbon-carbon bonds, we are studying the per-
formances of laccases in the oxidative coupling of natural
compounds in water solution or in the presence of organic
cosolvents. In this report we will present the results obtained
using the laccases from Myceliophtora thermophyla and from
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Trametes versicolor for the oxidation of the phenolic deriva-
tives B-estradiol (1), resveratrol (2) and catechin (3).

HO.
.

OH

l OH

HO
OH
1 2
OH
- OH
1966
OH
3
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Enzymatic browning is catalyzed by a group of enzyme
known as polyphenol oxidases (PPO; EC 1.14.18.1), which
are copper-containing oxido-reductase enzymes. Although
the biocatalysis of PPO has been investigated in aqueous
media’, its use as a catalyst is limited because of the instability
of o-quinones®. However, the use of organic solvents has been
regarded as potential reaction media for PPO, particularly,
for the production of natural stable pigments of selected
color intensity*®

Endogenous phenolic compounds as well as PPO enzy-
matic extract were recovered from apple fruit. The endo-
genous apple PPO was enriched by acetone precipitation.
The biocatalysis of enriched apple PPO in selected organic
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solvent media, including hexane, heptane, dichloromethane
and toluene, using model substrates, chlorogenic acid and
catechin, as well as endogenous apple phenolic compounds.
The optimum enzyme concentration, optimum reaction tem-
perature, optimum pH as well as kinetics parameters such as
K,andV,__ were investigated. The result indicated that there
was a 4.7 fold increase in PPO activity, for the enriched en-
zymatic extract, in organic solvent media compared to that in
the aqueous one. In addition, the experimental findings
showed that there were significant increases in PPO activity,
4.2 to 4.5-fold and 1.5 to 2.4-fold, in the reaction media of
hexane and heptane, respectively.

Using endogenous apple phenolic compounds, catechin
and chlorogenic acid as substrates, the results demonstrated
that the K | values for apple PPO activity in hexane medium
were 0.58, 0.76 and 0.74 mM, respectively, and those of V__
were 5.34 % 107, 4.17 < 10° and 7.14 »< 107 AA/ug protein/sec.
Using the same substrates, the results demonstrated that the
K., values for apple PPO activity in hexane medium were
0.55, 0.44 and 1.19 mM, respectively, and those of V_, were
1.13 < 1073, 1.15 < 10 and 0.77 < 107 AA/ug protein/sec.
The results indicated that hexane is more appropriate for the
biocatalysis of PPO than heptane, with catalytic efficiency
ranging from 5.48 to 9.69 compared to 0.64 to 2.61, respec-
tively.
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The green color in immature oilseeds is due to the pre-
sence of the photosynthetic pigment chlorophyll. Oil seeds
contain variable amounts of chlorophyll depending on their
maturity. During extraction, there remains in the oil a pro-
portion of the chlorophyll that is very difficult to remove by
conventional bleaching methods. Oils with high chlorophyll
levels require special treatment during refining to become
acceptable in terms of color, free fatty acid content, peroxide
value and flavor stability’. Theoretically, vegetable oils
containing chlorophylls could be decolorized much more
efficiently using chlorophyllase (chlorophyll-chlorophyllido-
hydrolase, EC 3.1.1.14); the enzyme catalyzes the replace-
ment of the phytol group in chlorophyll by hydrogen atom in
the chlorophyllides®. There is increasing interest in the bio-
technological application of chlorophyllase for the removal of
green pigments from edible oil, which should be a potential
alternative to the conventional bleaching technique’.

Partially purified chlorophyllase, obtained from the alga
Phaeodactylum tricornutum, was assayed for its hydrolytic
activity in an aqueous/miscible organic solvent system con-
taining refined-bleached-deodorized (RBD) canola oil, using
chlorophyll and pheophytin as substrate models. The effects
of a wide range of oil contents, acetone concentrations, en-
zyme concentrations, chlorophyll and pheophytin concentra-
tions, incubation temperatures and agitation speeds on the
enzyme activity were investigated. The optimum reaction
conditions for chlorophyllase biocatalysis were determined to
consist of 20 % oil, 10 % acetone and a 200 rpm agitation
speed with optimum temperatures and substrate concentra-
tions of 35 °C and 12.6 pM for chlorophyll, and 30 °C and
9.3 uM for pheophytin. The results indicated that the pre-
sence of 10 % acetone in the reaction medium increased the
hydrolytic activity of chlorophyllase by 1.5 and 1.8 times, re-
spectively, using chlorophyll and pheophytin as substrates.
However, the presence of 30 % RBD canola oil decreased
the hydrolytic activity of chlorophyllase by 3.8 and 4.1 times,
using chlorophyll and pheophytin as substrates, respectively.
The experimental findings showed that RBD canola oil has
an inhibitory effect on chlorophyllase activity, whereas ace-
tone at low concentrations acted as an activator for the
enzyme and an inhibitor at higher ones. Moreover, chloro-
phyllase showed a limited affinity towards pheophytin com-
pared to that obtained with chlorophyll.
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Alkene specific monooxygenases are useful biocatalysts
for the production of chiral epoxides. However, the toxicity
and aqueous phase lability of the accumulated epoxides can
be a problem in larger scale processes. Although this may be
addressed using 2 phase systems, an alternative strategy is to
trap the stereocentre(s) introduced by the monooxygenase by
reaction with a second enzyme, such as an epoxide hydrolase.

The stereospecificity of alkene monooxygenases usually
varies with enzyme and substrate. As a long-term goal it may
be feasible to tailor variants to specific substrates, based on
a common expression platform. However, the two step stra-
tegy outlined above, also lends itself to improving product
enantiopurity by either selective hydrolysis of one of the
enantiomers or enantioconvergent hydrolysis, possibly using
combinations of epoxide hydrolases.

In this poster we will present preliminary results from
a project based on this two step strategy using a number of
epoxide producing monooxygenases and recombinant limo-
nene epoxide hydrolase.

P135 STYRENE MONOOXYGENASE
IS A VERSATILE BIOCATALYST
FOR ENANTIOSPECIFIC EPOXIDATION
REACTIONS IN CELL-FREE SYSTEMS

KARIN HOFSTETTER, IRENE LANG,
JOCHEN LUTZ, KATJA OTTO,
BERNARD WITHOLT, and ANDREAS SCHMID

Institute of Biotechnology, Swiss Federal Institute of Technology,
8093 Zurich, Switzerland,
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Styrene monooxygenase is an excellent biocatalyst for
enantiospecific epoxidation reactions® 2 and has recently been
preliminary characterized®. Using recombinant E. coli expres-
sing the two components StyA (oxygenase) and StyB (reduc-
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tase) of styrene monooxygenase gram amounts of various
enantiopure styrene oxide derivatives have been prepared®.

The oxygenase component StyA was produced and puri-
fied on technical scale for preparative cell-free applications.
15 g of enriched StyA were produced from recombinant
E. coli via expanded bed anion exchange chromatography
using a DEAE® streamline™ matrix. The enzyme was ob-
tained by one purification step with a purity up to 70 % and
an overall yield of over 90 %.

Cell-free biotransformations were performed in a two-li-
quid phase system with dodecane as organic phase serving as
reservoir for the substrate and product-sink. Formate dehy-
drogenase was used for the regeneration of the cofactor
NADH (Fig. 1). Styrene oxide production remained stable
over more than 7 hours, yielding 80 mM styrene oxide
(>80 % conversion).

Overall, we have herewith established an integrated pro-
cess for the preparative synthesis of various enantiopure
epoxides including efficient and simple large-scale prepara-
tion of the biocatalyst.

S P
‘ T org. phase
L 0, L0 ‘
StyAB
S /—\ P aq. phase
NADH+H" NAD®
co, N~ HCOOH

FDH

Fig. 1. Biotransformation principle. Application of styrene mono-
oxygenase (StyAB) in organic/aqueous emulsions with regeneration
of the cofactor NADH from NAD™* by formate dehydrogenase
(FDH). Substrate (S) is continuously supplied via the organic phase
and converted in the aqueous phase to the product (P).

REFERENCES
1. Panke S., Witholt B., Schmid A., Wubbolts M. G.: Appl.
Environ. Microbiol. 64, 2032 (1998).

Panke S., Held M., Wubbolts M. G., Witholt B., Schmid A.,
Biotechnol. Bioeng. 80, 33 (2002).

Otto K., Hofstetter K., Witholt B., Schmid A., in: Flavins
and Flavoproteins (Chapman S. K., Perham R. N., Scrut-
ton N. S,, ed.), pp. 1027-1033. Rudolf Weber, Berlin 2002.
Schmid A., Hofstetter K., Feiten H.-J., Hollmann F., Wit-
holt B.: Adv. Synth. Catal. 343, 732 (2001).

2.



Chem. Listy 97, 363-520 (2003)

P136 2-HYDROXYBIPHENYL 3-MONOOXYGENASE:
LARGE SCALE PREPARATION
AND CELL FREE APPLICATION IN EMULSIONS
THE APPLICATION OF CROSS-LINKED
ENZYME PRECIPITATES (CLEPS)
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Catalysis of specific hydroxylation reactions of organic
compounds is difficult by chemical means. Therefore the in-
terest in biocatalysts catalyzing specific hydroxylations has
grown in recent years simultaneous to the interest in the
application of oxygenases. As oxygenases require expensive
cofactors, usually NAD(P)H, in stoichiometric amounts,
these enzymes are mostly used in whole cell biotransfor-
mations® %>, However, independent optimization of enzyme
production and biotransformation reactions can better be
achieved by in vitro approaches.

The soluble and NADH dependent flavoprotein 2-hydro-
xybiphenyl 3-monooxygenase (HbpA) from Pseudomonas
azelaica HBP1 is catalyzing the hydroxylation of ortho-substi-
tuted phenols to corresponding 3-substituted catechols with
absolute regiospecificity®. HopA was partially purified on
large scale by expanded bed adsorption (EBA) chromato-

graphy*.

P

[ organic phase

J HbpA
0, H,0

S

aqueous phase

P

+

NADH+H'  NAD

CO, HCOOH

FDH

Fig. 1. Reaction cycle catalysed by HbpA and FDH in aqueous-orga-
nic two phase systems

Together with the commercially available cofactor rege-
neration enzyme formate dehydrogenase (FDH) both en-
zymes were precipitated and cross-linked. These cross-linked
enzyme precipitates (CLEPs) were applied for the biotrans-
formation of 2-hydroxybiphenyl to 2,3-dihydroxybiphenyl in
aqueous-organic two phase systems (Fig. 1). A productivity of
0.18 g.I".h™) could be maintained over 9 hours.
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Aromatic ring dioxygenases are multicomponent enzyme
systems that add molecular oxygen to the aromatic nucleus to
form arene cis-diols (Scheme 1). The broad substrate range
and the high regio- and enantioselectivities of dioxygenases
make these enzymes useful not only for bioremediation, but
also for biocatalytic synthesis of chiral synthons for the pro-
duction of biologically active chemicals and pharmaceuticals’.

R R
OH
Dioxygenase
; i OH

0,+NADH+H* NAD*

Scheme 1. Oxidation of aromatic compounds via dioxygenases

Chlorobenzene dioxygenase (CDO) of Pseudomonas sp.
P51 consists of 3 components, NADH-ferredoxin reductase,
ferredoxin, and terminal oxygenase component, which is
composed of a small and a large subunit? It was shown that
CDO can oxidize different classes of aromatic compounds to
the corresponding cis-dihydrodiols®. Powerful and stable ex-
pression system is required to develop an efficient process for
the production of cis-dihydrodiols. Therefore we constructed
a new expression system pTEZ30 harboring the CDO genes
under strict control of the Palk promoter which is derived
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from Pseudomonas oleovorans GPol and confers kanamycin
resistance. We also showed the potential of this new expres-
sion system for efficient synthesis of chlorobenzene dioxyge-
nase for the scale-up of cis-dihydrodiol production.
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The purpose of this study was the identification of sui-
table lipase or esterase for enantiomeric resolution of
(R,S)-naproxen.

The aim was to find an enzyme that yields (S)-naproxen
with an enantiomeric excess of more than 98 %, an enantio-
meric ratio (E) of greater than 100, and substrate conversion
in excess of 40 %. Commercially available enzymes were
screened, and selected for optimisation of enantioselectivity
through statistically designed experiments on the reaction
conditions.

Optimisation efforts resulted in a more than 20-fold im-
provement of activity, while the excellent enantioselectivity of
the enzymes was maintained. In particular, the addition of
PEG 1000 as a co-solvent improved conversion rates 10-fold.
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Optically active o-substituted ketone derivatives are
widely employed as chiral synthons in asymmetric syntheses.
Recently, it has been found that yeast"? and cultured cells of
M. polymorpha® were capable of performing the hydrolysis of
a-alkylated cyclohexanone enol esters to give a-substituted
chiral ketones. We have now investigated the enzymes which
are able to catalyze the asymmetric hydrolysis of enol ace-
tates.

A Butyl-Toyopearl column chromatography of the crude
enzyme preparation gave a good separation of the two diffe-
rent esterases. Further purification by chromatography on
a Diethylaminoethyl-Toyopearl column and then a Sephadex
G-75 column gave homogeneous esterases: Esterase I, mole-
cular mass ca 54000, dimeric form composed of two identical
subunits; Esterase |1, molecular mass ca 45000, dimeric form
composed of two identical subunits. The amino termini of
these esterases were blocked. The esterases, therefore, were
digested with protease and the internal amino acid sequences
of the peptide fragments obtained from Esterase | were not
similar to those of any hydrolytic enzymes.

: OAc : iO
R R

1:R=Me 6: R =Me
2:R=Et 7:R=Et
3:R=nPr 8: R =n-Pr
4: R = n-Pnt 9: R = n-Pnt
5:R=Bnz 10: R =Bnz

Several cyclohexanone enol acetates (1-5) were subjected
to enzymatic hydrolysis with these esterases to clarify the
effect of various substituents at B-position to the acetoxyl
group on the enantiomeric ratio and the catalytic activity of
enzymes. As shown in Table I, hydrolysis of enol acetates,
1 and 2, by Esterase | gave the corresponding optically active
ketones (6 and 7). The chiral preference of Esterase | was re-
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tained among these substrates: the protonation of the enol
intermediates from 1 and 2 occurred preferentially from the
same enantiotopic face of the C-C double bond. However,
when n-propyl, n-pentyl and benzyl groups were introduced
into the B-position to the acetoxyl group of the substrates
(3-5) , the corresponding products having opposite configu-
ration were obtained. This result indicates that the stereo-
selectivity of Esterase | in the protonation of these enol
intermediates is reversed by long chain (C > 3) and bulky
substituents at the B-position to the acetoxyl group. On the
other hand, the conversion yield and enantiomeric purity in
the hydrolysis of enol acetates (1-5) with Esterase Il are very
low in comparison to the case of Esterase I. However, the
stereoselectivity in the hydrolysis with Esterase 11 was oppo-
site to that with Esterase I.

Table I
Enantioselectivity in the hydrolysis of enol acetates by Este-
rases [ and II

Substrate  Product Esterase | Esterase 11

Conv. e.e. Config? Conv. e.e. Config.?
(%) (%)

1 6 >99 =99 S 4 4 R

2 7 =99 14 S 3 2 R

3 8 >99 >99 R 5 4 S

4 9 20 26 R 16 7 S

5 10 15 =99 S 11 14 R

®Preferred configuration at the a-position to the carbonyl group of
the products

Thus, two hydrolytic enzymes were isolated from cultured
cells of M. polymorpha and were confirmed to be capable of
discriminating the enantiotopic face of the C-C double bond
of the enol intermediate in the hydrolysis. The enantioselec-
tivities in the protonation of the enol intermediate were op-
posite between these enzymes. The enantioselectivity of both
enzymes reversed in the hydrolysis of the substrates with long
side chain and bulky benzyl group at the a-position of enol
acetates, compared with the substrates having short side
chains.
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In the enzymatic hydrolysis of racemic acyl compounds,
usual work-up procedures including the separation of the
mixture into the remaining substrate and the resulting alco-
hol spend a lot of time and waste much amount of solvents.
In order to avoid the tedious steps, we have developed a hew
type of the enzymatic hydrolysis of PEG-tagged carbonates as
the unique substrates. Because of the amphiphilic character,
the reaction could be easily monitored by TLC and NMR
analysis and the purification steps could be simple.

A MeOPEG (Mw=750)-tagged carbonate bL-1 was used
as the substrate of the screening test. Amongst the 12 com-
mercially available enzymes, some esterase and PPL hydro-
lyzed the carbonate 1 to give the corresponding alcohol 2.
Finally, PPL was chosen as the best enzyme. As expected, the
recovered substrate (S)-1 was easily separated from the re-
sulting alcohol (R)-2 by using the minimum amount of silica
gel and organic solvents. In the reaction of the substrate sup-
ported with MeOPEG (Mw=550) for 24 h at 10 °C, the con-
version and E value were 0.10 and 32, respectively.
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Hydrolases are group of enzymes catalyzing hydrolytic
reactions. Introducing of organic reaction media has made it
possible to use these enzymes efficiently for reversed hydro-
Iytic reactions and transferase-type reactions as well*. Water
in these organic systems is often believed to shift equilibrium
in favor to hydrolysis®.

Contrary to numerous studies proving essential impor-
tance of low or minimal water content in such reactions®*,
partially purified Trichoderma reesei RUT-C30 acetyl esterase
preparation was found to catalyze acyl transfer reactions not
only in organic solvents, but also in mixtures of organic sol-
vents/water and even in water. Using different acyl donors,
the best results were obtained using vinyl acetate. As acetyl
acceptors, variety of hydroxyl bearing compounds in their
water solutions were used. Conversion and number of newly
formed acetates varied according acceptor used. Conversions
over 50 % were observed by majority of most common mono-
saccharides, their methyl and deoxy derivatives and oligo-
saccharides. In several cases, T. reesei acetyl esterase
catalyzed transesterification exhibited strict regioselectivity,
leading to only one acetyl derivative. Preparative potential of
described enzymic transesterification in water was demon-
strated by transacetylation of methyl B-D-glucopyranoside
and p-nitrophenyl B-D-glucopyranoside, yielding 56.4 % of
methyl 3-O-acetyl B-D-glucopyranoside and 70.2 % p-nitro-
phenyl 3-O-acetyl B-D-glucopyranoside as the only products
of the reactions.

This new enzymaticaly catalyzed transacetylation in wa-
ter opens new area in chemoenzymatic synthesis. Its major
advantages are easy and regioselective esterifying of polar
compounds, high yields, low enzyme consumption and eli-
mination of use of toxic organic solvents.
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An aryl esterase from Pseudomonas fluorescens' has been
employed in the resolution of 3-bromo-2-methyl-propionic
acid methyl ester, an important building block in the synthesis
of Captopril and a potent cyclooxygenase inhibitor? (Figure).
Significant improvements to the enantioselectivity seen by
the wild type enzyme have been made by site directed muta-
genesis. The preliminary X-ray crystal structure of both the
wild type and several mutants of interest have been eluci-
dated. The wild type enzyme as well as mutants crystallize in
high (NH,),SO, concentrations as a dimer and belong to the
R3 space group. The unit cell has dimensions of 147.5 A x
x 147.5 A x 131.9 A with angles of oo = p = 90°, y = 120°.
Active site analysis of the crystal structure of the wild type
and of mutants will hopefully lead to understanding of the
origins of improvements in enantioselectivity.
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Sulfoxides have been widely used as chiral auxiliaries in
organic synthesis'. Some of the most interesting new sulfo-
xide auxiliaries are the sulfinimines (N-sulfinyl imines), which
are chiral auxiliaries for the imine group and used for the
synthesis of amines and related compounds?®. The simplest
route to prepare a sulfinimine is by the direct condensation
of an aldehyde or ketone with an enantiopure sulfinamide
(Scheme 1). Therefore the utility of these chiral auxiliaries is
dependent upon concise methods of sulfinamide prepa-
ration®.
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Scheme 1. Stereoselective synthesis of an amine from enantiopure
sulfinamide

Through our continuing efforts to design new methods to
enantiopure materials, we have developed a novel enzyme-
-catalyzed route to enantiomerically pure sulfinamides. Subti-
lisin E (bacterial serine protease) catalyzes the hydrolysis of
various N-chloroacetyl- and N-hydrocinnamoyl-sulfinamides
with very high enantioselectivity (E > 150) toward the
(R)-enantiomer (Scheme 2). Our results show subtilisin E
does not favour the enantiomer predicted with empirical
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rules for proteases’. Through substrate engineering and mo-
lecular modelling experiments we have revealed the mole-
cular basis for the acyl group selectivity and reverse
enantioselectivity demonstrated by subtilisin E. Experiments
suggest the acyl group is important for substrate binding and
the enantioselectivity arises because the slow-reacting (S)-
enantiomer binds in a nonproductive orientation. Large-scale
resolution experiments of N-chloroacetyl-2-mesitylenesulfin-
amide and N-hydrocinnamoyl-p-chlorobenzenesulfinamide
with subtilisin E gave their corresponding (R)-sulfinamides in
high yield and enantiomeric excess. As well, the enzyme de-
monstrates a wide acceptance of aryl sulfinamide substrates
and has been used to resolve several sulfinamides that were
previously unavailable.

N-acetylsulfinamide (R)-sulfinamide  (S)-N-acylsulfinamide

Scheme 2. Subtilisin E-catalyzed resolution of N-acylsulfinamides
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Microbial proteases from a variety of sources are com-
mercially available. Although they possess potential for orga-
nic syntheses, they have hitherto been employed mainly for
food processing and as detergent ingredients. Protease-cata-
lyzed peptide synthesis has many advantages over chemical
methods, while narrow substrate specificity and the secon-
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dary hydrolysis of a growing peptide are counted as major
drawbacks. We have recently reported on the broadening of
substrate tolerance of a mammalian protease a.-chymotrypsin
by using such activated esters as the carbamoylmethyl (Cam)
ester as an acyl donor in the so-called kinetically controlled
peptide bond formation®. As a part of our continuing re-
search on the effective use of microbial proteases for organic
syntheses, we have investigated peptide bond formation using
some Aspergillus and Bacillus proteases. We first examined
proteases from A. melleus (Amano protease P) and A. oryzae
(Amano protease A). A series of Z-amino acid Cam esters
were allowed to react with amino acid amides. With these
Aspergillus proteases, aimed-at peptides were obtained gene-
rally in rather high yields in the mixed solvent of 1,1,1,3,3,3-
-hexafluoro-2-propanol and DMF (1:1, v/v)>. We next
examined B. licheniformis protease (subtilisin Carlsberg).
Couplings were carried out in anhydrous acetonitrile in the
presence of the immobilized protease on Celite. We observed
that the peptide yield changed significantly upon the pH of
the buffer solution from which the immobilized protease was
prepared; the maximal peptide yield was obtained with the
preparation from pH 10.7 (ref.?). With the Cam ester as the
acyl donor, D-amino acid amides were as good amine nucleo-
philes as the L-counterparts (Table I).

Table I
B. licheniformis protease-catalyzed couplings of Z-L-Ala-
-OCam with Xbb-NH, (after 4 h)

Xbb Peptide (%) Xbb Peptide (%)
L-Ala 95.4 D-Ala 97.1
L-Leu 93.8 D-Leu 87.7
L-Phe 79.9 D-Phe 91.1

A series of dipeptide syntheses and several segment con-
densations including the synthesis of the Leu-enkephalin se-
guence were achieved generally in high yields. We examined
also Bacillus subtilis protease (Amano protease N) as a cata-
lyst for both kinetically and thermodynamically controlled
peptide syntheses in acetonitrile with low water content. In
several cases, the latter approach using carboxyl components
bearing a free carboxyl group proved to be superior to the
former.
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Hundreds of analogues of Human insulin have been pre-
pared by trypsin assisted semisynthesis, using the large insu-
lin fragment — desoctapeptide insulin- and a series of
synthetic analogues of the BZ?-B¥ sequence of the insulin
peptide chain. Some of them were highly potent in tests in
vitro (glucose transport, thymidine incorporation into DNA),
nevertheless their potency in vivo was not higher than that of
natural insulins. The same approach was recently used for the
semisynthesis of another class of insulin derivatives.

We used desoctapeptide insulin for the trypsin catalyzed
semisynthesis of peptide hormonogens of opioid peptides
and masked substrates of aminopeptidases” 2. Both groups of
compounds were characterized by analytical RP-HPLC, mass
spectrometry, capillary electrophoresis and by metabolic sta-
bility assays.
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Dehydration of aldoximes, which are easily prepared
from aldehydes and hydroxylamine, is a useful method for
synthesizing nitriles, although many of the chemical proce-
dures require harsh reaction conditions. In plants, aldoximes
are considered to be intermediates in the biosynthesis of cer-
tain biologically active compounds such as indoleacetic acid,
cyanogenic glucosides, and glucosinolates. However, very
little is known about the aldoxime degrading enzyme: it has
never been purified to homogeneity nor characterized in de-
tail. We focused on microbial aldoxime metabolism not only
to apply the enzyme to organic synthesis, but also to study
possible relationships between aldoxime-dehydration and
nitrile-degrading enzymes and their functions in microorga-
nisms (Fig. 1).

Aldoxime

dehydratase Nitrilase I

R_ _NH, R__N
- \( R—C=N R—C—OH
COoH H Ho Nirile Q midase
- hydratase R —C—NH,
Amino acid Aldoxime Nitrile Amide Carboxylic acid

Fig. 1. Aldoxime-nitrile pathway in microorganisms

We screened for aldoxime-degrading microorganisms
from soil and isolated Bacillus sp. OxB-1 (ref.!) and Rhodo-
coccus sp. YH3-3 (ref?), which degrades Z-phenylacetal-
doxime (Z-PAOx) and E-pyridine-3-aldoxime (E-PyOx),
respectively, by an acclimation culture technique. They me-
tabolized aldoximes through nitriles into the corresponding
carboxylic acid by a combination of a novel aldoxime dehy-
dratase and nitrile-hydrolyzing enzymes" 2 By using the de-
hydratase, the enzymatic synthesis of nitriles from aldoximes
under mild conditions (pH 7-8, 30 °C) were achieved for the
first time**.

We purified the enzyme from Bacillus sp. OxB-1 and
studied its enzymological properties®. The enzyme, named
“PAOx dehydratase (Oxd, EC 4.2.1.-)”, is quite unique be-
cause it catalyzes a simple dehydration reaction, yet contains
heme b as a prosthetic group and requires FMN or SO? as an
electron acceptor. The gene (oxd) coding for the enzyme was
shown to be linked with the gene (nit) of a nitrilase, which
participates in aldoxime metabolism in the organism®. The
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enzyme was expressed in a soluble and active form by the
recombinant E. coli under the control of lac promoter in the
pUC18 vector®. The production of active enzyme was mar-
kedly enhanced by increasing the volume of culture medium
(1 liter in 2-liter flask). Under optimized conditions, the
enzyme was produced in an active and soluble form at
15,000 U per liter of culture, which is about 1,500-fold higher
than the amount produced by the wild-type strain. Moreover,
the enzyme comprised over 40 % of total extractable cellular
protein. The overproduced Oxd was useful for the high-yield
synthesis of nitriles from aldoximes®.

We also investigated the distribution of aldoxime dehy-
dratase and the relationship between aldoxime-degrading
enzymes and nitrile-degrading enzymes among microorga-
nisms”® All the aldoxime degraders possessed nitrile-
-hydrolyzing activities. On the other hand, all of the
nitrile-degraders described in the literature possessed aldo-
xime-degrading activities. Thus, we showed the co-existence
of aldoxime dehydratase and nitrile degrading enzymes and
elucidated the role of nitrile degrading enzymes in aldoxime
metabolism in microorganisms, permitting us to postulate
a novel “aldoxime-nitrile pathway” (Fig. 1)°.
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The study of lipid peroxidation is a rapidly growing field
in medicine and biology, spurred by increasing evidence that
lipid oxidation is involved in the pathogenesis of many chro-
nic diseases, e. g. atherosclerosis and aging® %. Paraoxonase
(PON1) is a high density lipoprotein (HDL)-associated se-
rum enzyme with peroxidase activity®. It was found to protect
low density lipoproteins (LDL) from oxidative modifications
by hydrolyzing phospholipid hydroperoxides.

PONL1 was first discovered for its role in detoxifying orga-
nophosphates and its name reflects its ability to hydrolyze
paraoxon, a metabolite of the insecticide parathion.
Although it was then classified as aryldialkylphosphatase
PONL1 can also hydrolyze aromatic carboxylic esters*.

Thus the understanding of the properties of this enzyme
which have both physiological and toxicological importance
is the subject of extensive research. Herein we present the
screening of synthetic chromogenic substrates for monitoring
the arylesterase-like activity of PON1.
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Saccharomyces cerevisiae recombinant transketolase (TK)!
is a useful catalyst for ketose synthesis due to the stereo-con-
trolled formation of the C3-C4 bond. It catalyzes the trans-
fer of a ketol unit from B-hydroxypyruvic acid to an aldehyde
to generate D-threo (3S,4R) ketose. The decarboxylation of
this donor substrate and subsequent loss of carbon dioxide
make the overall condensation reaction irreversible. A wide
range of aldehydes as ketol acceptors has been used for the
obtention of various ketoses”*. The enzyme appears highly

R.
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specific for ketol donor substrates and for hydroxyaldehyde
substrates with the (R) configuration.

0] OH [0) OH
H Wild type TK H
HO\)L + H ———> |HO. \)L + CO
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(0) OH

R =H : D-threo aldose
R = CH,OH : L-erythro ketose

In order to modify these TK properties, we examined the
possibility of altering the substrate specificity of this enzyme
by directed evolution. We are interested in obtaining variants
of TK able to accept glyoxylate as donor substrate to obtain
D-threo aldoses or able to accept (S)-hydroxyaldehyde sub-
strates to obtain L-erythro ketoses.

An efficient screening or selection system is an absolute
prerequisite for identifying the evolved enzyme variants that
display improved properties. Here we report an assay allo-
wing us to detect TK activities in vitro and in vivo by fluores-
cence in solution according to the Reymond’s test®. We
examined the use of a fluorogenic substrate 1 of wild type TK,
which is itself non fluorescent but release a fluorescent pro-
duct umbelliferon®. This assay could be used to screen mu-
tants with the appropriate fluorogenic substrates 2 or 3.

extract TK.
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Another use of whey proteins in food chemistry is highly
requested. One of the best known methods of modifying
whey proteins is enzymatic hydrolysis by which is possible to
produce a wide range of hydrolysates with desired properties
available furthermore for producing functional foods. Spec-
trophotometric determination of primary amino groups
based on reaction o-phtaldialdehyde (OPA) reagent with pri-
mary amino groups in presence of thiol group is widely used
in analysis of amino acids, peptides and proteins and by the
use of this method is possible to monitore the course of en-
zymatic hydrolysis and its degree, respectively. Methods pub-
lished in the past usually had some disadvantages (e. g.
instability of 1-alkyl-2-alkylisoindols emerging during re-
action), therefore new modified recipe of reactant mixture of
OPA and N-acetyl-L-cysteine was suggested and proved®. This
mixture gives stable light absorbing product emerging during
the reaction and the reaction provides more precise results
and saves chemicals. Another advantage of this method is
substitution of bad smelling 2-mercaptoethanol by N-acetyl-
-L-cysteine like a donor of thiol group. Several amino acids
(Arg, Glu, Gly, His, Lys, Pro and standard equimolar solu-
tion; in different concentrations), whey protein hydrolysates
and urea were chosen and response to the reaction with OPA
were investigated. The reaction worked under laboratory
conditions, absorbance was measured at A = 335 nm (absor-
bance maximum of 1-alkylthio-2-akylisoindols) after 2 min.
The product of reaction was stable at least 90 min. The value
of & for all measured amino acids in water solutions varied
between 6700-7300 cm™.1. mol™ except Lys (double response
becouse of 2 amino groups in structure) and Pro (no reaction).
Calibration curves were linear in range 0.0-0.35 mmol.I* of
amino acids in water solution. Also the influnce of storage
conditions to stability of OPA reagent were investigated.
These experiments showed that storage of OPA reagent in
refrigerator provides more stability (at least 11 days) and
more economic application.
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Benzaldehyde is the major component of bitter almond
aroma. It is the second most important flavour molecule
(after vanillin), and is used as a key ingredient in cherry and
other natural fruit flavours. Benzaldehyde is produced on an
industrial scale by oxidation of aromatic hydrocarbons. There
is however an increasing preference of consumers for “natu-
ral” food additives’. Thus, natural benzaldehyde is mainly
extracted or processed from essential oils of higher plants.
Biotechnology can represent an alternative: several publica-
tions report the biotransformation of phenylalanine to ben-
zaldehyde by cultures of either moulds or microorganisms?.
Phenylalanine can also be converted to benzaldehyde by cell
free extracts®. In both cases, yields are low, and benzaldehyde
has to be purified from complex mixtures of by-products.

We report a new bioconversion of b-phenylalanine to
benzaldehyde catalysed by two coupled commercially avai-
lable pure enzymes.

NH;
H O
COOH COOH =
D-AAO Peroxidase
0, 0,
p-Phe

D-Phe is first oxidised by a b-aminoacid oxidase (immo-
bilised, from Trigonopsis variabilis, Fluka) to phenypyruvic
acid, which is converted in situ to benzaldehyde by a peroxi-
dase (from Coprinus cinereus, Novozymes). After extraction
from the aqueous reaction mixture, the produced benzal-
dehyde appears to be pure by GC and *H NMR. Yield bor-
ders 35 %. Racemic phenylalanine can be used as well with
the same yield (relatively to D-Phe). Starting from natural
L-phenylalanine implies that the amino acid is first racemised
by a classical treatment with acetic anhydride and aqueous
sulphuric acid. The crude DL-Phe prepared by this method is
also a satisfactory substrate of DAO.

Experimental conditions and studies on mechanism of the
transformation will be discussed.
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Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a widely
used flavour compound in food and personal products. Vanil-
lin is mainly produced by chemical synthesis and less than
1 % of its total demand is obtained from the curing of the
beans of the orchid Vanilla planifolia.

With the increasing interest in natural products alterna-
tive processes are being developed to produce natural vanil-
lin. Among others, one of the approaches includes the use of
isolated enzymes. In an earlier study’, we showed that the fla-
voprotein vanillyl-alcohol oxidase (VAO) can be used for the
two-step enzymatic synthesis of vanillin from the natural pre-
cursor creosol (2-methoxy-p-cresol). Although creosol is
avery poor substrate for VAO, protein structural analysis did
not reveal any obvious reason for this poor reactivity®. There-
fore, we started an error-prone PCR based random mutage-
nesis approach screening for VAO variants with improved
creosol reactivity. After a single round of mutagenesis, four
single-point mutants were selected for a detailed structural
and functional characterization. The evolved VAO variants
displayed remarkable substrate specificities, being active with
creosol but not with cresol. The enhanced reactivity with
creosol is ascribed to the destabilization of an abortive co-
valent adduct between the substrate and the FAD cofactor™.
All mutated residues are located in loop regions outside the
active site and their replacements do not cause any significant
structural perturbation. This suggests that the changes in
substrate specificity are caused by dynamic coupled motions
which cannot easily be directed by rational redesign.
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A powerful method to obtain enantiopure epoxides or
vicinal diols makes use of bacterial epoxide hydrolases
(BEH)". This approach was used for a short chemoenzyma-
tic synthesis of two natural products — an aroma component
of Jamaican Rum 4 and the gibberelin synergist (+)-pesta-
lotin 5.

Key step of the synthesis consists of an asymmetric enzy-
matic hydrolysis of halomethyl oxirane (%)-cis-1 with BEH to
furnish the corresponding diol (2S, 3R)-2. The latter sponta-
neously undergoes an intramolecular exo-tet-cyclization?
(“Payne-type-rearrangement”) to give epoxyalcohol (2R, 3R)-3
in good optical purity and yield. Overall, this sequence re-
presents an enzyme-catalyzed cascade-reaction. Since the
biohydrolysis proceeds in an enantioconvergent fashion, the
occurrence of an unwanted stereoisomer was avoided®*.
Epoxy alcohol 3 served as the central building block for the
synthesis of 4 and 5.

7N 0
cl HO., cl :
O( BEH /C(\y -Hc1t
s spont.
n-C4Hy Tn;g%ffer HO' n-C4Hy HO' n-C4Ho
(25, 3R)-2 (2R, 3R)-3

(+)-cis-1

Q

n C4H9
g/\/ . /\/\/ﬁl

Jamaican Rum constituent-4 (+)- Pestalotln-
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The production of natural compounds requires “natural”
processes, i. e. processes in which the substrate, catalysis and
treatments are “natural”. The use of radical mediated re-
actions seems thus difficult to carry out in this frame. Ho-
wever, some enzymes are able to generate radical species. It
is the case with xanthine oxidase, an enzyme taken from
membrane of milk fatty globules.

We have investigated the possibility of modulating the
synthesis of radical species in modifying the substrate of the
enzyme and monitored this effect on the degradation of
B-carotene and the synthesis of B-ionone. By using various
aldehydes and xanthine, it was possible to generate the super-
oxide anion (from xanthine) but also alkyl radicals (from
butanal) and oxygenated radicals (from acetaldehyde) that
exhibited various effects on the degradation. With the super-
oxide anion, the reaction was occurring at the same rate as
autooxidation whereas the two aldehydes had a strong effect
on the rate of degradation of carotene and also of ionone.
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The production of certain natural flavor compounds, in-
cluding C5 to C9 aliphatic alcohols and carbonyl compounds,
results from a biosynthetic pathway involving several enzy-
matic activities, in particular lipoxygenase and hydroperoxide
lyase, and lipid components as substrates. This biosynthetic
pathway is initiated by the oxygenation of PUFAs possessing
a 1(2), 4(2)-pentadiene moiety to produce stereo- and regio-
-specific hydroperoxides (HPODs), which in their turn are
converted into volatile alcohols, aldehydes, alkanes or
alkenes, ranging from five to nine carbons, and non-volatile
corresponding oxoacids'.

The effects of linoleic acid induction on the biomass pro-
duction as well as on the changes in glucose consumption, pH
values and 1-octen-3-ol profiles during the growth of Penicil-
lium camemberti were previously investigated by our group®?.
In addition, these changes as well as the changes in 1-octen-
-3-ol profiles were also investigated by our group during the
growth of P. camemberti on synthetic medium containing free
linoleic acid”. In the present work, the effects of the addition
of soybean oil in the same defined synthetic medium and two
dairy media on the biomass production of P. camemberti, lac-
tose consumption, pH values and the production of 1-octen-
-3-ol were investigated.

The addition of refined soybean oil to the defined syn-
thetic medium enhanced the production of 1-octen-3-ol, in
vitro, by a factor of 8 compared to that obtained with the
same medium but containing linoleic acid. The milk and acid-
-gelified milk, used as culture medium, enhanced the produc-
tion, in vitro, of 1-octen-3-ol respectively by 1.2- and 3-fold
compared to the defined synthetic medium containing lino-
leic acid. However, these productions of 1-octen-3-ol on dairy
media were smaller than those obtained with the enzymatic
extract obtained from the biomass of P. camemberti, grown on
the defined synthetic medium but supplemented with soy-
bean oil.
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As many yeast species, Yarrowia lipolytica is able to trans-
form ricinoleic acid (a hydroxylated C18 fatty acid) into
y-decalactone, a fruity and creamy aroma compound®. Unfor-
tunately, this species is also able to degrade the produced
lactone. The pathway of biotransformation involves y-oxida-
tion and requires the lactonisation at the C10 level (when the
hydroxy group isin y -). Y. lipolytica possesses a five-member
family of acyl-CoA oxidases (Aox1 to 5), the enzyme cataly-
sing the first step of y-oxidation, some of which are long-
-chain specific (Aox2)? or short-chain specific (Aox3)*“. In
a previous paper, we have tried to decrease the lactone de-
gradation by constructing a strain with no more activity on
short-chain substrates®. However, this strain was growing and
biotransforming very slowly. In this study, we have construc-
ted strains without acyl-CoA oxidase activity for short-chain
substrates but with increased activity on long chains. These
strains are able to grow at the same rate as the wild type but
produce about 10 times more in only 48 hr, and this amount
does not significantly decrease in 250 hr.
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(-)-Heliannuols E and C are naturally occurring ses-
quiterpenes exhibiting allelopathic activity'. We report herein
the enantioselective total syntheses of heliannuols E (ref.?)
and C employing chemoenzymatic transformations of the
prochiral diols 1 and 3 into the optically enriched acetate 2
and 4 as the key reaction steps (Fig. 1). It should be noted
that the absolute stereochemistry of heliannuol C was firmly
established by the completion of the first total synthesis.
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Fig. 1. Syntheses of heliannuols E and C
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A number of Basidiomycetes are known to produce ses-
quiterpenoids with a protoilludane (1-3) or an illudane (4)
skeleton. As a part of our continuing search for biologically
active metabolites, we have recently described the isolation
of tsugicoline A (1) and its transformation into the ster-
purane derivative (2) and the 2-amino-tsugicoline E (3)
(ref.}). The anomalous presence of a carbonyl function in the
four member ring of 1 is the key to understand the reactivi-
ty of this interesting metabolite and led to an easy opening of
the C(6)-C(7) bond to give, under suitable conditions, com-
pounds 2 and 3. The illudane sesquiterpenes illudine S 4,
a potent cytotoxic compound, was also isolated by us from
a strain of Omphalotus olearius?.

In order to extend the number of available derivatives of
these compounds, we have considered the possibility to carry
out their enzymatic acylations in a comparative study. In this
report we will describe the results obtained using a set of dif-
ferent lipases for the regioselective acylation of 1-4 .
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Heptaprenyl diphosphate (HepPP) synthase (EC 2.5.1.30)
catalyzes the condensation of isopentenyl diphosphate (IPP)
with (E,E)-farnesyl diphosphate (FPP) to afford HepPP with
chain lengths of C_., which is the precursor of menaquinone-7
(Scheme 1)*.

HepPP synthase from Bacillus subtilis has been shown to
be composed of two dissociable components, | and I1. Each
component has no catalytic activity as the prenyl chain elon-
gating enzyme unless they are combined? There is little
knowledge about the substrate recognition site of HepPP
synthase. Especially, we are interested in the steric course of
the enzyme reaction. So we prepared some substrate analogs
(Fig. 1, 1a-1k, 6, 7) and carried out the enzyme reaction using
these analogs. It has been reported that 3-methyl group at
allylic substrate is very important for prenyl diphosphate syn-
thase reaction®. So we also prepared some 3-desmethyl ana-
logs (Fig. 1, 2-5) to study the inhibitory effect to the enzyme.

HepPP synthase
* )w B ——
N OPP </ OPP>

IPP

3517
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HepPP
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4 OPP

Scheme 1. HepPP synthase reaction
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We carried out the enzyme reaction using the artificial
substrates to investigate the substrate specificity of HepPP
synthase from B. subtilis. The reaction of IPP with the analogs
la-j , which have the various chain lengths of alkyl group at
4-position of DMAPP, showed that the analog 1i was the
most reactive, which has just same chain length as one of FPP,
while 1h or 1j, the chain length of which is shorter or longer
by one methylene than 1i, respectively, is less reactive than 1i.
These results suggested that the enzyme exactly recognizes
the chain length of allylic substrate.

The analogs 2-5 have no methyl group at 3-position of the
allylic substrate. These analogs showed no reactivity for the
enzyme®. On the other hand, these analogs 2 or 4 had inhi-
bitory effect to the enzyme. Especially, the analog 2 showed
the stronger inhibitory effect than 4 (Fig. 2). These results
suggested that HepPP synthase preferred the E-isomer and
exactly recognized the stereochemistry of the allylic primer.

FPP

1a-1k (n=0-10) 1i (=8)

)W\/MOPP N N \\ Nore 2N ) YAVAN
2 3 4
OPP

ON OM
N N VAN WAV M aopp N N Nopp
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Fig. 1. Artificial substrate analogs
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Fig. 2. Inhibitory effects of 2 and 4 to HepPP synthase

The analogs6 (n=0,1,2,3)or7(n=0, 1, 2, 3) are the
DMAPP or GPP analogs having oxygen atom in their prenyl
chain, respectively. The analog 6 (n =0, 1, 2 or 3) can be
hardly accepted, but 7 (n =0, 1, 2 or 3) can be easily accep-
ted by HepPP synthase. These findings are very interesting
because FPP synthase from Bacillus stearothermophillus
hardly accepted all these analogs containing oxygen atom in
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their prenyl chain, though both synthases belong to the same
E-type prenyltransferase family.
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Prenyltransferase reaction proceeds with the condensa-
tion of an allylic prenyl diphosphate with isopentenyl di-
phosphate (IPP) stereospecifically and the condensation
terminates precisely until the elongation of prenyl chain
reaches certain length according to the specificities of indivi-
dual enzymes.

Ogura et al.”* reported that 4-methyl-4-pentenyl diphos-
phate (homolPP) was accepted as a homoallylic substrate for
a porcine liver farnesyl diphosphate (FPP) synthase, and that
the products derived from the reaction of homolPP with ge-
ranyl diphosphate (GPP) or with dimethylallyl diphosphate
(DMAPP) were only Z-homofarnesyl- or Z-homogeranyl di-
phosphate, respectively.

Recently, antiproliferative terpene derivatives such as
(2)-4,8-dimethylnon-3-en-sodium sulfate (1) or 3,7,11,15-te-
tramethylhexadecan-1,19-sodium disulfate (2) have been iso-
lated from marine organisms such as sea squirts, Japanese
name “hoya” (ref.**). In order to synthesize several carbon
skeleton homologs of compound 1, we examined the applica-
bility and substrate specificities of some prenylchain elon-
gating enzymes with respect to homolPP.

|1,2
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As the result, the alcohol derived from the reaction of
DMAPP with homolPP by use of a recombinant Bacillus
stearothermophilus FPP synthase afforded in higher yields;
Z-homoGOH (yield: 45.9 %) and E-homoGOH (25.5 %) as
shown in Fig. 1, comparing with that of Z-homoGOH (yield;
1 % or less, no E-product) by the porcine liver FPP synthase.
Substrate specificities of other types of prenylchain elon-
gating enzymes will also be presented.

+ )\/\
)\/\OPP Z oPP

1) B. stearothermophilus FPS

2) phosphatase

DAMPP homolPP
X A + )\/\/K/VOH
OH
Z-homoGOH E-homoGOH

Fig. 1. Reaction of homoIPP with DMAPP by use of B. stearothermo-
philus FPS.
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Sterol oxidase (SO) catalyzes dehydrogenation of 3-hy-
droxy steroids at C-3 followed by A*® to A*® isomerisation,
thus modifying 3-hydroxy-5-en to 3-keto-4-en moiety. This
conversion is one of key reactions at sterol to C-17-keto-
steroid transformation by Mycobacterium strains. In spite the
reaction is known since 50th, no systematic investigation on
the properties of the enzymes from sterol utilizing myco-
bacteria was published. It was unclear if the same enzyme re-
sponsible for both dehydrogenation at C-3 and A*® to A*®
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isomerization, as well as if the enzyme represent short-chain
dehydrogenase, or mixed function oxidase. No extracellular
SO from mycobacteria was reported so far.

In this work, the extracellular sterol oxidase was isolated
from cell-free cultivation broth of sterol transforming Myco-
bacterium vaccae VKM Ac-1815D. Along with 3-hydroxy-
steroid dehydrogenase and A*® to A*® isomerase activity,
1(2)-dehydrogenase and 17B-dehydrogenase activities were
revealed in cell-free cultivation broth. The SO was purified
100-fold using hollow fiber concentration, chromatography
on DEAE-Toyopearl, hydroxyapatite Bio-Gel HTP and
Bio-Gel A-0.5 M double filtration. In the presence of NADH
or NADPH the enzyme expressed 3-hydroxy steroid dehydro-
genase, A*® to A*® isomerase and 6-hydroxylase activities.
The enzyme activity of 86.7 umol.min™.g™ was observed to-
wards dehydroepiandrosterone. Two SO isoforms were re-
vealed by Bio-Gel A-0.5M filtration. The molecular weight of
SO by SDS-electrophoresis was determined as 60 + 4 kDa,
K., for dehydroepiandrosterone averaged 4.1 < 10~ M.

P161 21-ACETOXY-PREGNA-4(5),9(11),16(17)-TRIENE -
-21-OL-3,20-DIONE BIOCONVERSION
BY Nocardioides simplex VKM AC-2033D
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Microbial 1(2)-dehydrogenation of acetylated 9(11)-de-
hydrosteroids is of great significance for the synthesis of
modern fluoroglucocorticoids®. Recently, we studied the
metabolic pathways of pregna-4,9(11)-diene-17«,21-diol-
-3,20-dione 21-acetate and 17,21-diacetate by Nocardioides
simplex VKM Ac-2033D. As shown, 1(2)-dehydrogenation
was accompanied by deacetylation, 20B-reduction and non-
-enzymatic migration of acyl group from position 17 to 21 (in
case of diacetate). The conditions providing predominant
accumulation of 1(2),4,9(11)-triene acetates were deter-
mined?.

It was of special interest to find out whether the introduc-
tion of 16(17)-double bond in 21-acetylated 4(5),9(11)-diene
steroid would influence 1(2)-dehydrogenation and deacetyla-
tion by N. simplex. In order to clear structure/activity relation-
ship and full biocatalytic potential of this organism in respect
to acetylated 9(11)-dehydrosteroids, the conversion of 21-
-acetoxy-pregna-4(5),9(11),16(17)-triene-21-o0l-3,20-dione
(1) was investigated. The biotransformation of similar ste-
roids has never been studied so far.
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21-Acetoxy pregna-1(2),4(5),9(11),16(17)-tetraene-3,20-
-dione (2), pregna-4(5),9(11),16(17)-triene-21-0l-3,20-dione
(3) and pregna-1(2),4(5),9(11),16(17)-tetraene-21-0l-3,20-
-dione (4) were revealed as major metabolites at the conver-
sion of 1 by N. simplex. The structure of metabolites was
confirmed by MS and H-NMR. Unlike inducible 1(2)-dehy-
drogenase, the constitutive esterase activity was shown. The
presence of both soluble and membrane associated steroid
esterases was shown by cell fractionation experiments. The
conditions were found providing full substrate (1) conversion
with 92 % molar yield of acetylated 1(2)-dehydroanalogue (2).

N
o7
1
ACOHzc\ ;O HOH2C\ ;O
0”7 ‘ ' 0”7

Fig. 1. Proposed scheme of 21-acetoxy-pregna-4(5),9(11),16(17)-
-triene-21-0l-3,20-dione (1) bioconversion by Nocardioides simplex
cells
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BY Mycobacterium SP. VKM AC-1817D
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Different approaches were undertaken to obtain C,,-ke-
tosteroids from industrial wastes of the pulp and paper
industry — fractions of tall oil products without isolation and
purification of phytosterols. Best results ensued at the con-
version of sterol-rich tall-oil unsaponifiable isolates to an-
drost-4-ene-3,17-dione and androsta-1,4-diene-3,17-dione,
with total molar yield of 55 % at substrate loading of 2.5 mM
(ref.t?).

In the present study soybean extract residue (scum),
a waste of soybean oil production, was estimated as a raw ma-
terial for C,-ketosteroid production. As a model process,
bioconversion of scum to 9a-hydroxyandrost-4-ene-3,17-dio-
ne (9-OH-AD) by Mycobacterium sp. VKM Ac-1817D was
studied. Scum contained —14 % sterols comprised mostly by
sitosterol, stigmasterol and campesterol.

The bioconversion of scum to 9-OH-AD without inter-
mediate isolation of sterols was characterized by a long-term
lag-period followed by drastic increase of 9-OH-AD accumu-
lation. The pre-treatment of scum by either microbial, or
chemical single step procedures allowed to reach the produc-
tivity comparable with that at the use of high quality tall sito-
sterol. 9-OH-AD molar yield of about 70 % was obtained at
the conversion of scum preparation contained 10 g.I™* sterols.
Time courses of bioconversions of scum preparations ob-
tained by mostly effective single or double step pre-treatment
techniques are shown on the following Fig. 1.
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Fig. 1: Time course of 9-OH-AD at microbial conversions of tall sito-
sterol (®) and scum preparations obtained by different techniques;
C1 (O), C2 (A) — crystallisation from ethyl alcohol; (W) F1, (O) F2
- freeze-sedimentation; (<>) H1 - hydrolysis-extraction; F1C1 (#) —
crystallisation of the preparation F1 from ethyl alcohol; C2.1 (A) -
re-crystallisation of the preparation C2 from ethyl alcohol
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P163 SITOSTEROL SIDE-CHAIN CLEAVAGE
IN AN ORGANIC-AQUEOUS TWO-LIQUID
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The use of organic-aqueous two-liquid phase systems is
a well-established approach for the biotransformation of
poorly water-soluble compounds. Cell membranes integrity
may however be tampered due to the toxic action of the orga-
nic phase. Cell immobilization has been shown to reduce the
deleterious action of the organic solvent, by providing a pro-
tective microenvironment'. Chrysotile, an inexpensive mine-
ral material has been successfully used for the immobilization
of yeast cells in agqueous-based media® This work aims to
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evaluate the bioconversion of sitosterol to androstenedione
(AD) in a dioctyl phtalate (DOP)/phosphate buffer, using
mycobacterial cells immobilized on chrysotile. An increase in
final product yield, from 60 % to 90 %, was observed when
the immobilized form of the biocatalyst was used, as com-
pared to free cells, in batch bioconversion. The development
of a continuous system, based in a CSTR operation mode,
was assessed. A flow rate of 0.03 ml.min™ (residence time of
40 h) led to a consistent conversion yield around 50 %, for
a substrate concentration of 12 mM, during a one-week ope-
ration period. Increasing the flow rate to 0.05 ml.min™ (resi-
dence time of 20 h) led to a decrease in the conversion yield
to around 25 %, which was nevertheless kept constant for
a 30-days working period, suggesting high operational stabi-
lity. The results obtained with the continuous experimental
set-up suggests this approach could be considered for the
development of an effective continuous bioconversion system
for the production of AD from sitosterol.
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The selective side-chain cleavage of B-sitosterol by Myco-
bacterium sp. NRRL B-3805 free cells is a well established
multi-enzymatic process for the production of pharmaceuti-
cal steroid precursors, namely 4-androstene-3,7-dione (AD)
and 1,4-androstadiene-3,7-dione (ADD). Since substrate and
products are hydrophobic, the use of organic solvents as bio-
conversion media is one way to overcome low volumetric
productivity, intrinsic to conventional aqueous-based bio-
transformation of such compounds.

In this work, bis(2-ethylhexyl)phthalate (BEHP) was used
as reaction medium in a suspended-cell system with low wa-
ter content as this solvent was previously described as bio-
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compatible for this system, allowing high AD and ADD
yields®. The effect of relevant operational parameters on
product yield and reaction rate was evaluated. Namely, varia-
tions in the biocatalyst/substrate mass ratio, the amount of
water added to the medium and the aeration rate were stu-
died. Off-line monitoring of sitosterol consumption and
product formation was performed by HPLC analysis.

Forced aeration of the bioconversion medium favoured
product yield. The need to maintain a minimum amount of
water in the medium as to retain biocatalytic activity was also
evidenced. Increasing the biomass to substrate ratio led to an
increase of reaction rate up to saturation level. Product de-
gradation was observed in extented bioconversion runs, sug-
gesting residual activity of sterol ring structure degrading
enzymes, and highlighting the need for close monitoring of
the bioconversion process so as to avoid such unwanted re-
actions.
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work aims to fill in such gap, through a systematic evaluation
of the effect of pH, buffer composition and concentration in
catalytic activity. Biocatalytic activity was not significantly
affected when buffered solutions with concentration ranging
from 20 mM to 100 mM were used. Best results were
obtained with phosphate and Tris-HCI buffer solutions, with
the highest bioconversion rates being observed in slightly
basic bioconversion media (pH within 7.5 to 8). Temperatures
in the range 30°C to 35°C favored bioconversion rate,
whereas low catalytic activity was observed at 20 and 40 °C.
Increasing stirring speed up to 500 rpm also favored bio-
conversion rate. The effect of biomass concentration in pro-
duct yield is being currently evaluated.
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The use of a biocompatible water-immiscible organic
phase as a substrate and product pool has been acknow-
ledged as an effective tool to overcome the low volumetric
productivity of aqueous bioconversion systems involving hy-
drophobic compounds. This approach has been successfully
used for the specific side-chain cleavage of sitosterol to an-
drostenedione using Mycobacterium sp. NRRL B-3805 cells®.
Although extensive work has been performed regarding the
selection of a biocompatible organic'?, few information is
available on the effect of aqueous phase composition in the
sterol side-chain cleavage activity of mycobaterial cell>. This
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Optically active y-butyrolactones are valuable building
blocks in organic synthesis and find application as synthons
in natural products synthesis’. Isolated enzymes, such as
lipases, have been exploited for preparing optically active lac-
tones®. In 1996 Leal et al.? isolated and identified (4R,7Z)-
-7,15-hexadecadien-4-olide (1) as a the female-produced sex
pheromone of yellowish elongate chafer (Heptophilla picea),
which is an agriculture pest that causes losses in tea and flo-
wer production in Japan. Compound R-1 was prepared from
L-malic acid in 14 steps and the synthetic compound showed
spectroscopic data and biological activity identical to those of
the natural material®. In this communication we report
a short and versatile enantioselective synthesis of both enan-
tiomers of 1 using a lipase-catalyzed lactonization in the key
step. Scheme 1 shows the retrosynthetic analysis for R and
S (2)-7,15-hexadecadien-4-olide:
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Scheme 1: Retrosynthetic analysis for R and S (Z)-7,15-hexadeca-
dien-4-olide

Both enantiomers were prepared starting from the com-
mercially avaiable 4-ketopimelic acid (5). The enantioselec-
tive reactions were performed with porcine pancreatic lipase
(PPL) in diethyl ether, and after few synthetic steps, both
were prepared in good enantiomeric excess. In conclusion,
we have described a convenient and useful enantioselective
synthesis of R and S-(Z)-7,15-hexadecadien-4-olide through
lipase-catalyzed enantioselective lactonization. In addition,
this fact shows that compound S-3 is a versatile building block
for the synthesis of naturally occurring y-butyrolactones.
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Baeyer-Villiger oxidations of alkyl-substituted cyclohexa-
nones have been investigated extensively using both whole
cells and isolated cyclohexanone monooxygenase from
Acinetobacter NCIMB 9871 (ref.>?) or a recombinant ba-
ker’s yeast® and a recombinant Escherichia coli strain®, respec-
tively. Here we present new examples of the conversion of
2- and 3-substituted cyclohexanones which possess functional
groups in the side chain by the system cyclohexanone mono-
oxygenase (CHMO)/formate dehydrogenase (FDH)®®.

2- and 3-hydroxypropylcyclohexanone were oxidised with
this enzyme system successfully. These ketones were esteri-
fied with several dicarboxylic acids with the purpose to find
out a suitable linker system for binding of substituted cyclo-
hexanones to a resin. In kinetic assays could be shown that
most of such esters, like e. g. compound 1, were accepted as
substrates of the cyclohexanone monooxygenase.
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Beside the enantioselective organo-metal catalyzed
Baeyer-Villiger oxidation' the microbial Baeyer-Villiger
oxidation? has become a powerful tool to synthesize asym-
metric lactones as interesting intermediates in organic
chemistry and frequently encountered precursors in enantio-
selective synthesis. The importance of enantioselective mi-
crobial reactions has grown in recent years due to an
increased need for “green chemistry” approaches in indus-
trial synthesis. Especially the field of chiral Baeyer-Villiger
oxidations is one of the representative domains for biocata-
lysis.

In this study we present whole-cell mediated Baeyer-Vil-
liger reactions on preparative scale using recombinant orga-
nisms as facile tools for organic chemists. Four expression
systems for flavin dependent monooxygenases from Acineto-
bacter sp., Comamonas sp., and Brevibacterium sp. (I + II)
were investigated for their substrate acceptance on prochiral
3,4,5 functionalized carbocyclic ketones 1.

(0] (0]
\ O R
recombinant
E. coli _X=OH _
R R R R OBOY\OH
X R
1 2

X =H, CH3, =CHa, cis-OH
trans-OH, cis-Cl, trans-Cl
R=H, CH3

In this poster we present the results of the microbial
Baeyer-Villiger oxidation of compounds 1, which lead to lac-
tones 2 in high optical purities and potential enantiodiver-
gence. The influence of substrate polarity and sterical aspects
of substituents R and X will be discussed in detail. The enan-
tioselectivity of the enzymatic transformation, will be com-
pared with protein sequence analysis of all four different
expression systems.

A diastereoselective synthetic route to compounds 1 will
be outlined together with potential applications of product
lactones 2 in natural product and bioactive compound syn-
thesis.
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Baeyer-Villigerases have been proven to be a versatile
tool for the conversion of cyclic ketones to lactones. A key
feature beside the regio- and chemoselectivity is the possibi-
lity of introducing chirality on a large number of non-natural
substrates’.

Based on our previous reports on recombinant whole cell
mediated oxidations? of carbocyclic prochiral ketones®, we
are currently expanding our substrate profiling on hetero-
cyclic substrates®.
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In this contribution we discuss our latest results on the
conversion of heterocyclic ketones of type 1 to the cor-
responding lactones 2. A detailed discussion of the synthetic
approach towards the required tetrahydropyranone sub-
strates will be presented. The stereoselectivity of the micro-
bial transformation will be studied together with a survey of
spatial requirements of the active site of the enzymes inves-
tigated based on substrate acceptance.
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Pyrrolizidine alkaloids (PAs) are natural products con-
taining an azabicyclic[3.3.0]heptane structural core. These
compounds have a wide range of biological and pharmaco-
logical activity with therapeutic potential®.

In the course of our studies on microbial Baeyer Villiger
oxidation, we decided to investigate the biotransformation of
the protected 2-azabicyclo[3.2.0]heptan-6-one 1. It could be
a direct route to obtain the Geissman-Waiss lactone (2-oxa-
-6-azabicyclo[3.3.0]octan-3-one) 3, an important intermedia-
te for preparing PAs necine base family? Baeyer-Villigerases
(enzymes catalysing BV oxidation), in particular the cyclo-
hexanone monooxygenase (CHMO), exhibit a broad sub-
strate versatility?, but only few examples of containing
nitrogen compounds were described until now*. Following
a methodology developed in our laboratory, we used a whole
cell process involving recombinant Escherichia coli® as well as
wild type strains.

O
s //O E. coli TOP10 . e
N1 N5 N~
/ /
R R

/
R

1 2 3

R =COOBn

Similarly to the well known bicyclo[3.2.0]hept-2-en-6-one®
biotransformation, ketone 1 was oxidized to a mixture of the
regioisomeric and optically active lactones 2 and 3, the rela-
tive proportion of these lactones depends on the substrate
and the microorganism employed.
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The conventional kinetic resolution is a powerful tool in
asymmetric organic synthesis allowing to prepare enantio-
pure compounds starting from racemic substrates. However,
the maximum theoretical yield of such process is intrinsically
limited to 50 %. One way to circumvent this problem is the
set up of a dynamic kinetic resolution process, which theore-
tically permits to reach a 100 % chemical yield as well as a 100
% ee starting from a racemate’.

The Baeyer-Villiger (BV) oxidation of ketones is an im-
portant and interesting reaction because of its large number
of applications. Asymmetric BV oxidation the ketones using
organometallic reagents have only recently been described
with moderate success®. On the contrary, the utilisation of
enzymes (BV monooxygenases) offers efficient access to
enantiomerically pure lactones and is considered an interes-
ting “green chemistry” alternative to conventional catalysis®.

We have recently described the first example of a dynamic
kinetic resolution process applied to the microbiological
Baeyer-Villiger (BV) oxidation of 2-benzyloxymethylcyclo-
pentanone (1). In this case, the racemisation process was
achieved by a basic-catalysed method, at pH 9 (ref.*). How-
ever, only 0.3 g.I"* of ketone 1 could be transformed because
of the extreme biotransformation conditions. In order to
improve this result, we explored the possible racemisation of
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1 using a procedure based on the application of heteroge-
neous catalysts. Using this approach, the (bio)oxidation of
racemic ketone 1 by E. coli TOP10 [pQR239] (at higher con-
centration) afforded nearly enantiopure (R)-6-benzyloxy-
methyl-tetrahydropyran-2-one (2) in a yield of about 84 %.

O

i
Kfas
Orm= (1

(0]
OBn
®)-2

®-1
Krac . .
ﬁ recombinant £. coli
pH 7.5, anionic exchange resin
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During the last decades, enzymatic Baeyer-Villiger oxida-
tion proved to be a successful tool in asymmetric synthesis
which is well-known for its excellent enantioselectivities.
A number of interesting synthetic applications has been pub-
lished including the oxidation of bicyclic ketones and prochi-
ral 3-substituted cyclobutanones®.

The use of whole cells, avoiding the cofactor recycling
necessity (the so-called “Baeyer-Villigerases” mostly belong
to an NADPH-dependent flavoenzyme family), is the method
of choice for preparative scale synthesis**. However, up to
now, the use of this approach at a larger scale is hampered by
the necessity to work at low substrate concentration, prima-
rily due to inhibition phenomena or low solubilities of the
organic substrate and product compounds.

desorption
adsorbent P

reaction

E.coli

Scheme 1. Two-in-one concept of substrate feeding and product re-
covery

The present work demonstrates on two substrates of the
above mentioned families — namely bicyclo[3.2.0]hept-2-en-6-
-one and 3-piperonylcyclobutanone — how we have overcome
this limitation by integrating solid phase extraction techni-
ques into the process®. Ketone is loaded onto an adsorbent
carrier material which is able to release it into the liquid
phase in a way matching the needs of the cells during bio-
transformation. Likewise, the formed lactone is readsorbed
onto the carrier to keep product concentration low. This
“two-in-one” concept permits not only simple downstreaming
processing but also intensified exploitation of biocatalyst pro-
ductivity (Scheme 1).

We used whole cells of E. coli TOP10 [pQR239] into
which had been cloned and overexpressed the cyclohexanone
monooxygenase from Acinetobacter calcoaceticus NCIMB
9871 (ref.>®). A wide range of adsorbent materials has been
tested on the two substrates which differ in their adsorption/
desorption behaviour. Biotransformations have been carried
out in a laboratory scale reactor set up for this purpose and
demonstrate the increase in productivity for biocatalytic
Baeyer-Villiger oxidation on larger scale and for nearly enan-
tiopure products.
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Over the last few years Baeyer-Villigerases have gathered
increased attention for their ability to convert a large number
of cyclic ketones in a regio- and chemoselective manner. But
the most interesting feature for a synthetic chemist is the
possibility to introduce chirality. The chiral lactones ob-
tained, represent useful intermediates for the synthesis of
natural products.

Based on our previous reports on recombinant whole cell
mediated oxidations?, we were interested in the prepartion of
chiral lactones of type 2.

H H
: : o) X =CH=CH
X () [monooxygenases CH2-CHj
| o) CH-OMe
ﬁ : CH-C1
H C=CHp
1 2 CHz

In this contribution we discuss our results for the conver-
sion of bicyclic ketones of type 1. Both 5- and 6-membered
fused carbocycles represent substrates for Cyclohexanone
monooxygenase (EC 1.14.13.22)% and Cyclopentanone mono-
oxygenase (EC 1.14.13.16)*. The stereoselectivity of the mi-
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crobial transformation will be studied together with a survey
of spatial requirements of the active site of the enzymes in-
vestigated based on substrate acceptance. This enables
a novel approach to yohimbine-type alkaloids as potential
o,-adrenoceptor antagonists. An improved synthetic proce-
dure to the corresponding ketones 1 will be presented toge-
ther with conditions for the whole-cell biotransformation.
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Baeyer-Villiger monooxygenases catalyse both nucleo-
philic and electrophilic oxygenation reactions. Both types of
reactions can proceed with exquisite selectivity indicating that
these enzymes can be of great value for the synthesis of inte-
resting fine chemicals. So far, only a limited number of
Baeyer-Villiger monooxygenases have been identified from
bacteria and fungi. Recently, we have cloned the gene enco-
ding 4-hydroxyacetophenone monooxygenase (HAPMO)
from Pseudomonas fluorescens ACB into E. coli'. The enzyme
efficiently catalyses Baeyer-Villiger oxygenation reactions of
a variety of ketones and aldehydes (Fig. 1)°. Except for con-
verting carbonyl compounds, HAPMO also efficiently cata-
lyses enantioselective sulfoxidation reactions
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Fig. 1. Several HAPMO substrates

HAPMO is member of a recently recognised sequence-
-related flavin-dependent monooxygenase enzyme family?.
As has been observed for all other family members, HAPMO
is highly specific for NADPH. Since a switch in coenzyme
specificity towards NADH would be beneficial for biocataly-
tic applications, we have started a study that aims at identi-
fying the residues that modulate the coenzyme specificity.
Alignment of the HAPMO sequence with sequences from
characterised Baeyer-Villiger monooxygenases revealed se-
veral conserved arginine and lysine residues. It is known that
arginines and lysines are often involved in binding the
2’-phosphate moiety of NADPH. Therefore, we probed the
function of these conserved basic residues by site-directed
and random-mutagenesis. By this, we have been able to engi-
neer a HAPMO variant which displays a significantly in-
creased activity with NADH. By a similar approach, we could
also alter the coenzyme specificity of another sequence rela-
ted Baeyer-Villiger monooxygenase; cyclohexanone mono-
oxygenase. In conclusion, we have identified several residues
that determine the coenzyme specificity of Baeyer-Villiger
monooxygenases. However, to switch the coenzyme specifi-
city of BVMOs from NADPH to NADH in terms of cataly-
tic efficiency, more residues need to be mutated.
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Cyclohexanone — monooxygenase (CHMO) from Aci-
netobacter sp. 9871, which is able to catalyse reactions of the
Baeyer-Villiger-type and the oxidation of heteroatoms, has
been overexpressed in E. coli as host organism. CHMO has
been successfully applied in asymmetric synthesis and in Ki-
netic resolutions®. Many substituted cyclic ketones have been
converted into the corresponding lactones in high enantio-
meric excess.

Directed evolution is a powerful tool to enhance enantio-
selectivity for those substrates in which the wild type enzyme
gives only low ee’s (ref.%). 4-Hydroxycyclohexanone has been
chosen as substrate for the directed evolution of enantio-
selectivity since it shows an ee of only 9.6 % with the CHMO
— wild type.

oH 0 O
CHMO Q O
_—
O HO
OH

Fig. 1. Baeyer-Villiger oxidation of 4-hydroxycyclohexanone

GC screening?® enables us to screen up to 500 mutants per
day. In the first round of mutagenesis, using error prone
PCR, mutants with enhanced and reversed enantioselectivity
have been detected.
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Sphingomonas sp. HXN-200 has been found to be a very
potent and easy to use hydroxylating microorganism*>. In
combination with the docking and protecting group concept,
which was developed to ease the biohydroxylation of com-
pounds containing nonactivated carbon atoms®’, the hydro-
xylation of a number of substance classes such as amlnes1 4
amides?®, and carboxylic acids® could be achieved with thls
microorganism. In a few cases it was also possible to bio-
hydroxylate ketones and aldehydes which were protected as
N-benzoylated spirooxazolidines and oxazolidines. However,
with most of the tested substrates, no or very little product
formation was observed. For this reason, more appropriate
docking/protecting groups are required for these substance
classes. Indeed, the nature of the docking/protecting group
has been found to have a significant influence® on hydroxyla-
tion regio- and stereoselectivity in other substrates, this
adding impetus to our investigations.

Results will be disclosed in detail in this presentation.
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The development of the docking/protecting group con-
cept has proved to be very useful for the biohydroxylation of
nonactivated carbon atoms belonging to a variety of sub-
stance classes such as alcohols, aldehydes, ketones and car-
boxylic acids™?

This work focuses on the biohydroxylation of open-chain
alcohols protected as isosaccharine derivatives (Figure). On
the basis of preliminary screening results with a range of bac-
teria and fungi, the most promising biohydroxylating micro-
organisms for each examined compound were selected, and
the best biotransformations repeated on a preparative scale.
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The results of these biotransformation experiments will
be disclosed in more detail in this presentation.
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In general, asymmetric biocatalytic hydrogen-transfer is
based on alcohol dehydrogenases. By comparison of the bio-
catalytic approach with the conventional Oppenauer-oxida-
tion and transition-metal catalysed hydrogen-transfer, the
advantages of biocatalysis are the intrinsic asymmetry of en-
zymes!', absence of side reactions® and essentially mild re-
actions conditions®.

Whole resting cells of Rhodococcus ruber DSM 44541 are
able to oxidise sec-alcohols at the expense of a sacrificial ke-
tone (e. g. acetone) as hydrogen-acceptor. The process could
be easily switched into the reverse mode to reduce ketones to
sec-alcohols by replacing the auxiliary ketone with 2-propa-
nol as hydrogen-donor.

The microorganism prefers to oxidise medium-chain
alcohols and reduce ketones with the functional group in
(w-1)-position.
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The substance tolerance is rather broad and encompasses
not only simple sec-n-alkanols, but also a variety of substrates
bearing alicyclic or aromatic functional groups. This poster
focuses especially on diols in various positions of the sub-
strate. Best results were obtained when one alcohol moiety is
located in the (w-1)-position.

This work was performed within the Spezialforschungs-
bereich Biokatalyse (project #F-115) and financial support by
FWF (Vienna) is gratefully acknowledged.
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Many antifeedants with the lactone moiety isolated from
the natural sources possess additional functional group,
mainly hydroxy or acetoxy. Because of our interest in synthe-
sis of structural analogues of natural antifeedants we have
been studing methods for an efficient and regiospecific hy-
droxylation of lactones.One of the most used and attractive
methods of introduction of such group in the unactivated
position of molecule is a microbial oxidation of C-H bond to
the alcohol catalysed by cytochrome P450 monooxyge-
nases"?

On the basis of earlier studies with biohydroxylations of
y-lactones?, we applied some fungi to biotransformate satu-
rated y-lactones with cyclohexane ring substituted with va-
rious number of methyl groups (1 a, b).

The most effective transformation took place when diffe-
rent species Fusarium culmorum were used. The fungi were
cultivated at 25 °C in Erlenmayer flasks, after 5 days the sub-
strates dissolved in acetone were added to the grown cultures.
The biotransformations were being continued for 14 days.
The products were extracted with ethyl ether and analysed by
GC and TLC. Then they were isolated and purified by co-
lumn chromatography. Their structures were established on
the basis of 'H NMR and IR data.
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a: Rz,R3 = CH3; Rl =H
b: Rl,Rz,R3 = CH3

The products of biotransformation of y-lactone 1 a, b
were identified as the hydroxylactones 2 a, b respectively,
with the hydroxy group located at the C-3 in equatorial
position.
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Yeast is capable of catalysing a wide range of reactions in
a highly stereoselective manner'. The almost mandatory use
of aqueous reaction media for this reaction causes problems
associated with substrate solubility and product isolation. The
use of an organic solvent for yeast mediated reactions greatly
simplifies the isolation process and generally leads to higher
isolated yields and enantioselectivity. For example, the yeast
mediated reduction of B-keto esters in petroleum ether pro-
ceeds with isolated yields of up to 96 % and ee values of
>99 % (ref.?).

We have now discovered that yeast reactions take place
very efficiently if the substrate is simply added to moistened
yeast. This is effectively a solventless reaction since only
0.8 ml water/g yeast is required, which is just sufficient to
“wet” the yeast but not sufficient to form a distinct water
layer. This reaction system is more reactive towards sub-
strates than either a water or an organic solvent based system.

Using this system we have been able to reduce B-keto
esters, B-keto amides, nitrostyrenes and enol ethers with high
enantioselectivity and good isolated yield. Generally the iso-
lated yields are better than those obtained using other yeast
reaction systems.
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The scope of this new reaction system along with the va-
rious factors (water content, temperature, substrate concen-
tration, etc.) which influence the reaction outcome will be
discussed.
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Various synthetic tricks have been applied to stimulate
microorganisms in producing opposite enantiomers of target
structures under modified conditions'. One of the most often
used ways is to introduce an auxiliary substituent, assisting in
changing bulkiness of substituents at the stereogenic center,
and, consequently, stereopreference during enzymic reduc-
tion. The auxiliary substituent can easily be removed or trans-
formed once the new chiral center is contructed and the new
product is obtained. This approach is usually applicable in the
synthesis of chiral synthons or intermediates, however, can be
hardly applied, when chirality is introduced into prochiral
molecule in the final synthetic step. In such cases, change of
environment (conditions or medium used) of the enzymic
procedure has been studied. One of such approaches is to
apply different immobilization factor to the microorganism,
which may result in changing stereospecific ability of enzyme
mediating the target process.

A hydrophobic polymer (Amberlite XAD-7) has been
used as auxiliary additive in the final step of the synthesis of
enantiomerically pure stereoisomers 2 and 3 of ethyl N-{2-{4-
-[(2-hydroxycyclohexyl)methyl]phenoxy}ethyl}carbamate, an
insect pest management agent, accessible from the parent
ethyl N-{2-{4-[(2-oxocyclohexyl)methyl]phenoxy}ethyl}-car-
bamate (1). In the former modification, absence of the
polymer results in expected product bearing (S) absolute con-
figuration at the C(2)-OH rising stereocenter. In the latter
modification, addition of the polymer to the mixture is ex-
pected to immobilize yeast cell culture in situ, and to enable
enzymic reaction to produce opposite stereoisomers 4 and 5
of the products in comparison with the former process. Se-
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veral strains of the yeasts Geotrichum candidum and Saccha-
romyces cerevisiae have been subjected to this study.
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O\/\NLO/\
H
4
OH
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O\/\NL o~
H
OH 5
yeast + XAD-7 (?) o
O\/\NL o~
H
le} 1
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active multifunctional molecules that can be used as chiral
building blocks for the synthesis of some HIV-protease inhi-
bitors'. The asymmetric reduction of cinnamaldehydes 1a-c
mediated by baker’s yeast (Saccharomyces cerevisiae) fur-
nished alcohols 2a and 2b in excellent enantiomeric excesses
and yields (Table I).

O

A H
X

1

Saccharomyces cereviseae
_— >

pH=55
48h

a:X=Br,b: X=CH;;c: X=Ns

Table I
Reduction of cinnamaldeydes 1a—c by baker’s yeast®

Aldehyde Alcohol Yield
(%)

[0],2 e.e.’ Configuration

(%)

1a 2a 98 -225(c5 CHCL)®  >99 )
1b 2b 99  —11.0 (c 4.6, benzene)® =99 S)
1c 2c 98 -7.6(c0.75, CHCL)® - Z

*T = 30°C, 48 h, pH = 5.5, 4.7 mmol/25g (aldehyde/baker’s yeast),
10.4 g of glucose, 250 ml H,O (2.0 ml of EtOH); "Values of ¢
(g /100 ml); “Determined by GC-MS analysis (capillary chiral column
CHIRASIL-DEX)
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The enantioselective reduction of cinnamaldehyde deri-
vatives is an attractive strategy to prepare various optically
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Optically active acyclic alcohols are very useful in synthe-
sis of natural products. We have reported that Yamadazyma
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farinosa 1FO10896, a yeast, catalyzes the enantioselective
oxidation of cyclic allyl alcohols to afford the optically active
form®. Herein, we will report the enantioselective oxidation
and reduction of acyclic compounds by the yeast.

First, the oxidation of an acyclic allyl alcohol pL-1 was
examined. As expected, the reaction proceeded with high
enantioselectivity as well as that of cyclic compounds to give
optically pure (R)-1. Interestingly, the microbial reduction of
C = C double bond of the corresponding ketone also occur-
red in the reaction system to afford the saturated ketone 2.

OH

% Y. farinosa
WOBH
pL-1
OH 0
Wo Bn \)k/\OBn
(R)-1 2

Second, we tried the reduction of the resulting 2 using
Y. farinosa. While the reduction under aerobic conditions
proceeded without enantioselectivity, asymmetric reduction
of 2 occurred under anaerobic conditions to afford (R)-3 with
high ee.

@] OH
Y. farinosa
\)k/\OBn \/k/\OBn
2 R)-3
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Biocatalytic reduction is a useful tool for obtaining opti-
cally active alcohols, and many scientists have studied re-
actions using isolated enzymes, microbes and plant cell

Posters

cultures as biocatalysts. Reduction of substrates usually re-
quires a large input of energy, and in microbial reductions,
carbohydrates such as sugars have been used to recycle the
coenzyme. These carbohydrates are generated through pho-
tosynthesis with sunlight energy. In other words, we have
been indirectly using light energy for asymmetric reduction’=.

Now we propose the direct use of light energy for such
reactions by using biocatalyst that fall into a new category, the
photosynthetic organisms, because they can directly use light
energy. Reduction of artificial ketones such as acetophenone
derivatives by Synechococcus elongatus PCC 7942 proceeds
smoothly by the aid of light. The efficiency of the reaction is
very high since the coenzyme, NADPH is regenerated by

using light energy.

i
electron
NADPH NADP*

Chemical,
(Oemlca‘ener‘gy) i

Fs A

¢, Cycle

H,0

OH

Synechococcus elongatus PCC 7942

In the reduction by S. elongatus PCC 7942, the stereo-
chemical course of asymmetric reduction of ketones is largely
regulated by light. Thus, we find that enantioselectivity in the
reduction of o,a-difluoroacetophenone by S. elongatus PCC
7942 increases as a result of illumination by fluorescent light.
Furthermore, DCMU, an inhibitor of photosynthesis affects
to the stereoselectivity under illumination, and decreases the
enantioselectivity.

utaes
OH (o] OH
F_- F F -
F 5. elongatus PCC 7942 5. elongatusPCC 7942 o
H H H
30% ee R 70% ee R
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Supercritical carbon dioxide (scCO2) has been used as
a solvent for organic synthesis, extraction and chromato-
graphy due to it's environmentally benign nature, unique
characteristics and high functionalities. The use of biocata-
lysts in scCO2 for organic synthesis has the additional attrac-
tion of combining a natural catalyst with a natural solvent.
Moreover, if flow scCO2 reactors that discharge products and
CO2 from a column packed with biocatalysts are used, the
problem of product extraction, which obstructs the practical
use of enzymes in an aqueous solvent for organic synthesis,
can be solved because CO2 can be removed easily, whereas,
with batch reactors, the separation of biocatalysts from the
products is necessary after depressurization.

Although flow scCO2 systems using hydrolytic enzymes
have been developed, no study has been conducted using de-
hydrogenases'. We used the resting cell of Geotrichum
candidum as a catalyst for the reduction of ketones in
a semi-continuous flow process using scCO2 for the first
time. The reduction of cyclohexanone was successful, and the
biocatalyst could be used repeatedly. It was also suitable for
the asymmetric reduction of o-fluoroacetophenone, and re-
sulted in excellent enantioselectivity (ee =99 %) and higher
productivity than that of the corresponding batch process.
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Both enantiomers of Wieland-Miescher ketone 1 in
a highly enantiomerically enriched form became readily avai-
lable by a newly-developed kinetic resolution with yeast-
-mediated reduction'. From a screening of yeast strains,
Torulaspora delbrueckii IFO 10921 was selected. The collected
stationary-phase cells of this strain, obtained by an incubation
in a glucose medium, smoothly reduced only the isolated car-
bonyl group of the (S)-enantiomer, while the (R)-enantiomer
remained intact (E: 126). Starting from both enantiomers (ca.
70 % ee) prepared by an established proline-mediated asym-
metric Robinson annulation, the reduction with T. delbrueckii
gave the (R)-enantiomer (98 % ee) and the corresponding
alcohol 2 (94 % ee, 94 % de) in preparative scale in nearly
guantitative yields.

(0]

T. delbrueckii
IFO 10921
E=126
O
(i)-l } O OH
O O
(R)-1 (4a5,58)-2

Substrate specificity on the related compounds was fur-
ther studied. Compared with a high level of recognition for
Wieland-Miescher ketone 1, the introduction of substituents
on the octahydronaphthalene skeleton as well as the structu-
ral change into an octahydroindene skeleton retarded the
enzymatic reduction and the enantiomeric ratio fell in 5-16.
Further structural variation into a bicyclo[3.3.0] skeleton led
to an exclusive 1,4-conjugate reduction of the o.,3-unsaturated
carbonyl group, and the above results suggested the partici-
pation of plural oxidoreductive enzymes in the whole cell.
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An air-dried preparation of these cells was very effective
both in terms of activitiy and enantioselectivity, with a high
retention of a co-factor regeneration system. The E value
(123) was nearly equal with that of the freshly harvested cells
(126). Moreover, these air-dried cells showed a long-term
stability. The activity was almost same, even after storage in
a refrigerator (4 °C) for sixty days. In this way, by virtue of
preservable whole cells of this yeast strain, the applicability
of this yeast-mediated reduction in synthetic organic che-
mistry was greatly increased.
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Torulaspora delbrueckii IFO10921 catalyzes the enantio-
topic group-selective reduction of triketone 1, the prochiral
precursor of Wieland-Miescher ketone, to give a stereome-
rically pure form of bicyclic hemiacetal 4, which is the equi-
valent of the resulting hydroxyketone®.

Through a study of substrate specificity among 2,2-di-
substituted cycloalkane-1,3-diones 2 and 3, there were found
some good substrates to give the equivalents of the resulting
hydroxyketone by yeast-mediated reduction. These products
were isolated as cyclic hemiacetals 5 and 6. The subsequent
chemical transformation to 7, 8 and 9 warranted the stereo-
chemistry and the stereochemical purity of the yeast-media-
ted reduction products, with considerable values as the
starting materials for natural product synthesis.
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T. delbrueckii
IFO 10921

I: (n=2, R = M¢) Ohc

2:(n=2,R=EY)
3:(n=1,R=Me)

4:(n=2,R=Me)
5:(n=2,R=Et)
6: (n=1,R=Me)

7:(n=2,R"=H)
8:(n=2,R"=Me)
9:(n=1,R"=H)

Also the above hemiacetals 4 and 6 served as the unique
precursor of a sterically congested B-acetoxyketones contai-
ning a quaternary asymmetric center with three independent
functional groups, by means of C-C bond cleavage through
a B-fragmentation of alkoxy radicals. The resulted B-aceto-
xyketones 10 and 11 are expected for the multi-functional
building blocks, and attempts to apply on the natural product
syntheses, such as triptocallol and madindolines are now
under way.

o

4:(n=2)

6:(n=1)
PhI(OAc),
Cu(OAc), Triptocallol
2,6-lutidine Madindolines

benzene

Madindoline B

Triptocallol
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Biocatalysis is one of the most important methods for the
preparation of optically active compounds with high stereo-
selectivity’. Among the biocatalysed reactions, we can
mention the asymmetric reduction of ketones or kinetic reso-
lution of racemic alcohols by whole cells or isolated enzymes,
leading to chiral alcohols which are of great synthetic utility
in view of the possible transformation of alcohols into other
functionalities'. Recently, we have explored new microorga-
nism strains, native of the Brazilian rain forests, for synthe-
tic purposes, for instance in the oxidation of sulfides? and
hydrolysis of epoxides®. As a part of this program, we initiated
the search for microorganisms from tropical rain forests with
oxidoreductase activity. The prochiral ketones 1-5 were re-
duced by whole cells cultures of Rhizopus oryzae CCT 4964,
Aspergillus terreus CCT 3320 and Aspergillus terreus CCT 4083
(Scheme 1 and Table 1)*,

(0] OH

Whole cells 1-1aR =o-F

R Fungi R 2-2aR=m-F

3-3aR=p-F
1-5 (R)-1a-5a 4-4a R =p-Br

oH 5-5a R =p-NO;
Whole cells
— R
Fungi
(S)-1a-5a

Scheme 1. Mechanistic pathway proposed for the biotransformation
of acetophenones and aryl ethanols by whole cells of fungi

Different selectivities were observed for each of the men-
tioned microorganism. The deracemization of alcohols 1a-5a
was achieved with high enantiomeric excess when whole cells
of Aspergillus terreus CCT 3320 and Aspergillus terreus CCT
4083 were used (Scheme 1 and Table 11). The enantioselec-
tivity was anti-Prelog in some cases. In conclusion, we deve-
loped an efficient method to reduce acetophenones to the
corresponding alcohols using whole cells of new strains of
fungi native of the rain forests, which proved to be excellent
biocatalysts for this purpose. In addition, A. terreus CCT 3320
and A. terreus CCT 4083 promoted the efficient deracemiza-
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tion of aryl ethanols. These results demonstrate that the in-
vestigated microorganisms have a great bioenzymatic poten-
tial to perform reduction and deracemization reactions.
Further studies with these microbial cells of native Brazilian
fungi are in progress in our group.

Table I
Reduction of acetophenones by whole cells of fungi

# Aspergillus terreus Aspergillus terreus Rhizopus oryzae
CCT 3320 CCT 4083 CCT 4964
ketone t c (%) e.e (%)* t c(%)ee (%)* t c(%)e.e (%)*
1 3 69 65(S)° 3 91 57(S)* 1 91 98(S)
17 98 72 (R)* 17 94 66 (R)® 3 92 =99 (S)°
2 3 45 76(R) 3 63 26(S) 1 91 57(S)
6 91 >99(R) 8 75 83(S) 3 92 62(S)
3 3 35 94(S) 3 52 70(S) 1 23 76 (R)
8 29 97(S) 8 31 22(S) 3 84 66 (R)
4 2 55 B81(R) 1 9% 91(R)} - - -
5 57 T70(R) 11 98 65(S)° - - -
5 1 98 82(S) 1 100 53(S) 1 86 79 (R)
6 100 96 (S) 9 99 51(S) 3 63 87 (R)

t — time (days), ¢ — conversion in alcohol, e. e — enantiomeric excess,
deracemization occured, "isolated yield (S)-(-)-1a: 90 %, ‘isolated
yield (R)-(+)-2a 59 %, “isolated yield (S)-3a 18 %,. *e. e. and conver-
sion calculated by GC analysis (capillary column: chiral Chirasil-Dex
CB B-cyclodextrin).

Table 11
Deracemization of phenyl ethanols by whole cells of fungi

# Aspergillus terreus Aspergillus terreus

CCT 3320 CCT 4083
alcohol t ¢ (%) c* (%) e.e (%)** t c (%) c* (%) e.e. (%)**
la 3 4 8 21 (S) 3 - 4 14 (S)

5 7 10 51 (S) 5 - 10 25(S)

8 2 6 61 (S) 8 - 21 52 (S)
2a 3 18 82 68 (R) 3 14 86 75 (S)

5 12 88 >99 (R) 5 18 82 95 (S)

7 12 88 =99 (R)® 7 16 84 97 (S)°
4a 4 32 68 70 (R) 3 12 88 6

6 37 63 74 (R) 5 12 88 8

9 43 57 74 (R) 17 21 79 >99 (S)
5a 4 98 02 - 5 18 82 84 (R)

6 100 00 - 6 15 85 95 (R)

9 100 00 - 7 14 86 >99 (R)

T - time (days), ¢ — conversion in acetophenone, c* — conversion in
alcohol, e. e.: enantiomeric excess, ®isolated yield (R)-(+)-2a: 35 %,
Pisolated yield (S)-(-)-2a 59 %, **e. e. and conversion calculated by
GC analysis (capillary column: chiral Chirasil-Dex CB B-cyclo-
dextrin)
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The stereoselective synthesis of optically pure 1,2-amino-
alcohols is an important issue since these compounds are
versatile chiral building blocks for the synthesis of chemo-
therapeutic drugs, chiral auxiliaries and other chiral interme-
diates in organic synthesis®?2

Table I shows that Rhodotorula glutinis CCT 2182 was
able to convert 1-(1,3-benzodioxol-5-yl)-2-halo-1-ethanones
la-d into the corresponding (R)-halohydrines 2a-d in good
yields and excellent enantiomeric excesses. However, the
yeast was unable to reduce ketone le. The (R)-halohydrines
2a-b may be used as raw materials for the preparation of the
pharmaceuticals (R)-(-)-epinefrine, (R)-(-)-norepinefrine
and (R)-(-)-isoproterenol.

O OH
X X
Rhodotula glutinis
Y 30°C Y
(e}
6 0O
1 2

a:X=ClLY=H

b: X=Br,Y=H

cX=CLY=Cl

d: X=Br, Y =Br

eeX=H Y=H

Table 1
Asymmetric reduction of ketones 1a—e by Rhodotorula glutinis
CCT 2182*

Ketone Alcohol Yield (%)  [o]’® e.e.(%) Configuration
la 2a 98 -36.0 >99 (R)

1b 2b 57 -33.2 >99 (R)

1c 2c 88 -19.0 76 (R)

1d 2b 92 -11.7 72 (R)

le 2e - - - -

4T = 30 °C, 24 h, 1 mmol/5 g (ketone/Rhodotorula glutinis), 100 ml
H,O (1.5 ml of EtOH); "c 1, CHCI,; ‘determined by GC-MS analy-
sis (capillary chiral column CHIRASIL-DEX)
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Chiral a-substituted ketones are versatile building blocks
for the synthesis of natural products, especially in pheromone
synthesis. Although it has been generally accepted that enzy-
matic transformations are suitable methods to obtain chiral
compounds, little is known about stereoselective a-substitu-
ted ketone synthesis through o-methyleneketone reduction®.

Herein, we describe the high regio- and enantioselective
reduction of enones 1 and 2 to the corresponding saturated
ketones 3 and 4, by the yeasts Pichia kluyveri and Rhodotorula
glutinis using Amberlite XAD-7 as adsorbing resin (extractive
biocatalysis).

(6]
Rhodotorula g/utlm_s ¥
XAD 7
1 95% yield (S)-3
99% ee
i i
Plchm kluyveri -
T XADT :
>90% yield (S)-4
>99% ee

We found that the use of Amberlite XAD-7 as adsorbent
of the enones played a crucial role in the reaction profile with
two biocatalysts. In the absence of XAD-7 poor yields and
enantiomeric excesses were achieved. On the other hand,
growing amounts of XAD-7 sensibly improved the yields and
ee’s of the products. Best results with adsorbed enones 1 and
2 onto XAD-7 were achieved with Rhodotorula glutinis and
Pichia kluyveri as biocatalysts, respectively.
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In conclusion, the maintenance of low concentrations of
the substrates in the aqueous phase by the use XAD-7 as
adsorbing resin in the course of the reduction of enones 1 and
2 by suitable yeasts allowed us to obtain ketones 3 and 4 in
high yields and enantiomeric excesses. Therefore, the extrac-
tive biocatalysis method proves again to be a powerful tool
when inicial concentration and toxicity of the substrate are
the limiting issues in the reaction?.
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BY Trichosporon cutaneum: A SHORTCUT
TO HOMOCHIRAL (1S,2R)-1,2-INDANDIOL

GELSON JOSE A. CONCEICAO, PAULO J. S. MORAN,
and J. AUGUSTO R. RODRIGUES

Universidade Estadual de Campinas, Instituto de Quimica,
CP 6154, 13083-970, Campinas, Sdo Paulo, Brazil,
e-mail: g-andrade@eudoramail.com

Keywords: enzymatic dynamic kinetic resolution, asymmetric
reduction, (15,2R)-1,2-indandiol, Trichosporon cutaneum

The (1S,2R)-1,2-indandiol (1) is a well stablished precur-
sor to the (1S,2R)-1-amino-2-indanol (2), a key raw material
in the synthesis of the leading HIV-I protease inhibitor oligo-
peptide mimic Indinavir (3) (Scheme 1). Hitherto, only few
biocatalytic roots to 1 have been delivered, i. e.: (i) microbial
asymmetric dioxygenation of indene' and (ii) Trichosporon
cutaneum MY 1506-mediated asymmetric reduction of
1,2-indanedioné?. In turn, diol 1 can be promptly converted
to 2 through a Ritter reaction®.

OH NH
(15,2R)-1 (15,2R)2
Ph
N* N OH OH
‘ H B
N N,
e}
BN YO
Indinavir (3)
Scheme 1
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We wish to report a highly efficient enantio-convergent
preparation of homochiral (1S,2R)-1,2-indandiol (1) through
a enzymatic dynamic kinetic resolution of (%)-2-hydroxy-1-
-indanone (4) with stereoselective reduction mediated by
resting cells of the non-conventional yeast Trichosporon cuta-
neum CCT 1903 (TC). Accordingly, when 1 g of racemic ben-
zoin 4 was added to a slurry of resting cells of TC and glucose
in distilled water, we were able to recover the (1S,2R)-1,2-in-
dandiol (1) in ca. 85 % isolated yield plus =99 % e. e. after
3-4 days of incubation on an orbital shaker (150 rpm) at 28°C
(Scheme 2).

The intervention of a highly active racemase acting in the
enzymatic dynamic kinetic resolution of the (%)-2-hydroxy-
-1-indanone (4) is evoked (Scheme 2). In conclusion, we have
disclosed a valuable shortcut to homochiral (1S,2R)-1,2-in-
dandiol in comparison with the previously reported method?.

O OH
racemase
—OH =—= OH
(S)-4 racemase
OH 0
e : wnQH
(IS2R)-1  ca. 85% yield (R)-4
>99% ee
Trichsporon cutaneum
O
OH
()4
Scheme 2
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Asymmetric hydrogenation of nitroalkenes would be ex-
tremely valuable for the synthesis of chiral building blocks. In
general, these substrates cannot be reduced enantioselective-
ly by metal catalysts, whilst Baker’s yeast and aerobic micro-
organisms have a limited substrate range and reduce the
carbon-carbon double bond with very low efficiency. We have
developed several anaerobic bacteria as novel biocatalysts
which reduce nitroalkenes with good enantioselectivity and
efficiency, and we are now studying the optimisation of the
reactions.

Initially, we optimized the growth conditions for produc-
tion of C. sporogenes to obtain maximal biocatalytic activity in
harvested cells. Although glucose supported better growth
than phenylalanine, the rate of cinnamate reduction was ap-
proximately 2-fold higher after growth on phenylalanine than
on glucose. Addition of phenylalanine or cinnamate to cul-
tures growing on glucose did not improve growth or increase
the rate of cinnamate reduction using harvested cells. When
C. sporogenes was grown in chemostat culture, the rate of cin-
namate reduction increased with pH and with decreasing di-
lution rate. The reaction conditions for C = C reduction
using harvested cells were also optimised. The efficiency of
electron donors for reducing cinnamate was in the order
hydrogen=phenylalanine>glucose.

i @

Ny Ny
m ~0 C. sporogenes m SO

The optimised biocatalyst production and reaction sys-
tems were used for the reduction of 2-nitro-1-phenyl-1-pro-
pene, using an anaerobic two liquid phase reaction system to
protect the microorganism from substrate toxicity. The enan-
tiopurity of the nitroalkane product depended on the growth
substrate used to produce the biocatalyst and on the sub-
strate concentration in the reaction. We are currently investi-
gating the reasons for the varying enantioselectivity, with the
aim of developing methods to control enantiopurity of the
nitroalkane product.
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Biocatalysis has been pushed towards high throughput
screening (HTS)"?in order to monitor enzymatic activity of
libraries of natural or modified microorganisms. Among the
most popular HTS methodologies are the high performance
liquid chromatography and gas chromatography associated to
mass spectrometry. Reagent based assays are also good alter-
natives which require the modification of the substrate by
inserting a fluorogenic or chromogenic moieties. In principle
all are efficient and are based on one reaction and several
microorganisms or several enzymes (namely in 96 or
398 microtiter plates). Hoping to contribute with this world-
wide trend we visualized a high throughput screening of re-
actions namely several substrates possessing different
functional groups to be simultaneously by several micro-
organisms. This would increase the speed of the HTS n times,
where n is the number of added substrates.

To test the effectiveness of the methodology we have se-
lected 2 Brazilian microorganisms (Serratia rubidea CCT 5732
and the fungus CCT 5560) under study in our laboratory and
one strain of Saccharomyces cereviseae DSM 0195. We selec-
ted substrates 1-4 with the objective of simultaneously moni-
toring ketone oxidation and reduction, sulfoxidation and
epoxide hydrolysis. These reactions had been previously stu-
died detecting microorganisms that could better perform
them in terms of reaction time, yield and enantiomeric ex-
cesses. In biotransformations the substrate concentration has
to be below the minimum inhibitory concentration (MIC) but
taking into consideration that each reagent will act indivi-
dually we could add 4 times the usual amount of xenobiotics
to the cell suspensions and none of the individual substrates
would be above the MIC. Notwithstanding this rationale we
added only 50 mg of xenobiotic (mixture of compounds 1-4 )
per 2 g (wet weight) of MO cells.

The reactions were monitored by GC/MS and indeed the
Serratia rubidea CCT 5732 known to have oxidoredutase ac-
tivity preferentially transformed substrate 1 into syn and anti
1a in 2 hours leaving the remaining substrates with little or no
modification. The same behavious was observed when trea-
ting the reaction individually (Table 1). The reaction monito-
ring was continued for 20 hr when la was degraded and
phenyltioderivatives was observed.

Fungus CCT 5560 had been previously selected as a good
microorganism for sulfoxidation yielding chiral sulfoxides in
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good yield and high enantiomeric excess. During this multi-
bioreaction screening this same fungus was also selected for
sulfoxidation just like in the individual screening.

Table I
Multibioreaction screening

Entry Reaction Microoganism
1 lo) o) OH O Serratia
rubidea CCT
OMe OMe 5732
—_—
1 la
2 OH
(P — (I
OH
2 2a
3 0 0 OH
I o
O — 3
3 3a 3b
4 0] fungus CCT

(0]
Il Il 5560
S~ S~ S~
R . b
4a 4b

4

Finally we are conscious that this methodology requires
optimization but the central idea is sound and proved to be
correct allowing the screen of a chemical mixture and rea-
ching the same conclusion of individual substrate screening
but n times faster were n is the number of added substrates.

The authors are indebted to FAPESP, CNPq and CAPES for
grants and scholarship.
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The asymmetric oxidation of sulfide is one of the most
convenient route to chiral sulfoxides which depends on chi-
ral environments (electrodes’, clays?, helices®, cyclodextrins®)
and this is either limited to specific substrates or gives pro-
ducts in only moderate to low enantiomeric excesses. A new
horizon was envisaged with Kagan-Modena’s method using
the modified Sharpless reagent™® and giving access to useful
chiral sulfoxides. The classic Andersen’s chiral sulfoxide syn-
thesis relies on the nucleophilic substitution on diastereo-
merically pure (S,S) menthyl p-toluenesulfinate’ but high
enantiomeric excesses are mainly obtained with p-tolyl deri-
vatives. Focusing on the enzymatic oxidation of organo sulfur
derivatives by Brazilian microorganisms as an alternative way
to obtain chiral sulfoxides we have selected two major
approaches: one by direct oxidation of sulfide derivatives and
the second by an enzymatic Andersens’s synthesis, that is, Ki-
netic resolution of sulfinates viewing the production of chiral
sulfoxides. In a previous program we obtained chiral sulfo-
xides in high enantiomeric excesses from organosulfur com-
pounds using fungi whole cells either resting or immobilized.
The conversions were not satisfactory due to the subsequent
transformation of one of the sulfoxides into sulfone. At the
time the selected microorganisms produced sulfoxides with
(S) configuration from a wide range of benzyl alkyl and phe-
nyl alkyl sulfide®®. To access the oxidation of sulfides with
little or no production of sulfone derivatives we have
screened novel microorganisms using substrate 1. The results
are summarized in Table I.

Table I
Biotransformation of phenyl ethyl sulfide 1 with Brazilian
microorganisms

Entry Microorganism C 2 3 ee Conf.
(%) (%) (%) (%)
1 Geotrichum candidum CCT 5551 100 32 68 65 N
2 Aspergillus niger CCT 1435 100 34 66 76 N
3 Rhizopus oryzae CCT 4964 100 100 - 62 N
4 Fungi CCT 5551 (Trigona sp. bee) 97 97 - 68 R
5 Nodulisporium sp. CCT 5552 100 32 68 45 R
6 Fungus CCT 5553 75 71 4 >99 R
7 Fungus CCT 5560 83 8 - 85 R
8 Fungus CCT 5630 100 67 33 3 N
9 Fungus CCT 5632 80 80 - >0 R
10 Fungus CCT 5635 100 96 4 53 R
11 Fungus CCT 5661 98 74 24 96 S
12 Aspergillus ochraceus 96 69 27 38 N

Thus fungus CCT 5553 isolated from a Trigona sp bee®
was selected as the best candidate to transform sulfide 1 into
sulfoxide 2 in >99 ee and 75 % conversion. Reaction scale up
allowed a gram scale production of 2 which will be used in
asymmetric synthesis. For the second approach we focused
on the resolution of racemic sulfinates and sulfinates we first
tested the stability of 4 and 5 in aqueous medium but only 5
did not hydrolyzed spontaneously. Therefore substrate 5 was
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used to screen the enzymatic activity present in several micro-
organisms (Table II). As it can be appreciate by scrutinizing
Table 11, hydrolysis and oxidation are two competitive re-
actions. In all cases the hydrolysis was not enantioselective
while sulfinate 5 of high enantiomeric purity was obtained by
oxidative kinetic resolution. Notwithstanding this apparent
sucesss the conversions obtained so far are not acceptable.
Finally our results further improved the access to 2 in gram-
scale with the alternative of choosing 2-(R) or the 2-(S) con-
figuration. The biocatalytic method of obtaining chiral
sulfoxides using the chiral sulfinate was also investigated by
selecting microorganisms that resolved sulfinate 5.

O O o
I I «_OR
©/5\0/R ©/5\0/R ©/ S
. 4 0
)
5 5
R = cyclohexyl \ e}

Table IT
Kinetic resolution of sulfinates 5 with Brazilian microorganisms

Entry  Microorganism 5ee (%) Reaction

1 Geotrichum candidum CCT 5551 95 oxidation
2 Aspergillus niger CCT 1435 - hydrolysis
3 Rhizopus oryzae CCT 4964 25 oxidation
4 Aspergillus terreus CCT 3320 95 oxidation
5 Nodulisporium sp. CCT 5552 - hydrolysis
6 Fungus CCT 5553 44 oxidation
7 Fungus CCT 5560 - hydrolysis
8 Aspergillus ochraceus 99 oxidation

The authors are indebted to FAPESP and CNPq for grants

and scholarships, respectively.
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In recent years chiral organoselenium compounds have
been prepared and some of them were applied in asymmetric
synthesis'. This concern constitutes a new trend in this field
of organoelemental chemistry. Thus, the search for efficient
methods for preparing organoselenium compounds with high
enantiomeric purities is an important goal in this area of
chemistry. In this context, biocatalysis has attracted much
attention for being an important method in the preparation
of optically active compounds with high stereoselectivity
under environmentally friendly conditions®. In this commu-
nication we report the bioreduction of organoseleno aceto-
phenones 3a-f with whole cells of fungi (Fig. 1).

@] OH
whole cells fung >
A. terreus CCT 3320
RSE A. terreus CCT 4083 g
R. oryzae CCT 4964
E. nidulans CCT 3119
3a-f 4a-f

3a=0-CHSe 3d =o-PhSe
3b =m-CH;Se 3e = m-PhSe
3c=p-CHsSe 3f=p-PhSe

e.e. up to 99%

Fig. 1. Asymmetric bioreduction of seleno ketones 3a—f with whole
cells fungi

We screened for microorganisms which are able to per-
form the reduction of the carbonyl group. The biotransfor-
mation was performed by re-suspending the wet cells of the
appropriate fungi (4 g) in a phosphate buffer solution (50 ml,
pH 7.0, 0.1 M) in a 125-ml Erlenmeyer flask. To these cells
suspensions, solutions of ketones 3a-f (20 mg) in ethanol
(0.5 ml) were added and the mixtures were incubated in
a rotary shaker (170 rpm) at 32 °C for times indicated in
Table 1. The progress of the biotransformation was monitored
by GLC. The results are summarized in the Table I. As can be
observed, two of the six seleno ketones 3, namely ortho-
-methylseleno acetophenone 3a and ortho-phenylseleno
acetophenone 3d, were unreactive toward the four investi-
gated fungi under the bioreduction conditions employed. The
other selenoacetophenones were reduced with good conver-
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sion rates and ee. The results obtained in the bioreduction of
seleno ketones 3c, 3e and 3f showed that the fungus Rhizopus
oryzae CCT 4964 gave the best values of conversion and
enantiomeric excess for preparation of organoseleno-a-
-methylbenzyl alcohol 4. To our knowledge this is the first re-
ported biotransformatiom of a selenium compound for
synthetic purposes.

Table I
Bioreduction of seleno ketones

Entry  Substrate Whole cells fungi Time Conversion Product 4 ee

(day) (%) (%)°

1 3a Rhizopus oryzae 7 n.c. -
CCT 4964

2 3b Rhizopus oryzae 2 99 (55)° 94
CCT 4964

3 3c Rhizopus oryzae 2 91 (50)° 96
CCT 4964

4 3d Rhizopus oryzae 7 n.c. -
CCT 4964

5 3e Rhizopus oryzae 7 90 (27)° 87
CCT 4964

6 3f Rhizopus oryzae 7 85 (25)° 71
CCT 4964

7 3a Aspergillus terreus 7 n.c. -
CCT 4083

8 3b Aspergillus terreus 2 76 90
CCT 4083

9 3c Aspergillus terreus 2 86 55
CCT 4083

10 3d Aspergillus terreus 7 n.c. -
CCT 4083

11 3e Aspergillus terreus 9 21 47
CCT 4083

12 3f Aspergillus terreus 9 12 45
CCT 4083

13 3a Aspergillus terreus 7 n.c. -
CCT 3320

14 3b Aspergillus terreus 2 75 86
CCT 3320

15 3c Aspergillus terreus 10 75 95
CCT 3320

16 3d Aspergillus terreus 7 n.c. -
CCT 3320

17 3e Aspergillus terreus 7 41 99
CCT 3320

18 3f Aspergillus terreus 7 n.c. -
CCT 3320

19 3a Emericella nidulans 7 n.c. -
CCT 3119

20 3b Emericella nidulans 3 9 67
CCT 3119

21 3c Emericella nidulans 5 99 99
CCT 3119

22 3d Emericella nidulans 7 n.c. -
CCT 3119

23 3e Emericella nidulans 10 n.c. -
CCT 3119

24 3f Emericella nidulans 7 n.c. -
CCT 3119

#Conversion determined by GC, isolated yield in parentheses, n. c. =
= no conversion, "determined by GC analysis using a chiral column
(Chirasil-Dex CB B-cyclodextrin 25 m > 0.25 mm) (4a-d) , by chiral
HPLC analysis after reaction with 3,5-dinitrobenzoyl chloride
(column Astec-Cyclobond | 2000 SN: hexane/isopropanol = 99/1)
(4e, 4f), °100 mg of substrate was used
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A recombiant strain of Escherichia coli (TOP 10 pQR239)*
expressing cyclohexanone monooxygenase (CHMO) from
Acinetobacter calcoaceticus sp. NCIMB 9871 has been used as
whole cell biocatalyst for the oxidation of 1,3-dithiane®? to
the corresponding enantiopure (R)-sulfoxide (ee > 98 %)
(Fig. 1).

CHMO suffers from substrate and product inhibition
and, furthermore, 1,3-dithiane shows low solubility in the
biotransformation medium. These limitations have been
overcome by using a polymeric hydrophobic resin®. After
a series of substrate/product binding tests on a variety of re-
sins with different hydrophobic properties, we choose SP207
(Sepabeads — Resindion). This acrylic resin was able to
adsorb 1,3-dithiane, thus acting as a reservoir for high sub-
strate concentrations. Furthermore, the product was also
adsorbed onto the resin, thus allowing to remove it from the
reaction mixture as it formed.

This approach has made it possible to increase
1,3-dithiane concentration in the reaction medium from
1 g.I" to 5 g.I"* with complete substrate conversion.

& SK\DS\OK’R
s@s& N
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Fig 1. CHMO catalysed oxidation of 1,3-dithiane to (R)-sulfoxide;
sulfone started forming only after complete substrate consumption.
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For the accomplishment of “green chemistry”, the envi-
ronmental friendly bioprocess should be introduced into
chemical industry. The bacterial aldehyde oxidation system
has been applied for the synthesis of various useful acids.

We surveyed the powerful aldehyde-oxidizing bacteria
through the conventional enrichment culture technique. In
addition to Acetobacter and Gluconobacter strains, we found
that Pseudomonas fluorescens and Serratia liquefaciens exhibit
the powerful aldehyde oxidation activity. We apply these bac-
terial aldehyde oxidation system for the rapid and convenient
preparation of various useful acids from the corresponding
aldehyde.

1) Syntheses of 2-furancarboxylic acid and 5-hydro-
xymethylfuran-2-carboxylic acid: Furfural and 5-hydroxyme-
thyl-2-furaldehyde are abundant natural renewable resources
obtained easily through the heat-distillation of pentosan and
hexosan treated with the diluted sulfuric acid, respectively.
2-Furancarboxylic acid is used for the synthesis of various
pharmaceuticals, perfumes, agricultural chemicals and resins.
Although several synthetic methods of 2-furancarboxylic acid
from furfural have been reported, there have been some
problems to be resolved, particularly, for its production on
a large scale. We focused on the bacterial aldehyde oxidizing
capability. Acetobacter rancens and Gluconobacter cerinus
oxidized furfural to produce 2-furancarboxylic acid. The
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accumulation of 2-furancarboxylic acid was 110 g.I™" with
83 % molar conversion yield for 30 h with the resting cells of
Acetobacter rancens. Serratia liquefaciens converted
5-hydroxymethyl-2-furaldehyde into 5-hydroxymethylfuran-
-2-carboxylic acid. The accumulation of 5-hydroxymethyl-
furan-2-carboxylic acid reached 32.6 g.I™* with 88 % molar
conversion yield for 26 h. The hydroxymethyl group of 5-hy-
droxymethyl-2-furaldehyde was inert and the oxidation was
very specific to aldehyde. Compared to the oxidation of
5-hydroxymethyl-2-furaldehyde by chloroperoxidase®, Serra-
tia liquefaciens oxidation activity was very specific to alde-
hyde.

2) Synthesis of vanilinic acid: We also established the ef-
ficient conversion of vanillin into vanillic acid. Among tested
aldehyde-oxidizing bacteria, Serratia liquefaciens showed
highest productivity of vanillic acid. The accumulation of
vanillic acid was 70.6 g.I™" with 89 % molar conversion yield
for 12 h.

3) Selective oxidation of dialdehyde (o, m, and p-phthal-
adehyde): The selective oxidation of dialdehydes such as
0, m, and p-phthaladehyde was also examined using alde-
hyde-oxidizing bacteria. When the oxidation of m-phthala-
dehyde as a substrate was examined using Acetobacter
pasteurianus resting cells, m-phthalaldehydic acid was prefe-
rentially formed with 95 % conversion, and then formation of
m-phthalic acid was only 5 %. The accumulation of m-phthal-
aldehydic acid reached 36.8 g.I™* with 88 % molar conversion
yield for 40 h. On the other hand, the selectivity of oxidation
of p-phthaladehyde was poor and the oxidation of o-phthal-
adehyde almost did not proceed.

Acetobacter rancens.

@\COOH

O O

/@\ Serratia liquefaciens /@\
HOH,C~ Ny ~CHO ~ HOH,C— Ny~ C
HCQ H;CO

o E : CHO Serratia liquefaciens o E : COCH

CHO CHO COOH
i)\ Acetobacter pasteuriants i)\ 4 i)\
S
CHO COOH COOH
95%

5%
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Biocatalytic methods such as kinetic resolution for race-
mates provide you with an easy access to the optically active
compounds. Unfortunately, however, these techniques are
not ultimate methods obtaining the optically active products.
These have disadvantages. In case of kinetic resolution, the
maximum yield of the desired enantiomer is limited to 50 %,
although this technique is already well-established to prepare
the optically active products from their racemates. Recently,
we have reported a new approach obtaining the optically ac-
tive (R)-2-aryl- and (R)-2-aryloxypropanoic acid starting from
their racemates by the aid of the growing cells of Nocardia
diaphanozonaria JCM3208 (Scheme 1)'. This method is
known as deracemization reaction and is capable of over-
coming the drawback of the kinetic resolution process.
Theoretically, deracemization reaction could give the desired
enantiomer in 100% yield. It means that the synthesis of race-
mates is almost equal to the synthesis of optically active com-
pounds and this concept is entirely different from the
commonly accepted one in the asymmetric synthesis.

CHs

@ACOZH
69% e.e., 81% yield
CH;
R=Ph /i R=PhX
R™ "COH—— 0, S, CH,
©\ (;Hs
X7 >coH
X=0:97%¢e.e., 71% yielc
S 88% e.e., 68% yielc
CH; : 88% e.e., 71% yield
Scheme 1

In this poster, we would like to present the new design of
reaction conditions to suppress the metabolic reactions for
two types of compounds, 2-phenylthiopropanoic acid and
2-methyl-3-phenylpropanoic acid, and to proceed preferen-
tially the deracemization reaction (Scheme 1). In addition,

479

Posters

the investigation of the reaction mechanism using the cell
free extracts as well as the whole cells indicate that this dera-
cemization process is competitive reaction against the B-oxi-
dation pathway of fatty acid metabolism (Scheme 2). Also, it
was found that new types of enzymes take part in this system,
although the reaction proceeds by way of the same mecha-
nism as that in rat liver®

CHj3
Z

-

DU
COH
B-oxidation pathway
©\/§H3 (j\/cil3
—_—
COH COSCoA
deracemization pathway
@\/Q\I_I3
e
CO.H

Scheme 2

.

COSCoA

CH;

.

COSCoA
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Chiral B-hydroxy esters are important building blocks in
organic synthesis especially in the preparation of natural and
pharmaceutical products®. Several chemical? and biocatalytic®
methods are known for preparing optically pure B-hydroxy
esters. Among the biocatalysts, lipases, generally known for
esterification and transesterifications* are extensively em-
ployed for the resolution® of secondary alcohols. The dis-
advanages of the reported methods are mainly low yields
(maximum 50 %) and separation of the products after reso-
lution or the use of expensive cofactors for isolated enzyme
mediated asymmetric reduction. Deracemisation® is an at-
tractive alternative as it permits the conversion of racemic
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B-hydroxy esters to optically pure hydroxy esters in high enan-
tiomeric excess as well as high yield. It is a novel approach for
the synthesis of optically pure B-hydroxy esters . The starting
materials for this reaction are racemic B-hydroxy esters’. This
study will highlight the biocatalytic synthesis of optically pure
B-hydroxy esters by deracemisation using microbial whole
cells. The substrate specificity of the biocatalyst will be pre-
sented using a variety of aryl and alkyl B-hydroxy esters.
A possible mechanism of the microbial deracemisation re-
action will also be presented.

OH O

Only one
enantiomer

BIOCATALYST

OR’ _—
WHOLE CELLS

(RS)

R =alkyl eg. CH3 and aryl eg@ /©/ /©//©/©\/
ON MeO Me Me

R’ =alkyl eg. CH3, CoHs and aryl eg. CHyPh
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Irbesartan (1), a recently developed and highly selective
orally active non-peptidic angiotensin |1 receptor antagonist,
is metabolized in animals and humans to give at least eight
urinary metabolites™. Two of the minor metabolites cor-
respond to monohydroxylated derivatives resulting from the
oxidation of the spirocyclopentane ring. The stereochemical
features of these metabolites have not been fully elucidated:
indeed, symmetrical positions (2’ and 3") on the cyclopentane
ring are enantiotopic, due to a symmetry plane involving the
substituted spiroheterocyclic ring. Hydroxylation on each of
these positions, on either face, should generate enantiomeric
pairs of cis- or trans-hydroxylated derivatives.

1: R] :H; R2 =H
2:R;=OH;R,=H
3: Ry =H; Ry = 1-glycosyl

4:R;=OH

We describe some results about the biotransformation of
irbesartan by various microbial species in order to prepare
some of its metabolites in sufficient amounts to complete the
determination of their structural and stereochemical charac-
teristics. Depending on the strain used, each isomer (2) could
be obtained in good yield together with the corresponding
hydrolysed (open form) metabolite (4). In addition,
a N(tetrazole)-glycosylated metabolite (3), analogous to the
N-glucuronyl animal metabolite, was produced by some
strains and fully characterized.
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A fast 96-well microplate system has been developed to
explore the biotransformation activities of various micro-
organisms (fungi, yeasts, bacteria) upon synthetic or natural
compounds of interest in the pharmaceutical, agrochemical
or cosmetic fields. This miniaturized method, associated with
sensitive and efficient microanalyses of the products formed
(LC, GC-MS, LC-MS...), allows to select the best strains
1) to study the formation of microbial metabolites; 2) to ge-
nerate molecular diversity, in a biocombinatorial approach?.

Several examples of this technique will be described, and
compared with the corresponding results obtained in classi-
cal incubation conditions.
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Over 18 million chemical substances are known, with
more than 65,000 currently used in commerce. For past se-
veral decades, considerable progress has been made towards
understanding environmental fates of these naturally occur-
ring and synthetic compounds. The important role of micro-
organisms in these transformations and mineralization has
been clearly established. Biodegradability is one of the most
important characteristics of an organic compound to assess
its life and fate in the environment®. For mineralization of
a chemical to occur, several enzymes must act sequentially to
transform or breakdown chemicals to simpler molecules that
enter intermediary metabolism. With expert knowledge of
enzyme substrate specificity, sequential steps in the metabo-
lism of naturally occurring compounds, and catabolic path-
ways, one can identify structural features of synthetic
chemicals that are likely to be substrates for enzyme(s)®.

The ability to predict biodegradability of chemicals in the
environment is of increasing importance due to concerns
about the persistence and toxicity of the parent compounds
and/or their metabolites in addition to high cost of empiri-
cally assessing their fate. The predictive information of how
a particular chemical compound may be degraded has enor-
mous implications for industry as well as for regulatory agen-
cies®. Though, the biodegradability of chemicals in the
environment is largely predicted on their ability to serve as
substrates for microbial enzymes, enzymatic mechanisms
have been determined for only a small percentage of these
chemicals.

Focusing on the above aspect, the present study was car-
ried out to predict plausible biotransformation routes for
potential toxic chemicals using chemical heuristics and infor-
mation resources (published and unpublished scientific lite-
rature). The chemical substances were chosen based on the
extent of utilization by chemical industries and the listing in
hazardous substances registers. The predictions were based
within a framework of certain rules: (i) prediction of one
possible chemical route, (ii) prediction of one possible bio-
chemical route — a sequence of plausible enzymatic reactions,
(iii) prediction of all possible biochemical routes to inter-
mediary metabolism, and (iv) evaluation of biochemical re-
actions for chemical feasibility.

The first step is to predict the possible transformation of
the most reactive site (in the test chemical substance) based



Chem. Listy 97, 363-520 (2003)

on chemical heuristics. The second step is to examine the
scientific/experimental literature to verify the occurrence of
the above transformation biochemically. Deriving on the si-
milarity of this transformation to the known enzymatic re-
actions, an enzyme and its characteristics are assigned to the
step catalyzing the biotransformation. Similar process is fol-
lowed further on the test molecule and a predictive pathway
is proposed until the final product formed enters the inter-
mediary metabolism®.

Conversion of an aromatic isocyanate to an aromatic
amine is an example of such biotransformation route, which
has been contributed under the present study and accepted
as a rule (BTrule) in Pathway Prediction System, developed
at University of Minnesota Biocatalysis and Biodegradation
Database (UMBBD)®. As of now, predictive biodegradation
pathways have been studied for allyl amine (107-11-9), allyl
alcohol (107-18-6), benzyl sulfide (538-74-9), glycolonitrile
(107-16-4), methylene diphenyl diisocyanate (101-68-8) and
toluene diisocyanate (584-84-9) which would be presented.
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In the course of the preparation of the fexofenadine 3,
which is the active metabolite of terfenadine 1, an antihista-
minic drug, it has been found that S. platensis NRRL 2364
was able to oxidise the t-butyl group of 1 to give two pro-
ducts®. The hydroxylation of one methyl group gave the alco-
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hol derivative 2 (so-called triol) and a subsequent oxidation
could be observed and furnished the fexofenadine 3 in
variable amounts.

CH; CH,O0H COOH
H3;C——CHs HsC CH, HsC CH;
OH OH OH
_— _—

N N

N
Hscégc(ﬁs HsCe CeHs HsCe CeHs
O

H OH OH

Terfenadine 1 Triol 2 Fexofenadine 3

We report here our investigations concerning the en-
zymes involved in these transformations. We have showed
that two cytochromes P-450 catalysed the oxidation of ter-
fenadine 1. One was present only when the microorganism
grew in soybean-peptone-containing culture medium, which
was able to transform terfenadine 1 in fexofenadine 3 in short
time incubation. The activity of this enzyme was higher after
48 hours of cultivation and decreased rapidly.

The second enzyme, more stable, was present in S. pla-
tensis grown in culture medium without soybean peptone and
was able to transform terfenadine 1 and triol 2. However, the
oxidation of triol took place only without terfenadine in in-
cubation medium. When the incubation of triol 2 was per-
formed under oxygen-18, one atom of oxygen-18 was
incorporated into fexofenadine. These observations suggest
that the monooxygenase, which catalysed the hydroxylation
of terfenadine was implicated in the oxidation of triol in fexo-
fenadine. In order to optimise the formation of triol 2 we also
studied the conditions of incubation (pH, temperature, con-
centration).
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Terfenadine and ebastine, two antihistaminic drugs, are
oxidised by hepatic cytochromes P-450 to fexofenadine and
carebastine respectively, which are responsible for the phar-
macological effects. Described chemical synthesis of fexo-
fenadine and carebastine are laborious and products are
obtained in low yields compared to synthesis of terfenadine
and ebastine. Thus, the microbial oxidation of the tert-butyl
groups of terfenadine and ebastine has been developed as an
alternative method.

CH3 COOH CH3 CH,OH COOH
HC CH; H;C CH3 HiC CH; H3C CH; H;C CHj3

(0] (6] OH OH OH

R R
(0] (6] (6] (6] (0]
HSC(,—LC(,HS H5C6—LC6H5 H5C6+C6H5 H5C6+C6H5 H5C6+C6H5

OH OH OH

Ebastine Carebastine Terfenadine Triol Fexofenadine

Cunninghamella echinulata is efficient to oxidise ebastine
to carebastine® but transforms terfenadine into triol? the
hydroxylated intermediate. The formation of fexofenadine
has been reported® by oxidation with the bacteria Strepto-
myces platensis and the fungi Absidia corymbifera.

We present here our study concerning the biotransfor-
mation of several analogues of formula 1. The aim of this
work was to investigate the structural requirements necessary
for the oxidative enzymatic activity of these microorganisms.

R, X %
el OX (O
Ry
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We have recently demonstrated that several Streptomyces
strains are able to oxidatively cleave a large number of hete-
rocyclic naphthoquinones (1, X = S, O, N) into isomeric car-
boxylic bis-(hetero)aromatic ketones (2 or 3) by a formal
H,O, addition, which is the result of a dioxygenase-type
mechanism, as shown by the simultaneous incorporation of
both oxygen atoms from an O, molecule'. The mechanism of
this reaction will be compared to the hydroquinone-epoxy-
dase reaction catalyzed by several Streptomyces strains with
polyketide antibiotic precursors as substrates (antibiotic
LL-C10037a (ref.?), tetracenomycin C, elloramycin®, etc...)
and the formation of a non-epoxide cleaved product will be
discussed.
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Since many years, we have been interested in whole cell
bioconversions of aromatic hydrocarbons into derivatives that
can be of interest as synthetic intermediates. We have deve-
loped recombinant bacteria containing oxygenases from
Pseudomonas strains. In particular, we isolated the naphtha-
lene dioxygenase of P. fluorescens N3 responsible of the con-
version of substituted naphthalenes into the corresponding
dihydrodiols with unique absolute configuration.

e Syen

In order to increase the bioconversion yield and the sys-
tem performance we studied the possibility of using a culture
where the substrate is dissolved in an appropriate hydropho-
bic solvent. Preliminary results concerned the effects on the
naphthalene transformation. Now, to further our understan-
ding, we extend our experiments to some substituted na-
phthalenes. In this perspective, several flask transformations
and some reactor experiments have been performed. The re-
sults show that the solvent role is highly affected by the sub-
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strate used and that some other important bioconversion var-
iables influence the transformation. It appears clear that sub-
strate bioavailability is definitely an essential condition, which
is influenced by the solvent selection, the solvent-water phase
ratio, the presence of surfactants, and, not last, the transfer
mechanism. On the other hand, the absolute yield also de-
pends on the possibility of maintaining the enzyme activity
for long enough time. Our results will be presented and dis-
cussed together with future directions and developments.

In this respect, we began a series of reactor experiments
using a multivariate approach where the role of some varia-
bles has been explicitly investigated.

P207 BIOTRANSFORMATION OF PYRIDINES
WITH Pseudomonas SP STRAIN NCIB 9816-4
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Keywords: dioxygenases, cis-dihydroxylation, pyridines, na-
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Bacterial degradation of aromatic compounds starts with
stereospecific dioxygenation catalyzed by dioxygenases with
formation of cis-dihydro-dihydroxy compounds. In wild
strains of microorganisms these diols undergo dehydrogena-
tion by cis-diol-dehydrogenases (DDH) to corresponding
catechols. In mutant strains deprived of DDH, intermediate
cis-dihydro-diols can be obtained as sole products. These cis-
-diols are valuable synthons in preparation of useful synthetic
intermediates.

More than ten years ago Nikolai S. Zefirov (Moscow
State University) suggested that application of such dioxy-
genase-catalyzed reaction to pyridines could lead to creation
of enzymatic approach to synthesis of the naturally-occurring
polyhydroxylated piperidine alkaloids®. By this time it was
already known that bacterial catabolism of pyridines does not
involve dioxygenation as a first step®. That is why microorga-
nisms containing aromatic dioxygenases were chosen to ex-
plore such reaction on pyridines. However already first steps
in this direction showed that the more electron poor pyridine
ring is an unsuitable substrate for dioxygenation. For
example, it was shown that Pseudomonas sp. NCIB 9816-4
containing naphthalene dioxygenase (NDO) transformed
4-pyridinecarboxaldehyde to isonicotinic acid and 4-hydro-
xymethylpyridine without any oxidation of heteroaromatic
ring*.

However when 1-methyl-2-pyridone (where electron-re-
leasing substituents are present) was chosen as a substrate for
NDO, dioxygenation led to corresponding dihydro-dihydro-
xypyridones (L. M., unpublished results), the structure of
which and absolute stereochemistry were determined as
cis-(5S,6S)-1-methyl-5,6-dihydroxy-5,6-dihydro-2-pyridone
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(1) and cis-(3S,4S)-1-methyl-3,4-dihydroxy-3,4-dihydro-2-py-
ridone (2)>°.

It was shown that besides NDO this reaction can be also
catalyzed by toluene and biphenyl dioxygenases®. However,
all these reactions were carried out by mutant strains of mi-
croorganisms — of which there are not many. Moreover those
dioxygenases cannot accept the more polar, than 1-methyl-2-
-pyridone, pyridines as substrates.

Now we have found that cis-dihydro-dihydroxypyridones
1 and 2 can also be obtained successfully with Pseudomonas
sp. NCIB 9816-4 (a wild-type strain containing both NDO
and naphthalene cis-dihydrodiol dehydrogenase (NDD).

What is even more important, we have not found any
traces of products of aromatization: dihydroxypyridones or
phenols. This clearly indicates that dihydro-diols 1 and 2 are
not substrates for NDD.

This finding allows us to broaden the circle of micro-
organisms, which can be applied for dioxygenation of various
pyridine derivatives.
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Carbazole (Cz) is the tricyclic aromatic N-heterocyclic
compound well known as a highly persistent environmental
pollutant. On the other hand, its hydroxylated derivatives
represent valuable pharmaceutical precursors®.

The strain of Aspergillus flavus VKM Ac-1024 was selec-
ted among 300 species as showed high hydroxylase activity
towards N-heterocyclic compounds. No 4- or 5-hydroxy in-
doles were formed from indole, while 1-benzoyl indole was
converted by introducing hydroxyl function at the position
4 followed by cleavage of benzoyl substituent to form 4-hy-
droxy indole as a major product?.

In the present study biocatalytic potential of this orga-
nism in respect of Cz and its N-substituted derivatives was
estimated. The structure of metabolites was determined by
H1-NMR, MS and GLC analyses.

3-Hydroxy carbazole was revealed as a major biocon-
version product, while 1-hydroxy and 2-hydroxy carbazoles
were formed in minorities at Cz conversion. The hydroxyla-
tion position shifted to preferable accumulation of 2-hydroxy
carbazole and the formation of double hydroxylated 2,6- and
2,7-dihydroxy carbazoles in the presence of 1-benzoyl indole.
The effect was never described so far. The conversion of
N-substituted carbazole derivatives was found to depend on
the type of substituent. No conversion of N-benzoyl carbazole
was observed, while N-acetyl carbazole was transformed to
carbazole and its 2- and 3-hydroxy derivatives.
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The synthesis of heterocyclic hydrocarbons with one or
several hydroxy groups in a ring is one of the most challen-
ging tasks in modern organic chemistry. Biocatalysis allows
obtaining of ring hydroxylated N-heterocycles not accessible
by conventional chemical synthesis.
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Acylglycerides are usually extracted from plant or animal
material using physico-chemical or physical methods. Crude
extracts are then purified and finally modified'. Enzymatic
transformations are a potentially attractive method for the
modification of the physical and chemical properties of edible
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fats and oils®>. The mild conditions associated with these
transformations should permit one-pot extraction and trans-
formation of acylglycerides to the desired compounds. Thus,
Klass and Warwel have recently proposed using a commercial
immobilized enzyme, deposited at the bottom of a soxhlet-
-apparatus, to transesterify triacylglycerides extracted from
the oilseed-reservoir®. For the present study, an endophytic
fungus isolated from a plant was selected. The ability of its
resting-cells to carry out the one-pot extraction and transfor-
mation of acylglycerides in solvent and solvent-free systems
was then studied.

Milled oilseeds or coffee grounds and fungal resting-cells
were shaken at 50 °C. An appropriate amount of water and/
or alcohol was added at the due time. An organic solvent was
added either at starting or near the end of the process. The
resulting organic solution was recovered by filtration and
evaporated. Aliquots of the residue were dissolved and ana-
lyzed.

The one-pot extraction-solvolysis produced a 56-99 % of
crude extract containing 33-95 % fatty acid esters and
3-75 % free fatty acids. The amount of water present in each
material, the solvent, the alcohol, and the hardness of the
solid material used have influence on the final results of the
described process.

REFERENCES

1. Noureddini H., Medikonduru V.: J. Amer. Oil Chem. Soc.
74,419 (1997).

2. Ujang Z., Vaidya A. M.: Appl. Microbiol. Biotechnol. 50,
318 (1998).

3. Klaas M. R. G., Warwel S.: Eur. J. Lipid Sci. Tech. 103,
810 (2001).

P210 NOVEL HYDROLASES FROM THERMOFILIC
FUNGI FOR STEREOSELECTIVE
BIOTRANSFORMATIONS

VIKTORIA BODAT*", CSABA PAIZS?, MONICA TOSAS,
CORNELIA MAJDIK®, SAROLTA PILBAK:,

LAJOS NOVAK?, FLORIN-DAN IRIMIES,

GYORGY SZAKACS', and LASZLO POPPE*

# Institute for Organic Chemistry and Research Group for Alka-
loid Chemistry of the Hungarian Academy of Sciences, Buda-
pest University of Technology and Economics, Gellért tér 4.,
H-1111 Budapest, Hungary, e-mail: poppe@mail.bme.hu; "De-
partment of Agricultural Chemical Technology, Budapest Uni-
versity of Technology and Economics, Gellért tér 4, H-1111
Budapest, Hungary; ‘Department of Biochemistry and Bioche-
mical Engineering, Babes -Bolyai University, Arany Janos 11,
RO-3400 Cluj-Napoca, Romania

Keywords: hydrolases, thermophilic filamentous fungi, enzy-
me catalysis, kinetic resolution

Posters

By a novel method involving an enzymatic alcoholysis as
key step benzofurane derivatives were prepared'. From the
benzofurane-2-yl ketones (1la-c) obtained by this method,
asymmetric baker’s yeast reductions were performed, resul-
ting the corresponding alcohols ((S)-2a-d) of moderate enan-
tiomeric purities?.

As an alternative to this bioreduction, the racemic alco-
hols (2a-c) were acylated in a highly enantiomer selective
way (Scheme). For this transformations, a series of novel
hydrolases from thermophilic fungi were produced and tested
as biocatalysts®.
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(8)-2a-¢ (R)-3a-¢
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rac-2a-c

R=H, Br, NO,
 cca 80 different lipases were tested as biocatalysts in acylation

The lipase-catalysed acylation results were extended to
further heterocyclic compounds. Using the appropriate lipa-
ses, some of these highly enantiopure compounds were also
produced in a continuously operating bioreactor — extractor
cascade.
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A series of thermophilic filamentous fungi were cultiva-
ted under different conditions and were assayed for lipase/
carboxylesterase activities'. The enzyme preparations were
tested as biocatalysts in organic solvents. Kinetic resolution
of racemic aryl/hetaryl methyl carbinols (rac-1)! or racemic
trans-cycloalkane-1,2-diol monoacetates (rac-3)* (Fig. 1) and
desymmetrisation of 2-acyloxypropan-1,3-diols (5)* (Fig. 2)
by acetylation with vinyl acetate were chosen for testing the
biocatalytic abilities of these preparations.
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Fig. 1. Kinetic resolution of racemic alcohols
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First, acetylation of racemic 1-phenylethanol (rac-1a) was
performed®. Then the lipase-catalysed acylation was extended
to further heterocyclic compounds, such as 1-(benzofuran-2-
-ylethanols (rac-1b-e ). Using the appropriate lipases, some
of these highly enantiopure compounds were also produced
in a continuously operating bioreactor — extractor cascade.
Next, kinetic resolution of a series of racemic trans-cyclo-
alkane-1,2-diol monoacetates (rac-2a-d ) was performed.

Finally, asymmetric acylation of 2-acyloxypropan-1,3-
-diols (5a, b) have been chosen for testing the enantiotopic
selectivities of the novel biocatalysts.

Acyl
o Y .
hpase \)\/ a=T1s
HO\)\/O vmyl acetate Y b =Bz
5a,b 6a,b

Fig. 2. Asymmetric acetylation of prochiral 1,3-diols

In summary, the tested biocatalysts proved to be superior
over the commercially available enzymes with respect to the
degree of enantiomer selectivity, and they exhibited a wider
range of enantiotopic selectivity than the most common com-
mercial enzymes.
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Phospholipases D (PLDs) hydrolyze phospholipids to
yield phosphatidic acid and the corresponding alcohol and
catalyze a transesterification (transphosphatidylation) re-
action when alcohol is present as a nucleophilic donor. Bac-
terial forms of PLDs have shown to be suitable as biocatalysts
for the synthesis of phospholipid derivatives of industrial
interest.

Recently, PLD from Streptomyces PMF, an enzyme with
a high transphosphatidylation activity, was purified and its
crystallographic structure was solved at 1.4 A.

A 315 bp fragment of the pld gene of S. PMF was ampli-
fied by PCR using chromosomal DNA as template and a pair
of heterologous primers based on S. antibioticus pld gene se-
quence. The complete pld gene was isolated by colony hybri-
dization and sequenced. DNA sequence analysis revealed
a significant similarity with known pld gene sequences and
showed the presence of highly conserved sequence motifs,
namely the HKD motifs, shared by other members of the
PLD superfamily. In order to promote the secretion of the
protein into the medium, the mature PLD gene was fused in
a pET derivative with the PelB signal sequence, and expres-
sion was performed in E. coli BL21(DE3)pLysE cells after
induction with IPTG. Recombinant PLD activity detected in
the culture supernatant was purified to homogeneity and
structural and functional analyses confirmed the identity of
the recombinant PLD with the wild-type protein.
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We have demonstrated that arylmalonate decarboxylase
(AMDase; EC. 4.1.1.76) catalyzes asymmetric decarboxyla-
tion of arylmalonates to give optically pure (R)-o-arylpro-
pionates. This enzyme has four cysteine residues and one of
which, Cys188, is estimated to be located in the active site. It
is estimated that it delivers a proton from the si-face of the
intermediate enolate to give (R)-product (Fig. 1)
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Fig. 1. Active site of AMDase

From the result of the data base searches, it is revealed
that AMDase has some homology with Glu racemase. Glu
racemase has a pair of Cys, 73 and 188, in the active site,
which are estimated to provide a proton from both side. On
the other hand AMDase has only one Cys at 188, and this is
the reason why this enzyme gives optically pure products
(Fig. 2). The estimated 3D-structure of AMDase suggested
that Ser71 is in the opposite side of Cys188 (Fig. 3).

-NDPI ~ ALVIACNTAT ~ LVGCTHFPL ~

MFFSI ~ FIIMPCNTAH ~ VILGCTELSL ~

MKVIN ~ AFVIACWGDP~ILLGCAGMAE~

---MK ~VMAYACLVAI ~ LSA-CVQMPS ~

-MQAS ~ VVSLMGTSLS ~ ILLSCGGLLT ~
74 188

Glu racemase
Asp racemase
Hyd* racemase
Mal* isoracemase
AMDase

Hyd* — hydantoin, Mal* — maleate

Fig. 2. Homology of AMDase with some enzymes

Fig. 3. Estimated 3D-structure of AMDase

Then we expected that introduction of one Cys around
71 to 76 and replacement of Cys188 with less acidic Ser might
invert the enantioselectivity of the enzyme. Thus we prepared
6 mutants in which Cys188 was changed with Ser, and either
one of the amino acid from 71 to 76 was changed with Cys. As
the result, two double mutants, S71C/C188S and G74C/
/C188S exhibited decarboxylation activity and gave the oppo-
site enantiomer of the products from wild type enzyme.
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We isolated NADPH-dependent alkyl 4-halo-3-oxo-
butanoate reductase (RPC) from Penicillium citrinum. RPC
catalyzed the reduction of methyl 4-bromo-3-oxobutanoate
(BAM) to methyl (S)-4-bromo-3-hydroxybutanoate (BHBM).
The product, (S)-BHBM, is a potential key intermediate for
the synthesis of a variety of HMG CoA reductase inhibitors.

The rpc gene comprises 978 bp and encodes a polypeptide
of 36.7 kDa. The deduced amino acid sequence was found to
be similar to well-known sequences of the aldo-keto reduc-
tase superfamily. The rpc gene and glucose dehydrogenase
gene (gdh) to regenerate cofactor were overexpressed in
Escherichia coli. The recombinant E. coli cells produced
(S)-BHBM from BAM in the presence of an NADPH-rege-
neration system.

To increase thermostability of RPC, the recombinant
RPC expressed in E. coli was evolved by the error-prone
polymerase chain reaction (epPCR) method. We isolated
three mutants (A3-49, A8-39 and T1-99) with increased ther-
mostability. Mutant T1-99 was improved not only thermosta-
bility but also enantioselectivity. Changes in the amino acid
sequence of the mutant enzymes were identified by analyzing
the nucleotide sequence of the genes. Mutant T1-99 had two
amino acid changes (L54Q and R104C).

The effect of each amino acid residue on the thermosta-
bility and enantioselectivity of RPC was investigated. The
only mutant L54Q revealed higher thermostability and enan-
tioselectivity than those of wild-type RPC. An alignment of
the deduced RPC amino acid sequence with other aldo-keto
reductases suggested that L54 is close to the active site of the
enzyme'. K value of the mutant L54Q was estimated to be
similar to that of the wild-type enzyme, but K __ value was
slightly decreased.

Then L54 was subjected to saturation mutagenesis to give
ten different mutants with increased thermostability. Four-
teen different mutants catalyzed the formation of (S)-BHBM
with higher enantioselectivity than the wild-type enzyme.
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Alkene monooxygenases are found in bacteria isolated on
low molecular weight alkenes (eg ethene, propene), and con-
vert the alkene to an epoxide as the first step in metabolism.
They are part of the bi-nuclear non-haem iron family of oxy-
genases which includes methane monooxygenase and attack
the alkene double bond to form epoxides, selectively, with no
reactivity against alkanes'. Depending on the enzyme and
substrate, these enzymes can exhibit moderate to good ste-
reoselectivity, forming R-epoxides from pro-chiral 1-alkenes.
To date, alkene monooxygenases have only been found in
a narrow range of bacteria including the high GC Gram posi-
tive Mycobacteria sp. and Rhodococcus sp. and the Gram ne-
gative Xanthobacter autotrophicus. These are relatively slow
growing organisms.

Despite the fact that homologues such as toluene mono-
oxygenase are actively expressed in E. coli, it has proved dif-
ficult to express alkene monooxygenases in this host although
expression can be obtained in more closely related hosts (eg
other high GC Gram positive organisms). This paper will
describe progress towards expression of the enzyme from
X. autotrophicus in E. coli and site directed mutagenesis of
a mycobacterial enzyme expressed in M. smegmatis. By se-
quence alignment and comparison with the known 3D
structure of methane monooxygenase?, residues have been
identified which exhibit a systematic variation between diffe-
rent types of enzyme (aromatic, alkene, methane), and other
residues identified which vary systematically with stereoselec-
tivity of alkene epoxidation. Mutagenesis of these residues is
starting to provide some insight into the differences between
alkene and alkane oxidation and control of stereoselectivity.
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The combustion of sulfur-containing fossil fuels produces
environmentally hazardous SO, gases that released in the
atmosphere generate air pollution and acid rain. Conventio-
nal hydrodesulfurization (HDS) of petroleum fractions in-
volves an inorganic catalyst and hydrogen under conditions of
high temperature and pressure to produce hydrogen sulfide
and a desulfurized compound. Even though HDS is an effec-
tive and well-understood technology, heterocyclic sulfur com-
pounds cannot be completely removed. The slow-reacting,
recalcitrant components all belong to the class of dibenzo-
thiophenes, like dibenzothiophene (DBT) and its alkylated
derivatives. Since the 1980s several microorganisms able to
selectively desulfurize DBTs have been isolated and most of
them are Gram-positive like Rhodococcus sp. strain IGTS8
described by Kilbane' capable to remove sulfur from DBT in
a C-S bond-targeted fashion to produce 2-hydroxybiphenyl
(HBP) and sulfite. Therefore the application of a biodesul-
furization process using a DBT-desulfurizing microorganism
following HDS is an attractive possibility for achievement of
deeper desulfurization but the substrate specificity is a strong
limitation.

The conversion of DBT to HBP is catalyzed by a multi-
enzyme pathway proceeding via two cytoplasmic monooxyge-
nases (DszC and DszA) supported by a flavin reductase
(DszD) and a desulfinase (DszB). This pathway resembles
other sulfur removing pathways with the feature that the car-
bon skeleton is not mineralized.

With the aim to generate new enzymes able to better de-
grade DBTs alkylated derivatives, an in vitro evolution
approach has been applied to the dsz operon from Rhodo-
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coccus sp. DS7, a DBT-degrading strain isolated in our labo-
ratories?.

Using epPCR a library of 5 < 10° mutants has been crea-
ted and over 10* mutants have been screened for their abili-
ty to metabolize different substrates.

Data concerning the biodesulfurization activity of
a number of selected mutants will be presented.
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Due to its ability to produce different metabolites such as
citrate, and to secrete numerous proteins, the yeast Yarrowia
lipolytica has been used in industrial processes. It is also able
to grow on and degrade alkanes and to use fatty acids as car-
bon sources, which makes it a promising tool for biotechno-
logical uses'. Its capacity to degrade oils of different origins
makes it a potential de-polluting agent and for single cell oil
production (SCO)2

Y. lipolytica could be used for y-decalactone (peach fla-
vor) production. This yeast can be used for lipase produc-
tion**. The Y. lipolytica lipase Lip2p was shown to be efficient
for carboxylic esters resolution.

Degradation of alkanes involves three enzymatic steps in
endoplasmic reticulum to produce a fatty acid. Similarly,
degradation of triglycerides is performed by secreted lipases
which release the corresponding fatty acids, which are then
metabolized via B-oxidation.

The initial step of peroxisomal B-oxidation is catalyzed by
the acyl-CoA oxidases (Aoxs) encoded by the POX genes.
Y. lipolytica POX set is the most complex among the yeasts
studied to date, as it comprises five different genes encoding
AOXS.
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Functions of different acyl-CoA oxidases have been inves-
tigated by successive gene disruptions (construction of
mono-, bi-, tri- and tetradisruptants)®. These genes encode
for proteins exhibiting different specificities with respect to
the chain lengths of the acyl-CoA substrates. Aox3p and
Aox2p from Yarrowia lipolytica were bacterially expressed,
purified and their activity as a function of substrate chain
length was established®’. Using DNA shuffling techniques,
we have constructed 11 chimeras between Aox2p and Aox3p,
two of them exhibit broad chain length specificity. Tri and
tetra- disruptants were transformed with Aox2p, Aox3p and
chimera encoding genes. Growth in oleic acid (0.1-5 %),
peroxisomes and lipid bodies proliferation was followed du-
ring a 60 h time course. We determined cellular, medium and
surface lipid composition by TLC and GC/MS. In addition,
cell surface and organelles formation were analyzed by scan-
ning and transmission electron microscopy.

Our results demonstrate the induction of protrusions on
yeast cell surface involved in oil droplet fixation. In those
strains, peroxisome proliferation and size were not signifi-
cantly modified. In contrast, POX genotype affected drama-
tically lipid bodies formation (few lipid bodies up to giant
lipid bodies), alters lipid composition (no triglycerid accumu-
lation up to high TG accumulation).

These demonstrates that mastering POX genotype
allowed us to construct strains with high lipid content which
could be used for.
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Natural rubber from Hevea brasiliensis is the high mole-
cular weight polymer of isoprene units with cis-configuration.
The enzyme responsible for the cis-1,4-polymerization of iso-
prene units has been shown as a particle-bound rubber trans-
ferase, but no gene encoding this enzyme has been cloned in
rubber-producing plants. Using sequence information of the
conserved regions of cis-prenyltransferases cloned recently
from Micrococcus luteus B-P 26 (ref.?), Escherichia coli
(ref.>?), yeast* and Arabidopsis thaliana (ref.*>®), we have iso-
lated and characterized the cDNA for the rubber transferase
from Hevea brasiliensis. Sequence analysis revealed that all
five highly conserved regions among cis-prenyltransferases’
are found in this protein sequences, which are totally diffe-
rent to those of trans-prenyl chain elongating enzymes®,

In vitro rubber production using the recombinant enzyme
overexpressed in E. coli cells revealed that the rubber trans-
ferase catalyzed the formation of medium chain and long
chain polyisoprenes with approximate molecular size of
2% 10° ~ 1 x 10° Da in the presence of washed bottom
fraction particles. Neither the recombinant enzyme nor
washed bottom fraction particles alone showed significant
activity for rubber production. This result suggested that
Hevea rubber transferase might require some activation fac-
tors in the washed bottom fraction particle for the production
of high molecular weight rubber molecules.
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Within the last decades, enzyme catalysis proved to be
a versatile tool in the synthesis of chemical compounds, main-
ly due to the broad substrate range and selectivity of enzymes.
The technical application, however, is often restricted to the
production of fairly water-soluble molecules as hydrophobic
compounds are only inefficiently converted in aqueous pha-
ses, while many enzymes are instable in the presence of non-
-aqueous media such as organic solvents. Thus, the use of
enzymes for the synthesis of hydrophobic molecules, which
are known to be important building blocks of fine chemicals,
pharmaceuticals or agrochemicals, requires the development
of alternative reaction techniques.

In this work, gel-stabilized two-phase systems, meaning
two-phase systems, consisting of a gellified aqueous phase
and a non water-miscible organic solvent, were investigated.
Enzymes from different classes, an alcohol dehydrogenase,
a lipase, and a decarboxylase, were entrapped in the natural
or synthetic polymer matrices and characterized with regard
to their stability, activity, and/or selectivity in the synthesis of
hydrophobic chiral alcohols, aroma esters and chiral hydroxy
ketones, respectively. It was demonstrated that the stability
of an alcohol dehydrogenase with a usually high sensitivity to
the presence of organic solvents was strongly enhanced. Loss
of its cofactor during gel preparation was avoided by the use
of an emulsion technique, and cofactor regeneration was
performed within the matrix by coupling the reduction of
ketones to chiral alcohols with the oxidation of isopropanol.
The stereoselectivity of both, the alcohol dehydrogenase and
the decarboxylase was unaffected by the system features, and
the product yield was high with all three enzymes. The overall
productivity of the reaction systems not only depended on the
entrapped biocatalysts, but also on the polymer type used as
the aqueous phase.
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One of the most important issues when using enzymes for
developing active biocatalysts is whether they remain func-
tional, during immobilization and over time, and to what
degree. The entrapment of proteins into sol-gel derived sili-
ca glass matrices (monoliths, thin films, powders) has been
proposed as a potential generic method for obtaining stable
encapsulated biomolecules'. The accessibility of substrates
to the entrapped enzyme is determined largely by the pore
size and the electrostatic interactions with the silica matrix,
which can be altered by various methods*®°. We have em-
ployed variation of sol-gel synthesis conditions, entrapped
enzyme concentration and silane:solvent:water ratio, mani-
pulation of aging conditions and use of molecular templating
agents to promote larger pores and to maximise accessibility.

The present study is focused on the use of polymer or
small molecule additives to enhance the stability of some
hydrolytic enzymes. A combined method of sol-gel entrap-
ment/deposition on inorganic support has been used to re-
duce structural compresion and internal mass-transfer
limitations. Alcalase was immobilised by entrapment in sol-
gel derived silica deposited on celite, alumina, zeolite and si-
lica. An increase in activity was achieved, especially with
celite. These results suggest that the microenvironment expe-
rienced by the entrapped biomolecule can be manipulated by
dispersing organic dopants that stabilise the enzyme protein,
preserving its biochemical function.

The enzyme accessibility and structure (native or unfol-
ded), and the charge and polarity of the local environment
affect the catalytic properties of the molecule (catalytic con-
stant k . and Michaelis constant K ).

cat
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Cytochrome P450 monooxygenases are potentially a very
useful class of hydroxylation catalysts; they are able to intro-
duce oxygen at activated and non-activated carbon-hydrogen
bonds®. These hydroxylation reactions can lead to regio- and/
or stereochemically pure compounds. Stereo- and regio-
specific hydroxylations are a task very difficult to perform by
traditional organic chemistry. However, this potential is lowe-
red by the intrinsic low activity and inherent instability of
cytochromes P450. Additionally P450-catalysed biotransfor-
mations require a constant supply of NAD(P)H, making the
process an expensive one.

P450 BM-3 (EC 1.14.14.1) and various mutants thereof
were shown to accept a broad range of substrates®. To render
these catalysts more suitable for industrial biocatalysis, the
immobilisation of P450 BM-3 (CYP 102) from Bacillus mega-
terium in a sol-gel matrix® derived from TEOS was combined
with a cofactor recycling system based on NADP+-depen-
dent formate dehydrogenase (EC 1.2.1.2) from Pseudomonas
sp. 101 (ref.*) and tested for practical applicability. Sol-gel
immobilised P450 BM-3 showed enhanced properties with
respect to long-term stability and activity. Beside oxidation of
the model substrate p-nitrophenoxydecanoic acid (10-pNCA)®,
this approach was used for the conversion of g-ionone into
4-hydroxy-B-ionone using a sol-gel immobilised P450 BM-3
mutant and sol-gel immobilised FDH for in situ regeneration
of NADPH.
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The advantages of enzymatic carbohydrate synthesis are
nowdays well demonstrated. The major problem in this stra-
tegy remains the purification of the products. In order to sim-
plify this crucial step, our solution is using supported
enzymatic chemistry either with immobilized acceptor as al-
ready reported by us' or donor as shown here.

We are aiming towards the successful total synthesis of
a supported GDP-fucose — substrate of the fucosyltransferase
—in order to synthesize fucosylated oligosaccharides without
the need to attach at each time the acceptor on the support
as shown in the scheme below.

The dendrimeric support developed in our laboratory is
a brominated derivative of polyethylene glycol. This allows
the facile coupling of the sugar to the polymer by nucleophilic
substitution. Here, we report the total synthesis of the sup-
ported GDP-fucose on the soluble dendrimeric polymer and
its enzymatic activity towards the o(1-4)-fucosyltransferase.
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Sucrose hydrolysis is currently performed using inverta-
ses. Research work, aiming at improving the efficiency of this
bioconversion process has revolved around the use of immo-
bilized invertases. Recently a different approach, the use of
a new biocatalyst, has been suggested. This is based on the
activity for sucrose hydrolysis evidenced by crude enzyme
preparations of inulinases from Aspergillus ficuum®. Still, the
use of an immobilized form of the biocatalyst is advised, due
to the many advantages this approach provides. In this work,
a screening of immobilized forms of a commercial inulinase
preparation for sucrose hydrolysis was performed. The
highest immobilization yields were obtained with inulinase
entrapped in Ca-alginate beads. Increasing the concentration
of Ca from 1.5 % to 4 % led to a 15-fold increase in the im-
mobilization yield. This was ascribed to a reduction in
enzyme leakage of the enzyme preparation, despite
a foreseeable increase in diffusional resistance for substrate
migration within the beads. No significant shifts in optimal
pH or temperature were observed when the free and immo-
bilized forms of the biocatalyst were compared.
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Zeolite molecular sieves are very commonly used as in
situ drying agents in reaction mixtures of enzymes in non-
aqueous media. Recently, we have shown that zeolites can
have acid-base effects on enzymes in low-water media, resul-
ting from their ionexchange ability'. We have also demon-
strated that pairs of salt hydrates, commonly used to fix water
activity (a,,) in situ, can have similar effects®. Here, we studied
the impact of zeolites NaA and NaY on an immobilized en-
zyme (Novozym 435) in an esterification reaction, in super-
critical ethane and supercritical CO,. To avoid drying effects
of the zeolites, these were pre-equilibrated to the a,, of the
experiments. The experiments that were done in the presence
of zeolite NaA yielded higher initial rates and higher conver-
sion than assays performed in the presence of pairs of salt
hydrates, especially at the a,, values of 0.1 and 0.75. These
results are explained on the basis of acid-base effects of both
the zeolites and the salt hydrate pairs.
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Cross-linking of proteins is of great interest to the food
industry as a way to enhance protein functionality, thereby
increasing their value. Use of enzymes for protein cross-
linking is a viable alternative to the chemical routes, since en-
zymatic reactions are highly specific and require mild
reaction conditions, thus minimising the risks of both protein
denaturation and formation of possible toxic side products.

The present paper reports a systematic study on the cross-
linking of proteins by peroxidase-mediated oxidative dehy-
drogenation in the presence of phenols as low molecular
weight hydrogen donors. Two globular proteins, a-lactal-
bumin and bovine serum albumin (BSA), and B-casein, a pro-
tein with a flexible open structure, have been used as model
proteins. A range of mono-, di-, and polyphenols with diffe-
rent ring substitution pattern has been used as the second hy-
drogen donor. Both the phenolic side-chain of tyrosine (Tyr)
residues in proteins and the free (poly)phenols react with the
active compounds I and Il of peroxidase to generate reactive
radicals that react further with each other to form homo- and
hetero-products. Under controlled reaction conditions, the
reaction can be stirred toward synthesis of high molecular
weight (HMW) protein-phenol hetero-conjugates.

Full conversion of B-casein into high molecular weight
polymers has been achieved. However, peroxidase-phenol
mediated crosslinking of BSA and a-lactaloumin resulted
only in partial protein conversion and formation of oligo-
mers. This difference in reactivity has been associated with
the specific conformation of each protein that restricts the
accessibility of tyrosyl moieties for reaction. Conditions have
been found to induce controlled conformational changes of
BSA and o-lactalbumin to increase their conversion into po-
lymers.

Different product patterns and conversions have been
obtained by using a range of substituted mono- and poly-
phenols. Ortho- and para-diphenols are the most efficient
crosslinking agents in the reactions studied. Bulky substi-
tuents in ortho- and para-positions of the aromatic ring re-
duce the reactivity of phenols due to steric hindrance. The
reactivity of phenols in the peroxidase-mediated crosslinking
of proteins has been correlated with their redox and ionisa-
tion potential.

Based on the results of this study and the products iden-
tified in model studies with a tyrosine-containing peptide®?,
a tentative model for peroxidase-mediated protein cross-
linking in the presence of phenols is proposed. The effect of
crosslinking on the functional properties of the proteins is
also discussed.
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Flow calorimetry (FC) was used to estimate kinetic pa-
rameters of phenyl acetate hydrolysis by pig liver esterase
immobilised in alginate gel. Pig liver esterase belongs to the
group of hydrolytic enzymes as carboxyl esterases, aryl este-
rases, lipases, acetyl esterases, cholin esterases and choleste-
rol esterases, which are widely distributed in animals, plants
and microorganism and show wide substrate tolerance with
highest activity towards soluble state of its substrate. They are
usually stable and even active in organic solvents. Because of
high regio- and stereo-specificity, they are attractive bioca-
talysts for the production of optically pure components. Este-
rases preferentially break ester bond of shorter chain fatty
acid. Methanol and other weakly acid alcohol are highly ef-
fective nucleophiles toward the acyl group in reactions cata-
lyzed by esterases in order to raise the reaction rate'.
Probably the most well-known up to date application is the
production of vanillin from ferulic acid released by carboxyl
esterase from plant cell wall polysaccharides such as pectin or
xylan®. The hydrolysis of the matching substrate can obey
substrate activation® or inhibition” or can follow the Michae-
lis-Menten kinetics®. The hydrolysis of phenyl acetate by pig
liver esterase was shown to exhibit substrate inhibition. In the
present work the course of enzymatic reaction was measured
in steady-state (single flow mode) and non-steady-state (to-
tal recycling of reaction solution). From the single flow mode
the dependence of steady-state thermometric signal on sub-
strate was obtained and from the recycling mode the time
dsependence of thermometric signal representing the sub-
strate consumption in recycling section within the flow calo-
rimeter system (Fig. 1) was obtained. The experimental data
were treated by mathematical modelling, based on material
and heat balances. In the mathematical model the calorime-
ter column was divided into five differential sections. The
mathematical model represented a set of partial and ordinary
differential and algebraic equations. Spatial derivatives in
balance equations were discretized by finite difference
Crank-Nicholson scheme and the FC column was solved by
orthogonal collocation method using three interior collo-
cation points within the particle with immobilized esterase.
After introducing dimensionless parameters, the resulting set
of ordinary differential and algebraic equations was solved
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using Athena Visual Workbench software package (Stewart
and Associates Engineering Software).

partof flow calorimeter|
with thermostated
IMB column

ra

N =
amplificator | | AT

substrate

HPLC punp bufler

Fig. 1. Experimental set-up for flow calorimetry

The evaluation of data from total recycling led to the
quantification of transformation parameter o, which enabled
us to rewrite thermometric signals from steady-state experi-
ment into steady-state reaction rates. Thus, the steady-state
thermometric signal dependence on substrate concentration
could be transformed to steady-state reaction rate depen-
dence on substrate concentration. Afterwards, the latter de-
pendence was optimized in order to obtain the true kinetic
parameters of immobilized pig liver esterase.

The proposed technique enabled to determine intrinsic ki-
netic parameters of substrate inhibited enzyme reactions in-
fluenced by internal particle diffusion directly from calorimetric
data, without using any additional analytical technique.

Conference presentation assisted by RHODIA company.
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Myeloperoxidase, MPO, joins the homologous mamma-
lian peroxidase family, but differs from others in its physical
and chemical properties. The most characteristic reactivity is
its ability to catalyze the oxidation of chloride, CI", by hydro-
gen peroxide, H,O,, to form the potent oxidant and bacteri-
cidal agent hypochlorous acid®.

Available information shows that efforts on studying the
kinetics of halogenation activity of peroxidases have been
focused on the analysis of initial rates?®. The use of this
approach avoids the complexity of taking into account other
side reactions also undertaken by this enzymatic system.
Nevertheless, data obtained under pre-steady-state condi-
tions yield knowledge only about the elementary steps
leading to the formation of a halogenating agent or to a sub-
strate halogenation.

Kinetic measurements after steady-state achievement
incorporate all feasible concurrent processes, i. e. data so ob-
tained permit a more accurate description of in vivo haloge-
nation activity, and results can be better extrapolated to
biological media.

The main findings attained for the rate of taurine chlori-
nation catalyzed by the human MPO/H,O,/CI” enzymatic sys-
tem are presented. Figure 1 shows a typical kinetic trace. The
equilibrium between MPO compounds I and 11

MPO-I1 + HO, =

272 <

MPO-II + HO,

has been here proved to strongly affect to the chlorination
rate, provoking the wave shaped profile of kinetic traces. It
should be considered the most important by-process influen-
cing steady-state rate.

Fig. 1. Kinetic trace obtained at A = 252 nm; [MPO] = 100 nM,
[H,0,] = 0.8 mM, [CI'] = 100 mM, [taurine] = 10 mM, pH = 5.5,
T = 298K

The dependence of reaction rate on the H,0, concentra-
tion and the acidity of the medium is sketched in Figure 2.
This values would correspond to the effective rate at which
taurine is chlorinated in vivo, allowing the optimal conditions
for the chlorination activity of MPO to be revealed.

In contrast with published data based on initial rate
measurements, where rate of chlorination is enhanced with
increasing pH value and/or H,O, concentration®“, these data
suggest that MPO chlorination activity reaches a maximum
when [H,0,] = 0.25 mM and pH = 5.0. The present study
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sheds light on the optimal conditions for in vivo studies of
MPO-catalyzed chlorination reactions.

00025+

0.0020

00015+

rate / M-s”

DIB 1 IO
[H,0,]/mM

T T
04 06

Fig. 2. pH and [H,0,] influence on steady state rate value for tau-
rine chlorination; pH = 4.0 (W), 4.5 (®), 5.0 (A), 5.5 (V¥), and
6.0 (¢)
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Enzymes such as trypsin and subtilisin are now widely
used as efficient catalysts in nonagqueous solvents®. The use of
redox enzymes is much less widespread, mainly due to their
instability which arises from the need for an exogeneous oxi-
dant, typically hydrogen or alkyl peroxides. We have
investigated the electrochemistry of the haem proteins, mi-
croperoxidase and cytochrome c in a range of nonaqueous
solvents. Dramatic shift in the oxidation potential of cyto-
chrome ¢ can occur, e. g. 900 mV in acetonitrile and ethyl
acetate vs. 70 mV in aqueous buffer?. In acetonitrile, the
heam is irreversibly oxidised, in ethyl acetate, an amino acid.
The changes in redox potential of microperoxidase are much
less pronounced, e. g. increasing by 100 mV in ethanol (vs.
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buffer). The thermodynamics of reduction of cytochrome c in
glycerol were significantly changed, with AH’’ decreasing
from -35.6 to —47.7 kd.mol™ and ASZ from -35.2 to
-76.8 J.K™.mol™ (ref.?). By contrast, for microperoxidase, ASS
increased from 5 to 77 J.K™.mol™, while AH? increased from
36 to 54 kd.mol™ (ref.*). The activation energy for reduction
of cytochrome ¢ was significantly increased from 5.7 kJ.mol™
in aqueous buffer to 44.2 kJ.mol™ in glycerol. These results
demonstrate that enveloping the haem in an amino acid
pocket can significantly affect the redox properties of the
haem in nonaqueous solvents.
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Galactose oxidase was used as a model enzyme for the
investigation of effect of organic solvents on the electroche-
mical properties of the redox enzymes. The aim of this work
was to obtain a stable response from the enzyme in organic
solvent and todetermine any changes that occurred in elec-
tron transfer kinetics.

Cyclic voltammetry was used to measure rates of electron
transfer. Ferrocene derivatives and some quinones were used
as mediators for galactose oxidase. For experiments in orga-
nic media the enzyme was immobilized on the glassy carbon
electrode by cross-linking with glutaraldehyde in the pre-
sence of bovine serum albumin and Nafion®. 3-Methoxyben-
zyl alcohol was used as the substrate for galactose oxidase.
The affect of immobilization procedure on the response of
enzyme electrode was studied. The experiments were carried
out in carbonate buffer (pH = 10.8), 1,1’-dimethylsulfoxide,
1,1’-dimethylacetamide, 1,1'-dimethylformamide?.

The results showed that the presence of Nafion in the
electrode membrane increased the mechanical stability of the
enzyme electrode. The enzyme film adhered better to the
electrode surface. The response of the mediator was irrever-
sible in the organic solvents — no reduction peak was ob-
served. Bovine serum albumin improved the reproducibility
of the catalytic current obtained. Experiments with dry sol-
vents and with 10 % water added were carried out. No chan-
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ges in enzyme electroderesponse were observed. In 30 %
dimethylacetamide enzyme denatured rapidly. Naphthoqui-
none and dimethylquinone did not function as mediators of
electron transfer between the active site of galactose oxidase
and electrode. Ferrocene dimethanol, ferrocene methanol,
ferrocene monocarboxylic acid were found to be good elec-
tron mediators for galactose oxidase. The electron transfer
constant for galactose oxidase and ferrocene monocarboxy-
lic acid was found to be 7.5 x 10°M™.s™ in buffer®.
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This paper will discuss these approaches, illustrating by
using examples of biocatalyst development in the authors’
current projects, and focusing most specifically on biocataly-
tic systems for oxidation of aromatic compounds and hydro-
lysis of cyclic amides (hydantoins). In the case of oxidase
systems the products are potential antioxidants, and in the
case of hydantoinases, the products are optically pure amino
acids destined for use as pharmaceuticals. In both cases, re-
action engineering approaches have resulted in effective bio-
transformation systems.
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Recently, we reviewed a new approach in developing no-
vel biocatalysts for industrial purposes®. The use of enzymes
as biocatalysts in the industrial manufacture of fine chemicals
and pharmaceuticals has enormous potential, but application
has hitherto been limited largely by evolution-led catalyst
traits. The advent of designer biocatalysts, produced by in-
formed selection and mutation, through recombinant DNA
technology, has enabled production of improved, process-
-compatible enzymes. The design and development of prac-
tical biocatalysts is being advanced and shaped by progress in
protein structure-function studies, understanding of protein
stability, conformational stability and activity. Modern mole-
cular techniques have allowed us to visualize catalytic systems
that approach the functional ideal. Biocatalysts can be now
designed in a paradigm where the process conditions are no
longer the defining or limiting constraints on successful bio-
catalytic processes, and the biocatalyst can be made to fit the
purpose. To fully realize the potential of designer enzymes in
industrial applications, it is necessary to tailor the catalyst
properties so that they are optimal not only for a given reac-
tion, but also in the context of the industrial process in which
the enzyme is applied.
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Some of the major opportunities and challenges facing
the field of biocatalysis within the pharmaceutical industry
will be presented. The use of genome sequencing, bioinfor-
matics and cloning to rapidly construct new and functionally
diverse enzyme libraries, as well as the application of ad-
vanced HTS technologies towards the mining of these libra-
ries and subsequent reaction optimization, will be briefly
discussed. Opportunities for collaboration with second-gene-
ration enzyme suppliers will also be outlined. In addition, the
lack of efficient methods for the synthesis of optically active
secondary amines and tertiary alcohols, a major challenge
facing the pharmaceutical industry today, will be addressed
through the presentation of a general chemo-enzymatic reso-
lution approach that has been developed and validated for
a number of major blockbuster drugs within Pfizer. Further-
more, challenges facing the use of new enzymes, including
nitrilases, epoxidases, transaminases, reductases, hydroxyla-
ses, glycosylases, and cyclases, will also be discussed. Finally,
a general high throughput screening approach that has been
validated for the enzymatic resolution of a number of key
intermediates within Pfizer will be summarized, stressing the
need for such a protocol in routinely evaluating the over-
looked yet powerful technique of solvent engineering in enzy-
matic hydrolytic reactions.
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Glycosyltransferases have become powerful tools for the
synthesis of oligosaccharides through their strict control over
the stereo- and regioselectivity of glycosidic bond formation®.
One major drawback of glycosyltransferases in synthesis is
their limited availability. The cloning and over-expression of
bacterial glycosyltransferases is one alternative to overcome
this problem.

To make available an enzyme for synthetic purposes is
necessary to develop efficient and cost-effective large-scale
production strategies. Three factors are of main importance
to successfully attempt to this goal: i) the expression system,
ii) the purification process, and iii) the stability of the recom-
binant enzyme under the reaction conditions.

The final aim of the expression system must be to obtain
the maximum yield of active enzyme. For large-scale produc-
tion of proteins that are limited in size and do not require
substantial post-translational modifications (e. g. glycosyla-
tion), prokaryotic expression systems, and in particular
Escherichia coli, are the most attractive ones because of their
ability to grow rapidly and at high cell density in fermentation
processes. However, when a heterologous protein is over-
-expressed in E. coli misfolding and aggregation happen fre-
quently, driving the recombinant protein into inactive
aggregates known as inclusion bodies (I1B). Since the propen-
sity to aggregate is strongly dependent on the particular pro-
tein being expressed, it is obvious that there is not a general
protocol to prevent the formation of IB’s. Formation of IB’s
can be avoided modifying the culture conditions (fermenta-
tion engineering), modifying the protein to be expressed
(protein engineering) and/or manipulating the host cells (ge-
netic engineering).

Once the recombinant enzyme is successfully produced,
it is necessary to face the downstream process for its purifi-
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cation. When the recombinant enzyme preparation is to be
used as biocatalyst, one affinity chromatographic step can
give the required purity degree. Immobilized Metal lon Af-
finity Chromatography (IMAC) can also be used for enzyme
immobilization®, since the adsorption of the protein to the
chromatographic resin is not by the enzyme active center.

In this presentation we described our work*® to face the
three factors described above for the case of the a-1,6-FucT
from Rhizobium sp.: i) optimization of the expression yield of
properly folded and active recombinant enzyme, ii) the purifi-
cation scheme, and iii) the stability of the recombinant en-
zyme.
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In nature, most microalgae are found in association with
other microorganisms. Indeed, they produce the molecular
oxygen that is used as electron acceptor by the heterotrophic
aerobic microflora. In return, the carbon dioxide released
during the mineralization process completes the photo-
synthetic cycle. The mutualistic relationships between algae
and other microorganisms form the basis of the carbon turn-
over in natural ecosystems and in artificial freshwater envi-
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ronments (aerobic stabilization ponds for the treatment of
domestic wastewater).

In this context, our study was conducted to determine the
potential of algae-bacteria combinations for the degradation
of aromatic pollutants, with the aim of using these micro-
cosms for the treatment of toxic and/or recalcitrant organic
compounds contaminating aqueous media. The green micro-
alga Chlorella sorokiniana was thus mixed with different aro-
matic degrading bacteria. Salicylic acid (sodium salt), phenol
and phenanthrene were tested as model pollutants for repre-
senting a wide range of aqueous solubility and toxicity. In the
various tested microcosms, the synergistic association be-
tween algae and bacteria was clearly established in a photo-
synthesis-helped biodegradation process as shown by the
removal of pollutants. Simultaneously to this study, we de-
signed and built our own photobioreactor. This reactor was
investigated with biofilms in a continuous mode of operation
both for the production of photosynthetic oxygen by C. soro-
kiniana and for the degradation of the aromatic pollutants.
This reactor appeared to be an efficient tool for these two
applications™ 2. The experimental set-up as well as some ma-
jor results will be presented in this communication.
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The carbon thin film coatings (DLC - diamond-like car-
bon, NCD - nanocrystalline diamond) are used for improve-
ment of surface properties of metals and ceramics devices
that are applied in biotechnology, electrochemistry, nano-
chemistry and medicine. They have very attractive properties
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such as high wear resistance and hardness, chemical inertness
and very low friction coefficients" . Hard carbon coatings
consist mainly of the tetragonally sp® - coordinated carbon
atoms (typical of diamond), the trigonally sp? — coordinated
carbons (typical of graphite) as well as some sp* — coordina-
ted ones®. The response of different animal cells (mouse fi-
broblasts, macrophages, endothelial cells, neutrophils and
other) to diamond surfaces was studied*. However, there is
no information about the behavior of these coatings in the
presence of microbes and their metabolites. Therefore, an
effect of various physiologically active microorganisms on
surfaces covered with diamond-like coatings has been stu-
died. Thin carbon films on medical stainless steel AISI 316 L
have been prepared using the radio frequency plasma che-
mical vapor deposition (RF PCVD) method. The samples
covered with carbon coatings were inoculated with various
fungi (A. niger, Chaetomium globosum, M. circinelloides,
Paecilomyces variotii, Penicillium ochrochloron, Trichoderma
viride, Fusarium oxysporum, Phanerochaete chrysosporium)
and bacteria (e. g. L. delbrueckii, Ps. fluorescens). Some of the
selected strains can solubilize the lignite (brown coal) and are
able to grow in petrol-o0il*®. The carbon layers before and
after the growth of the microorganisms were examined by
means of fluorescence microscope, scanning electron micro-
scopy (SEM) and Raman spectroscopy. It was found that
most of the tested filamentous fungi and some bacterial cells
strongly adhered to the surfaces covered with DLC coatings
during cultivation. Furthermore, changes in the color of DLC
—films from blue to yellow or metallic, after the growth of the
majority of the microscopic fungi, were observed using opti-
cal and metallographic microscopes. The strong influence of
some of the tested microorganisms on carbon coatings depo-
sited on medical stainless steel was confirmed using SEM mi-
croscopy (connected with a X-ray microanalyzer) analysis. It
shows differences in the concentration of certain elements
present in surface layers of the samples before and after sub-
jecting them to treatment with microorganisms. Some of the
microorganisms very strongly attacked the surface of carbon
coatings and changed their structure. Raman spectroscopy —
the most appropriate to characterize the graphite phase —
proved that the microorganisms can remove (or modify?)
some graphite phase from DLC coatings.
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Rhodococcus erythropolis DCL14 cells can produce three
different carveol dehydrogenases, each of them dependent
on a different co-factor'. When the cells grow on limonene or
cyclohexanol the major activity is NAD-dependent. Cell via-
bility is therefore an issue, which makes both reactor confi-
guration and operation conditions important. These cells are
able to “resolve” a diastereomeric mixture of (-)-carveol, two
products being obtained: (i) (-)-carvone and (ii) isomerical-
ly resolved (-)-cis-carveol.

Both in a mechanically stirred direct contact reactor and
in a membrane reactor, the reaction practically stopped when
the carvone concentration reached 50 mM (ref.?). An attempt
to adapt the cells was thus carried out. A 130 ml glass column
was tested as an air-driven direct contact bioreactor.
n-Dodecane 50 mM in carveol was recirculated at 50 ml.h™
through the column containing the aqueous phase. At this
circulation rate the contact time between the cells and the
substrate is low enough so that the biotransformation takes
place to a small extent only.

In the first run, recirculation was stopped after 20 h, the
whole organic volume was allowed to enter the column and
air was injected at the bottom of the column at 29 ml.min™
(0.3 vwwm). A good emulsion was formed and the whole of the
cell population had migrated towards the organic phase after
10 h. The aqueous phase became completely cell free. The
cells were able to carry out the biotransformation for at least
310 h. At this time carvone production reached 94 mM.

As a further attempt to adapt the cells to the presence of
solvent, substrate and product, an assay was carried out in
which n-dodecane containing the substrate was recirculated,
as described above, for 136 h. This long adaptation period
was actually a successful strategy, allowing accumulation of
carvone up to 259 mM, thus overcoming the product inhibi-
tion problems previously encountered.

The results suggest that if cells are allowed to stay in con-
tact with solvent, substrate and slow increasing concentra-
tions of carvone, they are able to adapt. In fact, in the second
run 69 % of the cells in the organic phase were viable after
310 h, while in the first run, only 49 % of the cells were viable
after the same period. Somehow, cells in n-dodecane were
protected from the toxic effect of carvone.
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To confirm wheter the adaptation period was indeed
responsible for an increase in productivity, a run was carried
out in which the cells were allowed to adapt during 50 h. The
column worked for 818 h and a concentration of carvone of
178 mM was attained. A plot of the carvone concentration
obtained in each assay vs. the adaptation period gave a loga-
rithmic shaped curve. The trendline that best fits the results
has a R-square value of 0.999.
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The strain Rhodococcus opacus PWD4 was found to hy-
droxylate D-limonene, yielding (+)-trans-carveol and traces
of (+)-carvone, when grown on toluene’. In the present work
we studied the activity shown by these cells when grown on
different carbon sources, in both single aqueous and bipha-
sic systems, the latter allowing to overcome the low solubili-
ties of both substrate and products?.

Cells were grown on 0.125 and 0.25 % (v/v) of ethanol,
limonene and toluene as single carbon sources. In both
aqueous and aqueous:organic systems, at 28 °C and 200 rpm,
the highest initial trans-carveol production rate was observed
for cells grown on limonene. In biphasic systems, the activi-
ty shown by the cells grown on 0.125 % of limonene is 2.7 and
3.11 times higher than that shown by cells grown on toluene
and ethanol 0.125 %, respectively. Furthermore, the carveol
production rate in biphasic systems is 10 times higher than in
aqueous systems. In aqueous:organic systems, the production
of trans-carveol is higher than the production of carvone, but
the ratio between the production of carveol and carvone de-
pends on the carbon source used: 14.9, 3.4, 7.5 and 28.7 for
cells grown on 0.125 % ethanol, 0.125 % limonene, 0.125 %
toluene and 0.25 % toluene, respectively.

The effect of the initial limonene concentration on the
growth medium was evaluated by adding 5, 10, 20, 40, 80 and
160 pl of limonene to 25 ml of medium. The carvone produc-
tion rate decreased with increasing amounts of limonene
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added until 40 pul, and increased with higher amounts. The
maximums were achieved for 5, 80 and 160 pl of limonene
added.

The production rate of both trans-carveol and carvone
increased with the initial percentage of limonene. Changing
the limonene concentration, referred to the aqueous phase,
from 20 to 150 mM led to a 5.9 fold increase in trans-carveol
and a 2.8 fold increase in carvone production.

Production was also tested in an aqueous(20 ml):dode-
cane(4 ml) biphasic bioreactor with limonene supplied
through the air stream. The reactor worked at 28 °C and was
agitated at 200 rpm. Using cells grown on toluene, the car-
vone production rate became 18 times higher than the trans-
-carveol production rate. The increase was not that high with
cells grown on limonene. However, using the latter in
a similar aerated bioreactor but with an initial limonene con-
centration of 50 mM, the carvone production rate was
141 times higher than the trans-carveol production rate.

The results indicate that the conditions of growth, as well
as those of biotransformation, may greatly influence the
limonene degradation carried out by R. opacus PWDA4 cells.
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The bioremediation of sites contaminated with hydrocar-
bons, resulting from e. g. spillage of diesel or jet fuels, maybe
difficult due to low ambient temperatures or saline condi-
tions. The ability of Rhodococcus erythropolis DCL14 cells to
degrade hydrocarbons at 15 and 28 °C was assessed, as well
as their capacity to carry out the degradation under saline
conditions. The temperatures were chosen with reference to
the minimum and maximum average temperatures observed
in the Atlantic, Pacific and Indian oceans between 0 and 55°
of latitude.

The hydrocarbons tested were n-hexane, cyclohexane,
toluene, n-octane, iso-octane, n-dodecane, n-tetradecane and
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n-hexadecane at initial concentrations of 0.125 and 0.25 %
(viv).

In the absence of NaCl, at 15°C, all growth curves
reached the end of the exponential phase after 90 h, except
when n-tetradecane (100 h) and toluene 0.125 % (125 h)
were used as carbon source. The final optical density (O. D.)
at 600 nm observed ranged from 3.5 to 7. When toluene was
used at an initial concentration of 0.25 %, almost no growth
was observed, indicating that the cells were unable to degrade
toluene at this concentration at 15 °C. At 28 °C, the end of
the exponential phase was attained after 30 h for most of the
hydrocarbons tested. The exceptions occurred when the cells
were in the presence of 0.25 % iso-octane (around 50 h) and
0.125 % toluene (around 60 h). The final optical density ob-
tained ranged between 4.5 and 7.5. Once again, almost no
toluene degradation was observed at an initial concentration
of 0.25 %.

The composition of the cell membrane supposedly varies
with the carbon source used and hence cell hydrophobicity
should also be affected. Cell hydrophobicity was determined
by the MATH (Microbial Adhesion To Hydrocarbons) test".
At 15 °C, high hydrophobicities were observed for cells grown
on toluene, iso-octane and n-tetradecane while those grown
on n-hexadecane presented lower hydrophobicity. Cells
grown at 28 °C showed high hydrophobicity when grown on
n-tetradecane and n-hexadecane, whilst lower values were
obtained with cells grown on n-hexane, toluene and n-octane.
The results suggest that there is no direct relation between
cell hydrophobicity and the carbon number.

Three NaCl concentrations were used to assess the possi-
bility of using R. erythropolis cells in saline media: 1.0, 1.95
and 2.5 %. The carbon sources tested were the following:
n-hexane, iso-octane and n-octane 0.125 %. At 15 °C, the lag
phase was around 50 h, except for n-octane in which the cells
needed nearly 100 h to start growing. The final O. D., at
600 nm, ranged between 2.0 and 3.0. The lag phase increased
to around 160 h when the initial concentration of salt in-
creased to 1.95 %.

Using n-octane, an increase in salt concentration led to an
increase in cell hydrophobicity. In general, it was observed
that the higher the carbon number of the carbon source, the
lower the influence of NaCl concentration on cell hydropho-
bicity.

Thus, R. erythropolis DCL14 cells are fairly good bioca-
talysts for degrading hydrocarbons in both relatively cold and
warm environments even under saline conditions. Several
other strains of the genus Rhodococcus have been found to
metabolise environmental contaminants, using various
alkane-catabolic pathways?.
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Motors are widely present in our environment and acci-
dental oil spills are frequent. Microorganisms able to degrade
motor oils under different environmental conditions should
be a good tool for in situ bioremediation.

Rhodococcus erythropolis DCL14 cells were tested as de-
graders of four and two-stroke engine oils at 15 and 28 °C.
Since these oils are mainly used by cars, motocycles and
boats, this temperature range covers the majority of condi-
tions under which the spills occur. The percentages of oil tes-
ted were the following: 0.125, 0.25, 0.5, 1 and 2 % (v/v).

At 28 °C, when cells were incubated with Shell Helix
standard 20W-50 oil for four-stroke engines, the optical den-
sity (O. D.) measured at 600 nm doubled in the first 20 h with
each of the tested percentages. The growth rate decreased
with the increase of the initial oil fraction. After the first 30 h,
the cells formed clusters which were visible under the naked
eye. Thus, thereafter, the quantification of growth, by the
measurement of the optical density, became impossible.
Using Mobil Super 2T for two-stroke engines as sole carbon
source, the velocity of growth decreased with the increase in
oil fraction: after 43 h the O. D. at 600 nm had tripled for
concentrations lower than 0.5 % and only slightly increased
for 1 and 2 %. Cell clustering was observed after 50 h under
naked eye.

At 15 °C, very small clusters were visible after 60 h in all
growth runs with both oils.

Images of the different culture media, obtained with an
optical microscope, showed cells surrounding the oil droplets.
The higher the oil fraction, the larger the cell clusters were.

The MATH hydrophobicity test' showed that, for both
oils, cells were less hydrophobic when grown on 0.5 % oil
fraction. The most hydrophobic cells were those grown on
either the lowest (0.125 %) or the highest (2 %) initial oil
fraction. Futhermore, cells grown on Mobil Super 2T were
more hydrophobic than those uptaking Shell Helix standard,
at identical initial fractions.
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Erythromycin is a broad spectrum polyketide antibiotic,
specially indicated in the treatment of respiratory and skin
complains. It has a similar activity spectrum to the penicillin
and are used by penicillin-sensitive people to combat Gram-
-positive bacteria, and in addition used against Mycoplasma,
Campylobacter and Legionella. In turn erythromycin is the
starting material for second and third generation semi-syn-
thetic derivatives. Erythromycin is a 14-carbon macrolide,
produced by fermentation of Streptomyces erythreus or
Saccharopolyspora erythraea. The new findings, effective com-
pletion of the genome sequence for the bacterium S. erythrae,
offer a host of possibilities for production of novel antibiotics,
immunosupressants and anti-cancer compounds, all based on
polyketide starting materials.

Optimising the fermentation conditions, by selecting
adequate parameters like the effect of medium composition,
pH, temperature, oxygen levels, ratio C/N, is therefore an
important aspect for the successful operation of any fer-
mentor.

The aim of this work was the study of production and re-
covery of erythromycin from fermentation broth by selective
adsorption on neutral resins (Amberlite™ XAD-4, XAD-7
and XAD-16) and anion exchange resin (Amberlite™
XAD-410). In previous work these resins were used in
adsorption studies of erythromycin from standard solutions®.

Erythromycin was produced by fermentation, from
S. erythraea in a 3 | fermentor. Preliminary studies have been
carried out in a batch mode for the optimisation of fermen-
tation conditions. Cultures of S. erythraea were grown in va-
rious media formulations, in shake flasks. Culture growth was
compared in terms of specific rate cell growth, duplication
time and fermentation time. Erythromycin was analysed by
sphectrophotometry, at 280 nm and by HPLC according to
the method of USP (ref.?).
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P240 USE OF NITRILE HYDRATASE
FROM Brevibacterium imperiale CBS 498-74
RESTING CELLS
FOR PROPRIOAMIDE PRODUCTION:
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The bioconversion of proprionitrile into proprioamide
was catalyzed by the nitrile hydratase present in resting cells
of Brevibacterium imperiale CBS 498-74. This strain follows
a two-step degradation pathway of nitriles, which involves ni-
trile hydratase and amidase, and presents an high nitrile
hydratase activity while amidase activity is negligible and
therefore theoretical 100 % conversion yields are possible.
The influence of various parameters on microorganism
growth for the production of nitrile hydratase was already
tested"?

B. imperiale CBS 498-74 (new classification, Microbacte-
rium imperiale) was obtained at the optimum initial glucose
concentration for nitrile hydratase (NHase) production,
5g.I", in a shake flask (220 rev.min™) at 28 °C for culture pe-
riods of up to 150 h. The highest NHase productivity (U per
ml of broth per h) was reached after 24 h of incubation. Spe-
cific activities in the cell were found to be: 34.41 U.mgg,,.
NHase activity in the whole cell suspension was tested follo-
wing the biotransformation of proprionitrile (50 mM) into
proprioamide at 20 °C in 50 mM sodium phosphate buffer,
pH 7.0. The kinetic parameters, K_and V__,, were evaluated
at different temperatures and resulted respectively at 10 °C:
61.0 mM and 10.36 pmol.min™ and at 20 °C 88.9 mM and
13.98 umol.min™. The activation energy, E_,, was also eva-
luated.

In this study use was made of both differential and inte-
gral UF-membrane reactors for kinetic characterisation of
the reaction. The laboratory scale membrane bioreactor was
a commercially available flat membrane cell Amicon Mod. 52
and the UF-membranes was FS81PP. The membrane resis-
tance to chemicals was fair at proprionitrile and proprio-
amide concentrations up to 100 mM and 1 M respectively. No
rejection of solute was determined. Membranes totally re-
tained the resting cells and no fouling was observed working
with 2.3 mg and 5.7 mg of biocatalyst under stirring condi-
tions®. Membrane compaction was responsible for flux loss
during the first 3-4 hours of operation.
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The enzymatic reaction was operated at 5 °C and 10 °C.
Substrate concentration ranged from 100 mM to 500 mM.
Proprionitrile conversion as high as 76.6 % was attained using
32.7 ug of cells per ml in a continuously operating reactor.
The laboratory scale membrane bioreactor, continuously
operating, allowed to study the dependence of enzyme de-
activation on the substrate concentration and process time’.
In this study we report on the irreversible damage of NHase
activity caused by high proprionitrile substrate concentration.
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Biotransformation techniques have evolved such that the
synthetic chemist can utilize biocatalysts just as many other
synthetic reagents are used. Natural microbial diversity and
new techniques for further diversification offer an almost
inexhaustible source of biocatalysts.

The major goal of this work has been the obtainment of
1,2-O-isopropylidene glycerol (also called solketal or IPG) as
optically pure molecule by microbial hydrolysis of the cor-
responding racemic esters. This biotransformation is difficult
to achieve with high enantioselectivity using commercially
available enzymes. Different techniques have been exploited
for improving the selectivity and/or productivity of the bio-
transformation, such as medium manipulation (e. g. binding
agents or organic solvents), biocatalyst manipulation (e. g.
lyophilised cells, thermal pre-treatment, immobilization etc.)
or reactor engineering (e. g. membrane reactors). Carboxyl-
esterases responsible for the enantioselective biotransforma-
tions have been (partially) purified.
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Fig. 1. Simple membrane reactors allowed for multi-gram produc-
tion of optically pure solketal
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Talampanel is a non-competitive antagonist of AMPA
receptor, and it is a possible drug for treatment of epilepsy
and cerebrovascular ischemia. The first step of an efficient
synthesis of Talampanel is the reduction of 3,4-methylenedi-
oxyphenyl-acetone (MDA) to (S)-a-methyl-1,3-benzodio-
xole-5-ethanol (MBE) accomplished with Zygosaccharomyces
rouxii in the presence of XAD-7 resin®. The application of the
hydrophobic polymeric adsorbent resulted in low and non-
-toxic concentration of both the substrate and the product in
the water phase (<6 g.I™"). Z. rouxii was chosen because it
tolerated higher substrate and product concentration and had
a higher productivity number in comparison to the other tried

yeasts?.
o o

LT T %
MDA MBE

A low cost fermentation medium without any component
of animal origin was developed to produce Z. rouxii biomass.
The control of pH and dissolved oxygen concentration, the
temperature, the antifoam system, the time of harvest, the
rate of inoculations and the number of seed steps were also
investigated. The fermentation process in 1000-1 fermentor
provided cell pastes possessing a satisfactory ketoreductase
activity (95-98 %) and an excellent enantioselectivity.

A method was developed to examine the enzyme activi-
ty and to determine the key parameters of the bioreduction.

Z. rouxii
T s

XAD-7 resin
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It was found that enantioselectivity was independent of the
examined conditions of reduction. The yield was very sensi-
tive to both the quality of cell paste and conditions of bio-
reduction except the temperature and the aeration. This in
vivo enzyme system is extremely sensitive to the change in the
concentration of the ingredients.

Z. rouxii cell pastes were also used in pilot plant scale bio-
reduction in 5 consecutive batches with 200 liter total volume
each. The reductions were performed in a modified Rosen-
mund agitated filter-dryer filled with Amberlite XAD-7 HP
resin. The obtained yields were similar to our results carried
out in our laboratories.
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Gluconobacters are well known for their capacity of oxi-
dising a series of different sugar alcohols. The valuable
molecules: 1,3-dihydroxyaceton and L-erythrulose are the
products of the fermentation on glycerol and meso-erythritol,
respectively. Here we report the systematic investigation and
comparision of the dihydroxyaceton and erythrulose produc-
tion capacities of Gluconobacter oxydans ATCC 621H.

The influence of carbon source concentration between
30 to 280 g.I™* on the cell mass production, product concen-
tration, yield and productivity was investigated by orthogonal
shake-flask experimental designs. 160 g.I™ erythritol was con-
sidered to be the optimal starting concentration whereas the
ideal glycerol concentration was significantly lower. To in-
crease cell mass production, a series of supplementary com-
pounds were evaluated with the aid of a Plackett-Burman
design. To determine the inhibitory level of product concen-
tration, fed-batch fermentations were carried out, where the
substrate supply was controlled by the dissolved oxygen level
in the fermentation broth. Inhibitory product concentrations
were determined for circumstances among limiting as well as
for surplus substrate concentrations. A series of NAD™" and
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PQQ-dependent dehydrogenase activities were also deter-
mined from the disrupted cells in order to gain deeper know-
ledge of the activation mechanism of Gluconobacter enzymes.
These results establish the possibility of the effective fermen-
tative production of dihydroxyaceton and erythrulose as well
as the enzymes responsible for their production.
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The chiral pharmaceuticals ephedrine and pseudoephe-
drine are currently produced commercially via a biotransfor-
mation of benzaldehyde by fermenting baker’s yeast followed
by chemical catalysis (Fig. 1). The biotransformation is
catalyzed by a side-reaction of the enzyme pyruvate decar-
boxylase (PDC), which transfers enzyme-bound “active
acetaldehyde” onto benzaldehyde to form (R)-phenylacetyl-
carbinol (PAC). Acetaldehyde and acetoin can be formed as
by-products.

BIOTRANSFORMATION:
(0] OH
H -0 (0] Pyruvate
©/ + j " H+ Decarboxylase I
= ;
0 Co,
Benzaldehyde Pyruvate (R)-Phenylacetylcarbinol
(PAC)
CHEMICAL SYNTHESIS:
OH OH QH
[Pt] v 1) A O/HCL .
T B e r—— B
O  HNCH; NHCH; 2HO NHCH;
PAC (IR,25)-Ephedrine (15,28)-Ephedrine
= (-)-Ephedrine = (-)-Pseudoephedrine

Fig. 1. Ephedrine production by sequential biotransformation and
chemical synthesis
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Screening of filamentous fungi* and yeast for cell-free
PAC production resulted in a number of efficient PDCs e. g.
from Rhizopus javanicus, Candida utilis and Candida tropica-
lis. Candida utilis PDC was more stable and formed less by-
-product acetoin than PDC from the filamentous fungus
Rhizopus javanicus.

Enzyme stabilization and pH control were identified as
crucial factors for increasing final PAC levels?, which have
previously been limited to 28.6 g.I"" in an enzymatic process®.
With improved buffering partially purified PDC produced
50 g.I™" PAC in a simple batch biotransformation®.

For further process enhancement, loss of substrate pyru-
vate was minimized. The loss resulted from two phenomena:
temperature dependant non-enzymatic concentration de-
crease due to the cofactor Mg?* and formation of by-products
acetaldehyde and acetoin by PDC. The molar yield of PAC on
consumed pyruvate increased from 59 % (R. javanicus PDC,
20 mM Mg?") to 74 % (R. javanicus PDC, 0.5 mM Mg**) by
lowering the Mg®*" concentration, and increased further to
89 % (C. utilis PDC, 0.5 mM Mg?") by changing the source of
PDC.

An aqueous/organic two-phase system was designed to
overcome enzyme deactivation by benzaldehyde, acetoin and
PAC and to decrease inhibition by acetaldehyde. Under opti-
mized conditions 141 g.I"* PAC was produced in the organic
phase with additional 19 g.I™* formed in the aqueous phase
using Candida utilis PDC. Significant increases in PAC per
unit of enzyme were achieved”. Utilizing whole cells instead
of partially purified PDC further reduced the catalyst cost.
Additionally PDC production in Candida utilis was drastically
enhanced through a novel pH shift process.
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R-Phenylacetylcarbinol (PAC) is a precursor for the phar-
maceuticals (1R, 2S) ephedrine and (1S, 2S) pseudoephe-
drine. PAC is commonly synthesized by a biotransformation
process utilizing benzaldehyde and pyruvate as substrates and
an enzyme, pyruvate decarboxylase (PDC), as catalyst. Main
by-products associated with the biotransformation are acetal-
dehyde, acetoin and benzyl alcohol.

Based on the amount of benzaldehyde that is used in the
biotransformation, there are three basic types of system that
should be applied (in the order of increasing benzaldehyde
concentration): (1) Aqueous phase, (2) Benzaldehyde emul-
sion® and (3) Aqueous/organic phase system?.

ORGANIC PHASE
BENZALDEHYDE PAC
‘ + PDC ‘ ¢
PYRUVATE +
BENZALDEHYDE — PAC+CO,
AQUEOUS PHASE

Fig. 1. Organic/aqueous two-phase system for R-PAC production’

It was previously found that benzaldehyde, PAC and ace-
toin inactivated PDC while acetaldehyde had an inhibiting
effect (Sandford et al., submitted). It is also known that PDC
is most stable at low temperature, neutral pH and in the pre-
sence of high concentrations of MOPS buffer or other addi-
tives like glycerol or salt.

In this study, the effects of further process parameters on
PAC production were investigated in the aqueous and
aqueous/organic phase system. It was found in the aqueous
phase system that agitation rate and enzyme level had no ef-
fect on PDC deactivation as long as foam formation was
prevented. The deactivating effect of benzaldehyde was con-
firmed while octanol had no considerable effect. However, it
was observed that deactivation by benzaldehyde was en-
hanced in the presence of octanol.
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It was further found in the aqueous/organic phase system
that there was no strong additional deactivating effect by high
concentration of benzaldehyde (1.46 M) contained in the
octanol phase. This implies efficient protective effect of the
octanol phase, which prevents the strong inactivation that has
been reported previously for a benzaldehyde emulsion
system.

Lowering the ratio of organic to aqueous phase volume
from1:1to00.43:1in the two-phase biotransformation while
maintaining the total concentrations of enzyme and sub-
strates resulted in 11 % higher overall PAC and lower overall
concentration of the by-product acetoin. In addition, the PAC
was highly concentrated in the organic phase with 1400 mM
PAC in octanol in comparison to approximately 800 mM
when using the 1 : 1 ratio. Hence, application of less organic
phase has the potential for reduction in production cost
(since less solvent is used) and more efficient downstream
processing (since the product is more concentrated).
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(R)-1-Hydroxy-1-phenyl-2-propanone 2 is an important
chiral synthon that has been used in the manufacture of the
pharmaceuticals (-)-ephedrine and (-)-pseudoephedrine’.
The most commonly used method for production of 2 is bio-
logical, in which strains of Saccharomyces cerevisiae and Can-
dida utilis are employed to mediate the acyloin condensation
of benzaldehyde and pyruvic acid”

Another promising biological alternative for production
of 2 is the baker’s yeast reduction of 1-phenyl-1,2-propane-
dione 1, which gives a mixture of optically active 2, plus
(1R,2S)-1-phenyl-1,2-propanediol 3, and (S)-2-hydroxy-1-
-phenyl-1-propanone 4 (Scheme)'. Considering that com-
pounds 2 and 4 are barely separable by silica gel column
chromatography, the aim of this work is to improve the regio-
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Ty
4

selectivity of the reduction of 1 to obtain compound 2. The
previously published® scheme shows compounds 2 and 4 as
intermediates in the baker’s yeast reduction of 1 to 3. As our
interest is the isolation of the intermediate 2, we performed
a study of this reaction to maximize the yields of 2 free of 4.
Thus, samples were withdrawn from the reaction mixture at
appropriate intervals and analyzed by gas chromatography.
During this study, we observed that the value of the 2/4 ratio
varied with the velocity of reaction flask agitation and thus an
anaerobic procedure was performed. Figure 1 shows that
compound 2 may be obtained free from 4 at 90 min of re-
action using a pre-treated baker’s yeast (nitrogen was
bubbled during 60 min followed by 20 min of oxygen bubbling
into a suspension formed by baker’s yeast and water). There-
fore, we use this process to prepare an easily separable mix-
ture of 2 (28-31 % isolated yield, 96 % e. e.) and 3 (42-62 %
isolated yield, 99 % e. e.).

1400

1200

1000

T
0 120 150
reaction time (minutes)

T
60 180 210

Fig. 1. Conversion of 1 (W) to 2 (O), 3 (O) and 4 (A) mediated by
pre-treated baker’s yeast.

In conclusion, the reduction of 1 by anaerobically pre-
treated baker’s yeast afforded an easily separable mixture of
2 and 3, almost free from 4, in reasonable yields and excellent
e. e. at 90 min of reaction.
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Various food-grade yeasts produce 2-phenylethanol
among other volatile products useful as flavor and fragrance
compounds. By adding the amino acid L-phenylalanine to the
medium the yield of the desired product can be significantly
increased as the yeasts convert the precursor via a cascade of
three enzymatic steps (Ehrlich pathway) to 2-phenylethanol®.

COOH COOH
O
trausammase
2-keto-, glularale L-glutamate
L-phenylalanine phenylpyruvate

decarboxylase
0,

phenylacetaldehyde

dehydro genase

NAD + NADH + H*

OH
2-phenylethanol

Fig. 1. Ehrlich pathway

To avoid inhibition by 2-phenylethanol the product has to
be removed continuously from the bioprocess. On shake-
flask scale this is done by an aqueous-organic two-phase
system with oleyl alcohol as the extractive phase.

In a screening of fourteen yeasts Kluyveromyces marxia-
nus CBS 600 was found to be the most productive strain. In
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amedium with molasses as carbon source it produced approx.
3 g.I" 2-phenylethanol. This medium also contained a com-
plex source of vitamins and other supplements which is ex-
pensive and cannot be used in a technical process.

A genetic algorithm was used to improve medium compo-
sition and process temperature towards higher product yields.
Special emphasis was on varying single nutrients of the com-
plex source to distinguish between those components which
play a key role for the desired bioconversion and those which
could be left out without impairing the results.

The optimization was carried out by varying ten para-
meters affording twenty individuals (in parallel experiments)
per generation. In the course of five generations two local
maxima corresponding to two significantly different medium
compositions appeared, where the product concentration was
increased by 58 % and 30 %, respectively. As the former me-
dium is significantly more expensive than the latter, only an
overall economic analysis of both variants will identify the
“optimal” medium.
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Industrial applications of baker’s yeast include the pro-
duction of ethanol?, chiral alcohols and ketones** in aqueous
or organic media. Nevertheless these processes often present
limitations such as a low productivity, a low yield or a high
sensitivity to high products and substrate concentrations. The
use of non-conventional media and especially the gas phase
could overcome some of these limitations.

Recently, the use of Saccharomyces cerevisae in the ga-
seous phase has been successfully reported for the production
of alcohols and aldehydes®®. This system presents the follo-
wing advantages: (i) Cofactor regeneration is made in situ, (ii)
no addition of cofactor is required, (iii) this system is chea-
per than a system using crystallised ADH/cofactor.

The aim of this work is to better understand the influence
of physico-chemical parameters on activity of this catalyst and
to better understand phenomenon involved in a such system.
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We then studied factors affecting catalysis and more par-
ticularly existence of possible diffusional limitations. Indeed
the use of whole cells implies the presence of wall and mem-
branes which may limit the gas diffusion. In order to check if
there are diffusional limitations when using whole cells, walls
were disrupted by sonication and the effect of this treatment
on activity of cells has been studied. The preparation was
tested at different water activities and the effect of cofactor
addition is also presented.

As the preliminary tests was carried out with ethanol and
butanal, this system may be an alternative method for the
production of enantiopure compounds and aromas for the
chemical and food industry and a best comprehension of the
mechanism of YADH in solid/gas reactor is necessary to opti-
mise the reaction.
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Enzymes are natural catalysts, promoting a great variety
of chemical reactions. For this reason, enzymes have an im-
portant role on textile industry as substitutes of some che-
mical agents with negative effects on the environment. This
work intend to study the enzymes capacity to alter surface
properties of synthetic fibres. The hydrolytic enzymes nitri-
lases, proteases and esterases promote the cleavage of nitrile,
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amide and ester groups, respectively, into carboxylic acids.
These reactions can be very useful for the treatment of syn-
thetic fibres containing these groups. The enzymatic action
causes an increase of charged groups at the surface, impro-
ving water absorption (increase hydrofility) and dyeability.

Due to enzymatic modification, the acrylic fibers became
more hydrophilic and dye uptake was enhanced at tempera-
tures below glass transition. Nitrilase action on PAN fibres
was monitored by measuring the release of ammonia and by
FTIR detection of the formed of carboxylic groups by diffuse
reflectance.

Cutinase were used on polyester fibres. The esterase
action on polyester fibres promotes an increase of OH and
COOH end groups. The OH end groups can be detected by
a titration method and measuring the K/S spectrophoto-
metrically after dyeing with a cotton reactive dye. Similarly
enzyme preparations showing amidase activity towards poly-
amide fibres, promote an increase of NH, and COOH end
groups. The amine groups were detected by a titration me-
thod with an increase of the molecular mass on treated
samples. When samples were dyed with a wool reactive dye
uptake was enhanced at temperatures below glass transition
of polyamide.

P250 NOVEL ENZYME APPLICATIONS
ON COTTON CELLULOSE
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Lipases and proteases were used to restore partially the
strength loss of cotton fabrics, cross-linked with respectively
1,2,3,4-butanetetracarboxylic acids and N-hydroxymethyl
acryl amide. Nearly one half of the strength loss of the fabrics
could be restored by means of enzymatic hydrolysis at low
temperature and neutral pH, while the crease-resistance
effect decreased only slightly. In another application an enzy-
matically catalysed phosphorylation of cotton cellulose was
achieved using hexokinases in the presence of a phosphate
donor adenosine-5’-triphosphate. The enzymatic modifica-
tion provided a new, reactive type cellulose substrate with
improved dyeability and flame-resistance.
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This study reports on the dyeing of keratinous materials
using appropriate enzymatic systems — laccases and protein
disulfide isomerase. The enzymatic dyeing was performed as
a batchwise process at the temperature and pH of maximum
enzyme activity. Laccases generate the colour “in situ” star-
ting from low molecular colourless compounds — dye precur-
sor and dye modifiers. Different hues and depth of shades
could be achieved varying the concentration of the modifiers
and the time of laccase treatment. Protein disulfide isome-
rases, based on their ability to catalyze thiol-disufide ex-
change, including oxidation, reduction and rearrangement,
were used for covalent fixation of novel cysteine-modified
dyes on keratinous fibres.
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D-Alloisoleucine is a non-proteinogenic amino acid found
as a component unit in a number of biologically active depsi-
peptides, useful intermediates in the synthesis of oxytocin
analogues of isostatins and of natural cytotoxic compounds
like tamandarins.

We report here a practical approach to p-alloisoleucine
starting from a mixture of L-isoleucine and the D-allo stereo-
isomer, with an approach both chemical and enzymatic. The
latter is based on the use of an industrial hydrolytic enzyme
developed for detergency.

Thus L-isoleucine was epimerised and the diastereoiso-
meric mixture was transformed in a number of N-acyl-O-es-
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ter derivatives including protecting groups usually employed
in peptide synthesis.

Hydrolysis in water gave excellent separation of the two
diastereoisomers allowing the obtainment of D-alloisoleucine
derivatives in the maximum allowable yield in high enantio-
meric excess.

During the elaboration of the substrates opportunities to
effect the separation of the diastereoisomers via crystalliza-
tion were successfully explored.
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P253 PHOSPHOLIPASE D CATALYSED SYNTHESIS
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Phospholipase D obtained from a culture of Streptomyces
sp. PMF, was immobilised in a hollow fiber membrane by
ultrafiltration. The reactor was used to contact an organic so-
lution containing phosphatidylcholine (PC, 50 g.I™") and
a water solution at different pH and the rate of formation of
the hydrolysis product (phosphatidic acid, PA) was measured.
Subsequently the water phase was replaced with a 3M water
solution of L-serine and the rate of transphosphatidylation at
different pH was evaluated. The reaction was complete in
a 48 h period. The formation of the hydrolysis product was
minimized working at pH 4.5 were hydrolysis rate is minimal.
The operational stability of the system was excellent during
a period of several month.

Although the space-time yield of phosphatidylserine for-
mation is lower than in a byphasic CSTR system, the purity
of the product and the enzyme consumption is advantageous.
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The edible sprouts of chicory (Cichorium intybus L.) are
used as a vegetable and are well-known for their slightly bit-
ter taste, which originates from sesquiterpene lactones (e. g.,
lactucin). Especially the roots contain high concentrations of
these bitter principles, which makes them unsuitable for use
as cattle feed. However, we have demonstrated that the en-
zymes responsible for the biosynthesis of the sesquiterpene
lactones are still present and active in the roots after the har-
vest of the sprouts. The first steps in the biosynthetic route
have been elucidated by us™>.

One of the enzymes involved, the (+)-germacrene A hy-
droxylase, appears to possess a broad substrate specificity
coupled to a high regioselectivity, making this enzyme an
attractive catalyst for the hydroxylation of terpenes in flavour
and fragrance industry. An especially interesting reaction is
the one-step conversion of (+)-valencene into nootkatone®,
a much sought flavour component of grapefruit.

Lactucine

N

100, 000 g pellet
0,. NADPH

(+)-Valencene Nootkaone
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Naturally occurring compounds with antimicrobial or
antitumor activity in many cases contain an epoxide group in
a spiro attachment to a tetrahydropyran or cyclohexane ring.
The epoxide moiety is generally assumed to be essential for
the biological activity of these compounds. Oxaspiro com-
pounds may thus be assumed to have significant therapeutic
potential and their preparation in enantiopure form will be of
interest™?. Various enantiopure epoxides can be obtained ef-
fectively by kinetic resolution using epoxide hydrolases.
A powerful tool for this method is the yeast epoxide hydro-
lase (YEH) of Rhodotorula glutinis, which can accept struc-
turally diverse molecules as substrates®. We have therefore
used the YEH to investigate the kinetic resolution of oxas-
piro compounds. The structural requirements of substrates
for YEH are studied in more detail by using a range of me-
thyl substituted 1-oxaspiro[2.5]octanes (Fig. 1).

0]

R5 Rl 1: R1 = CH3
2: Rz = CH3
Ro 3:R4=CHs
Rs Rs 4: Ry, Ry, Rs = CI;
R4 5: Rl, R6 = CH3

Fig. 1. Methyl substituted 1-oxaspiro[2.5]octanes used as substra-
tes for the YEH of Rhodotorula glutinis
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Hydrolysis of the tested substrates by the YEH of Rhodo-
torula glutinis was strongly influenced by the position and
number of methyl substituents. The initial reaction rate was
found maximal for compound 3 and was comparable to the
rate for the unsubstituted 1-oxaspiro[2.5]octane. The rate of
hydrolysis decreased when methyl substituents were posi-
tioned closer to the epoxide group. A similar affect was ob-
served by increasing the number of methyl substituents. No
hydrolysis was observed when two methyl groups were placed
on both positions next to the epoxide group (compound 5).
Enantioselectivities increased from moderate to high in the
hydrolysis of substrates 4, 2 and 1. Based on the present re-
sults, we will further explore YEH-catalyzed kinetic resolu-
tions of more complex oxaspiro compounds.
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The complete transformation of a racemic mixture into
a single enantiomer is one of the current challenging pro-
blems in asymmetric synthesis. The dynamic kinetic reso-
lution (DKR) of racemic substrates by enzyme-metal
combo-catalysis provides a useful solution to this problem. In
this approach, the enzymatic resolution of racemic substrate
is coupled in situ with metal-catalyzed racemization of sub-
strate, leading to the almost complete conversion of the
racemic substrates to enantiomerically-enriched single pro-
ducts. The R-selective DKR of alcohols can be achieved by
employing lipase-ruthenium combo catalysis. A wide range of
simple and functionalized alcohols have been successfully
resolved by using this method' ™. The S-selective DKR as
a complementary process is more challenging because few
enzymes are available to show satisfactory S-selectivity to-
gether with good activity and stability in organic solvents.
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Some proteases have been examined as the resolution cata-
lysts for the S-selective DKR. In the meeting, we wish to
present some of the preliminary results from these studies.

REFERENCES

1. KohJ. H,, Jung H. M., Kim M.-J., Park J.: Tetrahedron
Lett. 40, 6281 (1999).

2. Choi Y. K, Suh J. H,, Lee D, Lim I. T, Jung J. Y.,
Kim M.-J.: J. Org. Chem. 64, 8423 (1999).

3. Kim M.-J., Lee D., Heo H. A., Jeong H. M., Koh J. H,,
Park J.: Org. Lett. 2, 2377 (2000).

4. Jung H. M., Koh J. H., Kim M.-J., Park J.: Org. Lett. 2,
409 (2000).

5. Jung H. M., Koh J. H., Kim M.-J., Park J.: Org. Lett. 2,
2487 (2000).

6. Kim M.-J., Choi Y. K., Choi M. Y., Kim M., Park J.:
J. Org. Chem. 66, 4736 (2001).

7. ChoiJ. H.,,Kim Y. H., Nam S. H,, Shin S. T, Kim M.-J,
Park J.: Angew. Chem. Int. Ed. 41, 2373 (2002).

8. Choi Y. K., Kim M., Ahn Y., Kim M.-J.: Org. Lett. 3,
4099 (2001).

9. KimM.-J.,ChoiM. Y., HanM. Y., Choi Y.K,, Lee J.K,,
Park J.: J. Org. Chem. 67, 9481 (2002).

10. Review: Kim M.-J., Ahn Y., Park J.: Curr. Opin. Biotech-

nol. 6, 578 (2002).

P257 APPLICATIONS OF IONIC LIQUIDS
IN BIOCATALYSIS: ENHANCEMENT
OF ENZYME ACTIVITY AND SELECTIVITY

SANG OH JUNG, JAE KWAN LEE,
HYESUN JUNG, and MAHN-JOO KIM

National Laboratory of Chirotechnology, Department of Che-
mistry, Division of Molecular and Life Sciences, Pohang Univer-
sity of Science and Technology, San-31 Hyojadong, Pohang,
Kyongbuk 790-784, South Korea, e-mail: mjkim@postech.ac.kr

Posters

ter enantioselectivity and similar activity compared to its na-
tive counterpart®. Very recently, we have examined the poten-
tial of ionic liquids as lyoprotectants and supporters for
enzyme activation and stabilization. In the meeting, we will
present the results from these studies with some experimen-
tal detail.
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Room-temperature ionic liquids are attracting growing
interest as alternative reaction media for chemical transfor-
mations'. They are particularly promising as solvents for ca-
talysis. Their use can enhance activity, selectivity, and stability
of catalysts. As a part of our “green chemistry” research pro-
gram, we became interested in ionic liquids as alternative
solvents for biotransformations using cell-free enzymes®”. In
our first study, we examined lipase-catalyzed reactions in
ionic liquids to see if enzyme exhibits any enhanced activity
and enantioselectivity. It was observed that the enzyme enan-
tioselectivity increased by 1.5 to 2-fold, but the enzyme acti-
vity remained unchanged®. In our second study, we examined
the activity and selectivity of ionic liquid-coated enzyme
(ILCE) in organic solvents. It was found that ILCE had bet-

Acinetobacter sp. lipase (called as SY-01) was selected
after screening from soils to resolve the target molecule
1,3-dioxolane which is containing quaternary chiral center.
This new enzyme showed specific reactivity that the existing
enzymes did not show. Research to immobilize wild type
SY-01 enzyme to various supporters was proceeded and opti-
mized. Study to optimize the resolution of racemic mixtures
was progressed according to changing pH, reaction tempera-
ture, reaction time, substrate concentration, and the use of
various reaction solvents.



Chem. Listy 97, 363-520 (2003)

P259 SCREENING AND SYNTHETIC APPLICATION
OF NEW BACTERIAL ALCOHOL
DEHYDROGENASE FOR ENANTIOSELECTIVE
REDUCTION OF B-KETO ESTERS

JIE ZHANG, WOUTER DUETZ,
BERNARD WITHOLT, and ZHI LI

Institut of Biotechnology, ETH Honggerberg, CH-8093 Zurich,
Switzerland, e-mail: zhang@biotech.biol.ethz.ch

Keywords: alcohol dehydrogenase, reduction, B-keto ester

We are working on the screening of new biocatalysts for
enantioselective reduction of B-keto esters by use of micro-
titer plate for parallel growth and bioconversion®2 We
established an analytic system which enables the fast deter-
mination of conversion and enantioselectivity of the re-
actions. Several bacteria strains were found to catalyze the
reduction of a series of B-keto esters to the corresponding
B-hydroxy esters with high activity and high enantioselctivity.
Most important asset was finding of strains with opposite
enantioselectivity, which allows the production of both S- and
R-enantiomers of the target molecules. The detail results will
be presented.
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Enantioselective trans-dihydroxylation of non-activated
C-C double bond is a useful method for preparing trans-diols.
Several fungi containing monooxygenase and hydrolase are
known to catalyze such transformations of several acyclic ter-
penes, limonene and o-terpinene’. However, enantioselective
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trans-dihydroxylation of non-terpene substrates has thus far
been unsuccessful’. Here, we report that Sphingomonas sp.
HXN-200, an alkane-degrading bacterium, catalyses the
enantioselective trans-dihydroxylation of non-activated C-C
double bond of heterocyclic compounds giving the corres-
ponding trans-diols in high yield and high ee.
Sphingomonas sp. HXN-200 was found to contain a so-
luble epoxide hydrolase. Hydrolysis of meso-epoxide N-ben-
zyloxycarbonyl-3,4-epoxy-pyrrolidine and cyclohexene oxide
gave the corresponding trans-diol in high ee and high yield?,
which is the first example of a bacterial EH catalyzing
a meso-epoxide. Hydrolysis of several racemic epoxides with
HXN-200 showed good enantioselectivity. The optical active
epoxides and trans-diols prepared from these methods are
useful synthetic intermediates that are difficult to make by
classic chemistry.
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We have recently developed Sphingomonas sp. HXN-200
as a highly active and easy to handle biocatalyst for regio- and
stereoselective hydroxylation of pyrrolidines® 2, pyrrolidine-
-2-ones’, piperidines*, azetidines*, and piperidin-2-ones®, to
prepare the corresponding hydroxylated compounds that are
useful pharmaceutical intermediates. We found that Sphingo-
monas sp. HXN-200 contains a soluble NADH-dependent
P450 monooxygenase. Enzyme components were purified by
standard chromatography procedures (ion-exchange chroma-
tography, hydrophobic interaction chromatography, gel fil-
tration, etc.). The purified monooxygenase component is not
active by itself. However, combination with other component
restores the hydroxylation activity. MS and N-terminal se-
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quences were determined. Genes of P450, was identified
and sequenced. A homology model with P450,,, as template
was established. Combined with the experiment data, the
interaction of the enzyme with substrates was investigated
with docking program.
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Large panel of fungal B-N-acetylhexosaminidases was
tested for the regioselectivity of the B-GIcNAc transfer onto
Gal-type acceptors (D-galactose, lactose, N-acetylgalactos-
amine). Unique, non-reducing disaccharide and trisaccharides
B-D-GlcpNACc-(1 - 1)-B-D-Galp (1), B-D-GlecpNAc-(1 - 4)-B-D-
-GlcpNAc-(1 - 1)-B-D-Galp (2), B-D-Galp-(1 - 4)-B-D-Glcp-B-
-(1 - 1)-B-D-GlcpNAc (3) and B-D-Galp-(1 - 4)-B-D-Glcp-a-
-(1 - 1)-B-D-GlcpNAc (4) were synthesized under catalysis of
B-N-acetylhexosaminidase from Aspergillus flavofurcatis CCF
3061 and D-galactose and lactose as acceptors. Disaccharide
B-D-GlcpNAc-(1 - 6)-B-D-Galp was produced exclusively with
B-N-acetylhexosaminidase from Aspergillus tamarii CCF 1665.
The use of N-acetylgalactosamine as an acceptor afforded
only B-D-GlcpNAc-(1 - 6)-B-D-GalpNAc.
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Malaria is one of the most important killer diseases of the
tropical world. It has been responsible for over two million
deaths per annum and has become a major obstacle in the
development and prosperity of third-world nations. Consi-
derable efforts to eradicate malaria are impeded by multi-
drug resistant strains. Artemisinin (1) is an important
antimalarial drug that meets the dual challenge posed by
drug-resistant parasites and rapid progression of malaria
iliness. Artemisinin is extracted from Artemisia annua. This
herb has been used for malaria therapy in China for over
1000 years. Artemisia annua is a temperate plant and is not
available in abundance to the tropical regions where malaria
is highly endemic. Unfortunately, the low natural abundance
(0.05-1.1 %) of artemisinin and its complex structure make
total synthesis very difficult and certainly not adaptable to in-
dustrial production at low cost™?2.
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Hence, we have been led to consider a biotechnological
approach by employing cell-free extracts of Artemisia annua
leaves as an alternative to produce artemisinin from biogenic
precursors. Indeed, these biosynthetic precursors, arteannuin
B (2) and artemisinic acid (3), occur of levels 8-10 times
higher than artemisinin in plants®. Artemisinic acid has the
added advantage of facile isolation from the plant via base
extraction.
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We are currently developing novel routes to arteannuin B
and analogues from dihydroartemisinin (4) and (3) to gene-
rate novel bioactive artemisinin derivatives. The biotransfor-
mation of these substrates by using plant cell-free extracts will
be reported.

REFERENCES
1. Delabays N., Benakis A., Collet G.: Acta Hort. 330, 203
(1993).

Avery M. A., Chorg W. K., Jenning-White M. C.: J. Am.
Chem. Soc. 114, 974 (1992).

Jung M., ElSohly H., McChesney J. D.: Planta Med. 56,
624 (1990).

2.

4 Dihydroartemisinin

516

Posters

P264 POLYMERIC MEMBRANES SYNTHESIS
FOR POTABLE WATER PRODUCTION

ROSA MARIA RIBEIRO?, GISELA M. ZANIN®,
ROSANGELA BERGAMASCO?,
MARCELINO L. GIMENES®,

and BENEDITO P. DIAS FILHO"

3Department of Chemical Engineering — D-90 and *Department
of Clinic Analyses — 1-90, State University of Maringa, Av. Co-
lombo, 5790, 87020-900 Maringé — PR, Brasil,

e-mail: rosamr@deq.uem.br

Keywords: membrane synthesis, E. coli, potable water

The objective of this work was a study of polymeric asym-
metric membranes synthesis for the Escherichia coli bacteria
removal getting a production of potable water. In spite of the
known concept of the water being an infinite resource, it is
a finite one and it is becoming rare, due a lot of factors, such
as, source contaminations, demographic explosion and the
natural wood degradation' Consequently, urge a rational
management of waters and the domain of techniques for
their treatments. In this work we tried to present an alterna-
tive process for treating water contaminated.

The process used in this work for preparing the mem-
branes was the inversion phase, and the technique was the
precipitation by immersion. The membranes were synthe-
sized from a polymer solution of dimetylformamide (DMF),
using either the polymers polysulfone or polyvinylidene fluo-
ride (PVDF). In addition, the salt KCI was used as an addi-
tive in the polymeric solution. The membranes support used
in the synthesis was polyester-polypropylene sheet, and the
preparation of the asymmetric membranes was made by
spreading the polymeric solution (polymer + solvent + salt)
as a thin film, on the support, which was previously adhered
in a glass plate by a nylon string. This film was introduced in
some water baths at 20 °C. The last stage was the dry of the
membranes. For verifying the performance of the synthesized
membranes, some samples of deionised water were conta-
minates with the E. coli bacteria with a bacterial mass of
10"-10° CFU.ml™. These contaminated samples were filtered
in a dead end filtration module. In this module the synthe-
sized membranes were placed on a perforated metal plate
and magnetic agitation was kept to avoid the deposition of
material on the membrane surface. The operation pressure
was of 3 bar.

The permeate was analyzed in terms of the retention of
the E. coli (microbial measure) and also the flux of permeate.

Analyzing the results, it is possible to state that the aim of
this work was reached because, not only was got a great
E. coli removal, resulting in potable water, but also kept a sa-
tisfactory permeate flux. All synthesized membranes gave
good results, reaching an E. coli removal between 95 and 100 %,
and permeate flux above 200 I.hm? The results obtained can
be considered good because the synthesized membranes were
tested with a mass bacterial of E. coli (10'-10° CFU) well
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above of the commonly found in waters, and this mass bacte-
rial is difficult to be removed.
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Enzymes that hydrolyse scleroproteins, keratins, are
among most powerful proteolytic enzymes. They are synthe-
sized by some insects and microorganisms and are mostly
serine type proteases active in alkaline environment. Apart
from bacteria and dermatophytes, producers of keratinases
can also be found among common non-pathogenic fungi as
shown in our screening experiments'. The most promising
fungi were cultivated under conditions promoting keratinase
synthesis. The enzymes of Doratomyces microsporus® and
Paecilomyces marquandii were purified and characterised.
Both of them are most active at pH 8, but differ in optimal
temperature that is 45 °C for the former and 60-65 °C for the
latter. Purified enzymes are susceptible to autolysis, however,
the keratinase of P. marquandii is notably more stable than
that of D. microsporus. In order to determine the preferred
peptide cleavage sites, the activity of the enzymes was tested
on synthetic peptides as well as on the oxidised insulin
B-chain. Results on the synthetic substrates showed that both
keratinases exhibited similar substrate specificity. They were
most active on Suc-Ala-Ala-Pro-Phe-pNa (AAPF) that has
a non-polar aromatic amino acid at the cleavage site, while
Suc-Ala-Ala-Ala-pNa with the non-polar aliphatic amino acid
at the cleavage site was far less affected. Hydrolysis of
Ac-Tyr-OEt indicated esterase activity of both keratinases.
Neither of the enzymes hydrolysed Bz-Arg-pNa, Bz-Tyr-pNa
or FA-Leu-Gly-Pro-Ala-OH which are specific synthetic sub-
strates for trypsin, collagenase and chymotrypsin, respective-
ly. Catalytic properties on AAPF obtained by a non-linear
regression based on the Michaelis-Menten equation are pre-
sented in Table I.
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Table I
Catalytic properties of two fungal keratinases on Suc-Ala-
-Ala-Pro-Phe-pNa

Enzyme Km Vmax E!D[ kca[ kcal/Km
M)  (umol.min™)  (umol) (min™) (WM™ min™)

Keratinase of 1027 0.070 1.33 E-4 526 0.51

D. microsporus +169 +0.004

Keratinase of 165 0.044 179 E-5 2458 14.90

P. marquandii ~ *18  =+0.001

Specificity of hydrolysis was determined on the oxidized
insulin B-chain by incubating enzyme/substrate mixture at
45 °C for 20 min and for 12 h. Cleavage sites were compared
to those published for Proteinase K, the only commercially
available keratinolytic protease of fungal origin, as well as for
some other known serine proteases. The results are presen-
ted in Table II.

Table 11

Cleavage sites on the oxidised insulin B-chain by keratinases
of Doratomyces microsporus and Paecilomyces marquandii in
comparison with those described for some known proteina-
ses™?

1 5 10 15 20 25 30
Oxidised
insulin
B-chain FVNQHLCGSHLVEALYLVCGERGFFYTPKA
Keratinase 1t 1111 1 Tttt L N A
of D. microsporus
Keratinase 1t 1 1 T Tttt Tt

of P. marquandii
Proteinase K
(ref.?)
Subtilisin® 1 tot
Trypsin® 1
Elastase’ 1 1 1

Tt Tt 1 1

Compared to other proteases, fungal keratinases inclu-
ding Proteinase K show very broad specificity that may be
responsible for their high activity against keratin filaments.
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The peach-like aroma compound y-decalactone is pro-
duced biotechnologically through the biotransformation of
ricinoleic acid (RA) by some yeast species. In order to better
understand the interactions occurring during the process
between the lactone and the yeast cells, the influence of the
lactone on the physical properties of cell membranes and
model phospholipids has been studied. The producing yeast
Yarrowia lipolytica was used as a model cell in this study.
v-Decalactone strongly increased membrane fluidity in vivo
and decreased in a concentration-dependent manner, the
phase transition temperature (Tm) of the deuterated phos-
pholipid DMPC-d27 (ref.*®). This indicates that the lactone
exhibits an important membrane-fluidizing action. On the
other hand, the hydroxylated C18 fatty acid (RA) used as the
precursor of the biotransformation, increased the Tm of
DMPC-d27, i. e. it rigidified the phospholipid bilayers. These
observations bring about the hypothesis that the production
of the lactone, a compound that is presently considered as
a secondary metabolite, in fact could be stimulated in order
to enable a homeoviscous adaptation of cell membranes and
so to permit an optimal cell development in the medium.
From this point of view, new strategies may be elaborated to
improve y-decalactone production yields.
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Sugar mimetics have shown to be inhibitors of enzyme-
-promoted hydrolysis of C-O glycosidic bonds exhibiting
interesting applications as antibacterial, antiviral and anti-
cancer agents. Among them, 1,4-dideoxy-1,4-iminoalditols
(hydroxylated pyrrolidines) constitute an important type of
compounds with a well-known importance as glycosidase
inhibitors'. However, in many instances they are not selective
presenting a wide range of enzymatic inhibition.

The selectivity in enzyme inhibition can be improved by
providing the iminosugar with some information of the struc-
ture of the glycosyl moiety that is cleaved in the enzymatic
hydrolysis and of the aglycon itself. Therefore, the introduc-
tion of additional groups in the iminosugar joined by hydroly-
tically stable C-C links could led to new more potent, more
selective and hydrolytically stable enzyme inhibitors. Lipo-
philic moieties are important structural features because
they, additionally, have the advantage of their permeability
through membranes, which is an important requirement for
a compound to become a useful drug.

We have found that diamines of type 1 with aryl(alkyl)-
aminomethyl chains can be higly selective and competitive
inhibitors of a-mannosidases and we have reported? a quick
combinatorial approach for their preparation.

In this commuincation we report on the influence on the
enzymatic activity of three stereogenic centers in the pyrro-
lidine ring and the influence of the methylene spacer between
the nitrogen of the pyrrolidine ring and of the aminoalkyl
chain. To achieve this goal, we describe the synthesis and
enzymatic evaluation of derivatives of (2S,3R,4S), (2R,3R,4S),
(2R,3S,4R) and (2S,3S,4R)-2-alkyl(aryl)aminoethyl-3,4-di-
hydroxypyrrolidines (3-6) and of (2S,3R,4S)-2-(N-alkyl(aryl)-
aminomethyl-3,4-dihydroxypyrrolidines (2).

Enzymatic inhibitory studies of diamines 2-6 indicate that
the activity and selectivity in enzyme inhibition are influenced
by the absolute configuration of the stereogenic centers in the
pyrrolidine. Thus, (2S and 2R, 3R, 4S)-2-alkyl(aryl)amino-
ethyl 3 and 5 and (2S and 2R, 3R, 4S)-2-alkyl(aryl)amino-
methyl 1 and 2 have shown to be moderate-to-good inhibitors
of B-mannosidases, while derivatives 4 and 6 of configuration
(2R and 2S, 3S, 4R) were inactive towards those enzymes
presenting good inhibitory values towards B-galactosidases



Chem. Listy 97, 363-520 (2003)

and B-glucosidases or a-L-fucosidases. The spacer between
the two nitrogens (aminomethyl vs. aminoethyl side chains),
and the substituent (alkyl vs. aryl) have also a remarkable in-
fluence.
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Benzimidazole nucleosides have shown inhibitory effect
on human cytomegalovirus infections', herpes viruses® and
other RNA viruses and in some cases possess mutagenic
properties. The chemical synthesis of these nucleosides is
complex and stereounspecific and affords low yields®.

To our best knowledge, only ribo- and deoxyribofurano-
syl nucleosides of benzimidazole have been previously syn-
thesised* using microbial transglycosylation and guanosine as
starting material.

Based on our experience®®, benzimidazole nucleosides
carrying natural and modified sugar moieties were prepared
starting from available pyrimidine ones. The selected micro-
organisms were screened from our bacterial collection,
affording yields between 60-90 % after optimisation of the

reaction conditions.
N.
e
N
cells O
H H

R
R,: OH, Ny Ry 2
R,: OH, H
B: Uracil, Thymine
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P269 A SURPRISING DOUBLE OXIDATION
OF 7-PHENYLBICYCLO[3.2.0]HEPT-2-EN-6-ONE
DERIVATIVES BY Cunninghamella echinulata
NRRL 3655
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The fungus Cunninghamella echinulata NRRL 3655 has
proved useful for the Baeyer-Villiger oxidation of bicyclo
[3.2.0]hept-2-en-6-one owing to its ability to catalyse a reso-
lution of the starting material’, in contrast to the enantio-
divergent biotransformation to equimolar quantitities of
2-oxa and 3-oxa lactones observed with prokaryotic
Baeyer-Villger monooxygenase enzymes®®. On application of
this catalyst to the transformation of 7-phenylbicyclo-
[3.2.0]hept-2-en-6-one derivatives, a surprising double oxida-
tion has been observed. 7-endo-phenyl, 7-exo-methylbicyclo-
[3.2.0]hept-2-en-6-one 1 was transformed to the 3-oxa lactone
derivative with concomitant allylic hydroxylation to yield hy-
droxylactone 2. Contrastingly, 7-endo-phenyl, 7-exo-chloro-
bicyclo[3.2.0]hept-2-en-6-one 3 was again transformed to
a hydroxylactone, but in this case oxygen insertion occurred
to give the 2-oxa derivative 4.
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