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ChapterChapter 1 

GeneralGeneral Introduction 

Traditionally,, the industrial production of most organic compounds has been carried 

outt by using organic synthesis. Present methods are still viable, but in several cases 

bacteriall  or fungal enzymes can catalyze reactions that are difficult or, at present time, 

impossiblee to emulate using other techniques of organic chemistry. 

Bacteriaa and fungi colonize virtually every ecological niche. In order to survive they 

carryy out metabolic processes, utilizing whatever nutrients are available in their 

particularr environment, interconverting diverse organic compounds. Consequently, 

micro-organismss are able to catalyze an enormous variety of chemical reactions that 

transformm both naturally occurring and human-made organic compounds. These 

biotransformationss occur with high specificity and efficiency, mainly because they are 

catalyzedd by enzymes (Glazer and Nikaido 1995). 

Enzymess lower the activation energy to the point where reactions can be performed at 

roomm temperature or even lower. Few chemical agents can match the specificity that 

enzymess achieve under mild aqueous conditions. Furthermore, they can accelerate the 

ratess of chemical reactions by factors of 108 to 1012. Even when an organic compound 

cancan be synthesized chemically, the process may require many steps where a single 

enzyme-catalyzedd reaction can often achieve the same end (Glazer and Nikaido 

1995).. Enzymes can be used as biocatalysts, either in the form of (partially) purified 

enzymee or as a part of a whole-cell system (micro-organism). 
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Severall  factors have strengthened the impact of enzyme-catalyzed reactions in organic 

chemistryy over the past 15 years: 

1)) A wide range of enzymes is now commercially available. 

2)) The chemo-, regio- and stereoselectivity of the reactions catalyzed by various 

enzymess are much better understood. 

3)) Relatively mild reaction conditions of temperature and pH can be used, a 

particularr advantage when the desired product is rather labile. 

4)4) Pharmaceutical, agricultural, flavor and fragrance industries are increasingly 

committedd to provide their products in enantiomerically pure form, requiring new 

productionn methods. 

5)) The increasing consumer demand for natural foods creates opportunities for 

enzymess used in the production of food additives or even enzymes used as novel 

foodd additives (modified from Wilson and Walker 1991). 

Consequently,, biocatalysts are being used increasingly in industry to carry out 

importantt chemical transformations. Enzymes or whole cell systems are currently 

usedd as biocatalysts in the manufacture of a wide variety of substrates, including 

steroids,, semisynthetic antibiotics, carbohydrate derivatives and amino acids and 

enantiomericallyy pure acids esters, alcohols and amines (Liese et al. 2000; Koeller 

andd Wong 2001; Schmid et al. 2001). 

Althoughh biotransformations of natural compounds can be economically attractive for 

applicationn in industry, and profits of naturally derived products may exceed the 

profitss made from chemically based products, adjustments or replacements of existing 

chemicall  procedures are generally not favored by industry due to initial increased 

expenditures.. To compete with commonly used chemical methods, new processes 

mustt be highly efficient and thorough knowledge and technological experience is 

required. . 

Biocatalyticc conversions which are potentially more efficient, and therefore 

challenging,, are both the chemically cumbersome reductions of carboxylic acids and 

thee asymmetric reduction of ketones. 

10 0 



GeneralGeneral Introduction 

Acidd reduction 
Acidd reduction, yielding aldehydes and/or alcohols, is of great interest to industry. 

Fieldss of application can be found in the production of both pharmaceuticals and food 

andd flavor compounds. Many acid reductions with potential industrial relevance exist. 

Onee example is the production of flavor compounds. Vanillic acid can be reduced to 

vanillinn and vanillyl alcohol (Lesage-Meessen et al. 1997). Also the abundant 

phenolicc compound ferulic acid can be used as starting material for vanillin (Rosazza 

etal.etal. 1995). 

Reductionn of carboxylic acids to their corresponding aldehydes and alcohols is an 

energeticallyy difficult reaction. To overcome the activation energy needed, a redox 

potentiall  of at least -600mV is required (Thauer et al. 1977). 

Onee traditional method of producing aldehydes via reduction of acids is the 

Rosenmundd reduction (Rosenmund 1918). First the (aromatic) acid is converted to the 

correspondingg acid-chloride, followed by conversion into the aldehyde via reduction 

withh hydrogen gas over a suitable (Pd) catalyst. 

Directt chemical reduction of carboxylic acids was made possible in 1946 by the 

discoveryy of the powerful reducing agent lithium aluminium hydride (LiAlFLi ) 

(Solomonss 1988). Several catalysts have been developed for the direct chemical 

reductionn of carboxylic acids since. In most cases, the high temperatures and high 

hydrogenn pressures that are required for the reaction make the processes less suitable 

forr industrial applications. Reactions that may proceed at lower temperatures are 

reductionss using a zirconium-titaniumoxide catalyst and an alcohol as hydrogen 

sourcee (Fukumoto and Yamamoto 1988), or di-isobutyl aluminium hydride as the 

reductantt in the presence of a specific alkyl aluminium chloride (Iwao and Uchimiya 

1997;; E.C.D. van den Ban, pers. comm.) 

BIOCABIOCA TAL YTIC A CID RED UCTION 

Althoughh reductions of carboxylic acids to aldehydes or alcohols energetically 

difficultt reactions, numerous micro-organisms are capable of acid reduction. Both 

aliphaticc and aromatic acids are enzymatically reduced by diverse bacteria (e.g. 

Acinetobacter,Acinetobacter, Clostridium, Mycobacterium and Nocardia species), fungi 

(Actinomyces,(Actinomyces, Aspergillus, Bjerkandera, Glomerella, Phanerochaete, Pycnoporus and 

Trametes)Trametes) (Farmer and Henderson 1959; Kato et al. 1990; Arfmann and Abraham 
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1993)) and archeae (Pyrococcus and Thermococcus) (Heider et al. 1995; van den Ban 

etal.etal. 1999). 

Inn analogy with the chemical methods described above, two different ways exist for 

thee biocatalytic reduction of a carboxylic acid: with or without activation of the acids. 

Activationn of acids may proceed via either acyl-AMP (Zenk and Gross 1965) or acyl-

CoAA (Rodriguez et al. 1983). Although to the best of our knowledge activation of 

acidss to acyl-CoA has not been described yet for white-rot fungi, the subject of this 

thesis,, reduction of this acyl-CoA has been described for some bioluminescent 

bacteriaa (Rodriguez and Meighen 1984; Wall et al. 1985). 

Aryll  aldehyde oxidoreductases both catalyze the ATP-dependent activation of the 

acidd and the NADPH-dependent reduction of acyl-AMP. In case the acid has not been 

activated,, a cofactor is required. Which cofactor is needed is yet unknown, but 

artificiall  cofactors such as methylviologens can be used (Huber et al. 1995). The 

activee sites of these enzymes usually contain tungsten or molybdenum (White et al. 

1991;; White et al. 1993; E.C.D. van den Ban, pers. comm.). 

Advantagess of biocatalytic acid reductions are the mild reaction conditions that are 

usuallyy used and the high specificity and selectivity of the enzymatic reactions. 

Furthermore,, especially for food and flavor components, products with the label 

'natural'' can have a substantially higher value than the same products that are 

chemicallyy produced, owing to the consumer demand. Legislation allows the origin of 

naturall  to vary from the compound derived directly from natural sources, to the 

productionn by cultured cells from e.g. fungi and bacteria (Rosazza et al. 1995; 

Lesage-Meessenn 1997), or even incubation mixtures in which only enzymes are 

appliedd (Markus et al. 1992). 

AA drawback of biocatalytic systems is that most of the catalysts reduce the aldehydes 

furtherr to the alcohols, whereas in some cases the aldehydes are more valuable than 

alcohols.. Therefore, novel approaches to produce aldehydes (or alcohols) from 

carboxylicc acids using bioconversion are highly desirable. 

12 2 



GeneralGeneral Introduction 

Asymmetricc reduction of ketones for  the production of 
opticallyy active alcohols 
Manyy naturally occurring compounds exist as one of two possible enantiomers. The 

chiralityy of living beings, which is reflected at the most fundamental level in the 

stereochemistryy of enzyme systems and other proteins, requires that chemical 

reactionss take place with a particular orientation in space. Therefore chirality of 

compoundss can have determining effects on its interaction with living organisms. 

Whereass one enantiomer of a compound may be active as a medication or may be a 

hormone,, its mirror image may have the exact opposite effect or be biologically 

inactive.. For example: the dextrorotatory (+) isomer of the antitubercular ethambutol 

2,2'-(ethylenediimino)-di-l-butanoll  dihydrochloride has potent antitubercular activity, 

whereass the opposite (-) enantiomer causes degeneration of the optic nerve, leading to 

blindnesss (Glazer and Nikaido 1995). This sensitivity of biological systems to 

chiralityy is one of the main concerns in the application of synthetic compounds as 

pharmaceuticals,, agrochemicals and food additives. In recent years, regulations on the 

marketingg of new drugs have become stricter with respect to chiral compounds. 

Licensess for the use of racemic mixtures as new active ingredient are only granted if 

thee activity of both enantiomers has been established and the evidence that the 

unwantedd enantiomer does not cause any adverse effects has been produced (de Camp 

1989). . 

Chirall  alcohols form an important class of intermediates for fine chemicals and 

pharmaceuticals.. There are several well-established routes for obtaining these 

opticallyy pure compounds. The classical method is by using enzymatic or chemical 

resolution,, starting from a racemic mixture. With this method, the undesired 

enantiomerr is formed in 50%. To obtain a highly efficient process, these unwanted 

isomerss need to be racemized and recycled. 

Anotherr method is asymmetric synthesis starting from naturally occurring 

compounds.. For this method a stoichiometric amounts of chiral material is needed. 

Bothh the expenses and the lack of availability of optically active material are limiting 

factorss (Petra 1999). 

AA more elegant way to prepare chiral alcohols is by starting from a prochiral ketone, 

usingg a catalyst. A prochiral ketone is a substrate that is not optically active because it 
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hass a plane of symmetry, but from which the corresponding alcohol is chiral. Using 

asymmetricc catalysts, the alcohol may be obtained in enantiomerically pure (or 

enriched)) form since the catalyst can enter from either side of the plane. The optically 

activee information present in the catalyst differentiates between front side and back 

sidee attack (si-face and re-face) of the substrate (figure 1.1) 

Catalyst t Catalyst t 

OH H OH H 

Figuree 1.1 Front side and back side attack on prochiral substrate yielding optically active products 

Startingg from a prochiral substrate, both chemically prepared catalysts (e.g. for 

asymmetricc hydrogenation or asymmetric transfer hydrogenation) and biocatalysts 

cann be used. Excellent results have been obtained with asymmetric hydrogenation 

reactions,, especially since the pioneering work of Noyori (1989) and coworkers. A 

drawbackk of this method, however, is the fact that often high hydrogen pressures are 

required.. Therefore, more recently the attention has shifted towards asymmetric 

transferr hydrogenation reactions. The latter reductions are mostly carried out using 

iridium,, rhodium or ruthenium catalysts in combination with a wide variety of 

ligands.. Chiral ligands consist of a carbon backbone (in which the chirality is present) 

andd donating atoms (Noyori and Hashiguchi 1997; Palmer and Will s 1999; Petra et al. 

2000). . 
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Muchh effort has been devoted to the development of chiral catalysts for the transfer 

hydrogenationn of various substrates. Enantioselectivities of over 95% were obtained 

(Palmerr and Will s 1999). A drawback of chemically prepared systems is that the 

presencee of functional groups in ketones generally gives rise to a dramatic decrease in 

bothh the activity and selectivity of the catalyst. 

Ass all living beings contain only single enantiomers of the constituent amino acids 

andd sugars in their proteins, DNA and glycoproteins, biological systems contain a 

naturall  ability for production and conversion of optically pure compounds. For this 

reason,, catalysts obtained from natural systems (biocatalysts) are useful alternatives in 

enantioselectivee reduction. 

BIOCABIOCA TAL YTIC ASYMMETRIC REDUCTION 

Fromm an economic point of view, baker's yeast, Saccharomyces cerevisiae, has 

potentiall  in biotransformations because it is inexpensive and easy to obtain. Of all 

yeasts,, baker's yeast has been most intensively investigated (Reed 1983; Sybesma et 

alal 1998; Ward and Young 1990; Sato and Fujisawa 1990; Chin-Joe et al. 2000). 

Asymmetricc reductions carried out by cells or enzymes of yeast have been 

demonstrated.. Among the many types of carbonyl-containing compounds that have 

beenn reduced, the main focus has been on the successful enantioselective reductions 

off  6-ketoesters and ketocarboxylic acids. Structures of 13-ketoesters that possess a 

cyclicc portion are also reduced (Ward and Young 1990). To a lesser extent, reductions 

off  ketones and aldehydes have been investigated, along with lactones and diketonic 

compoundss (Nakamura et al. 1984; Sato et al. 1987; Nakamura et al 1989; Matsuda 

etet al. 2000). Yeast cells or enzymes can catalyze a wide variety of ketones. Using 

crudee extract of the yeast S. cerevisiae a,B-unsaturated ketone trans-4-phenyl-3-

buten-2-onee can be successfully reduced to its corresponding alcohols with 

enantioselectivitiess up to 94% (Anorne et al. 1998). Acetophenone can be selectively 

reducedd to its corresponding (R) alcohol with ee>95% using acetone powder of the 

yeastt Geotrichum candidum in combination with NAD as coenzyme. Various 

oxidoreductasess of baker's yeast are surveyed in an attempt to rationalize 

biotransformationn reactions observed in whole cell systems in terms of specific yeast 

enzymes.. The enzymes of the greatest potential in enantiomeric reductive 

biotransformationss utilize NADH and NADPH as coenzymes (Nakamura et al. 1989). 
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Highh productivity numbers (amount of product/dry weight of catalyst) using whole 

cellss of baker's yeast cannot be achieved for fundamental reasons. Carbohydrates as 

electronn donors must undergo five or six consecutive, enzyme catalyzed reactions 

beforee NADH is formed. Also acetaldehyde is formed in alcoholic fermentation and 

competess for the reduction equivalents. Formation of ethanol is usually the main 

reactionn (Simon et al. 1985; Sybesmae/ al. 1998) 

Keto-esters,, aryl ketones and cyclic diketones are also selectively reduced by bacterial 

cellss or enzymes (Tidswel 1991; Patel et al. 1992; Ensign et al. 1998). Bacteria 

capablee of asymmetric ketone reduction include Rhodococcus, Corynebacterium, 

Arthrobacter,Arthrobacter, Pseudomonas and Acinetobacter species (Sih and Chen 1984). The 

isolatedd enzyme of M. campoquemadoensis can be used in the enantioselective 

reductionn of a keto ester, producing a key intermediate of the anitiasthma drug 

Montelukastt (Shaffiee et al. 1998). Recently, an example of an enantioselective 

reductionn of a 3,5-dioxocarboxylate specifically at the 5-position using a NADP-

dependentt alcohol dehydrogenase from Lactobacillus brevis overexpressed in a 

recombinantt Escherichia coli strain was described (Wolberg et al. 2000). 

Besidess synthesis by microbial hydrogenation, chiral compounds can also be 

synthesizedd using electromicrobial or electroenzymatic reduction (Simon et al. 1985). 

Inn the two latter methods, anaerobic or aerobic organisms are supplied with electrons 

fromm electrochemically reduced artificial mediators, e.g. methyl viologen (Günther et 

al.al. 1983). Reductases that do not require pyridine nucleotides and can accept electrons 

directlyy from reduced viologens are especially useful. The majority of alcohol 

dehydrogenasess involved in the catalysis of ketone reduction is NADPH or NADH 

dependentt (Plant and Cowan 1991; Kragl et al. 1996; Yang et al. 1996). Many cells 

containn methyl viologen-dependent NAD(P) reductases, a large number of which have 

stilll  not been characterized (Günther et al. 1983). 

Biocatalystss that contain an extensive (reductive) enzyme system and therefore have a 

considerablee potential to produce aldehydes and alcohols from the corresponding 

acidss and additionally perform enantioselective reductions are white-rot fungi. 

16 6 
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Thee enzyme system of white-rot fungi 
Basidiomycetes,, and especially white-rot fungi produce a number of reductive 

enzymes.. White-rot fungi are the best lignin degrading fungi. Lignin, one of the most 

abundantt natural aromatic polymers on earth is found in all higher plants. Lignin 

providess wood with water impermeability, strength, and protection of cellulose 

againstt bacterial attack. It is a heterogenous, three-dimensional, hydrophobic structure 

thatt is highly resistant to biodegradation. Nevertheless, species of white-rot fungi such 

ass Phlebia radiata, Phanerochaete chrysosporium, Trametes versicolor, Bjerkandera 

adustaadusta and Dichomitus squalens (Muheim et al. 1990; Muheim et al. 1991; Rogalski 

etet al. 1991; Gold and Ali c 1993; Vares et al. 1995; Perié et al. 1996; Schick-Zapanta 

andd Tien 1997;), are able to completely mineralize this highly resistant polymer to 

carbonn dioxide, gaining access to, and growing on wood polysaccharides, cellulose 

andd hemicellulose, which are the actual energy and carbon sources (Kirk et al. 1976). 

Forr this ligninolyses, white-rot fungi have an extensive non-specific enzyme system, 

composedd of extracellular oxidative and intracellular reductive enzymes. Also various 

loww molecular weight factors (a.o. veratryl alcohol, chlorinated anisyl metabolites, 

organicc acids, maganese) play a role in the ligninolytic enzyme system of white-rot 

fungi. . 

—— CI, C2, C3 fragments  C02 

-  Ring Cleavage  C02 

 * 
-  Aromatic acids and aldehydes/alcohols 

II  fct I 
+ + 
I * * 

—"-Quinoness and hydroquinones  C02 

II *i I 
**  Oxidation 
***  Reduction 

Figuree 1.2 Schematic presentation of the relationship of oxidative and reductive processes leading to 
ligninn biodegradation by white-rot fungi 
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Byy a combination of oxidation of phenolic and non-phenolic compounds and 

reductionss of some aromatic acids, aldehydes and ketones, all aromatic rings in the 

ligninn polymer are either converted to ring opened products or to quinones, which can 

bee further reduced to hydroquinones. These products are then further metabolized to 

carbonn dioxide (figure 1.2) (Schoemaker 1990). 

Thee oxidative part of the enzyme system is the most intensively studied. This 

extracellularr ligninolytic system responsible for the oxidation of lignin and related 

aromaticc compounds is composed of a very complex enzymatic machinery. Well 

knownn are Lignin Peroxidase (LiP), found in several white rot species (Harvey et al. 

1985;; de Jong et al. 1994), and Manganese Peroxidase (MnP). Both peroxidases 

requiree H2O2 for activity. The catalytic cycle is like those of other peroxidases. 

However,, LiP is a remarkable enzyme in the sense that it is capable of oxidizing 

electron-rich,, non-phenolic aromatic compounds at low pH values (Kersten et al. 

1990;; Schoemaker 1990). The native enzyme is activated in the presence of H2O2 to 

formm compound I, a two-electron oxidized intermediate. Compound I returns to the 

nativee state via compound II by two separate one-electron oxidations of aromatic 

substrates.. An appropriate substrate that can be oxidized by compound II is required 

forr closing the catalytic cycle. Veratryl alcohol (3,4-dimethoxybenzyl alcohol), a 

secondaryy metabolite produced by many white-rot fungi (de Jong et al. 1994), is a 

goodd substrate of the compound II intermediate of LiP and is known to complete the 

catalyticc cycle (Harvey et al. 1989; Koduri and Tien 1995; Schick-Zapanta and Tien 

1997).. Reduction of compound II to the native state of LiP also prevents the oxidation 

off  compound II to the relatively inactive compound III by H202 (Wariishi and Gold 

1989).. In addition it was shown that veratryl alcohol or the veratryl alcohol cation 

radicalss can convert the inactive LiP compound III back to the native enzyme. 

H2O22 is produced by H2O2 generating oxidases such as aryl alcohol oxidase (AAO). 

Somee white-rot fungi lack H2O2 generating oxidases and are, for production of H2O2, 

dependentt on organic acid oxidation (Urzua et al. 1998). 

Althoughh the ligninolytic system of white-rot fungi has already systematically been 

studiedd since the sixties, only recently the importance of reductive conversions in the 

ligninn biodegradation process has been emphasized (Ander et al. 1980; Leisola et al. 
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1988;; Schoemaker and Leisola 1990; Muheim et al. 1991). Furthermore it was 

discoveredd that in the degradation of xenobiotics, especially chlorophenolics, the 

reductivee system also plays an important role (Valli and Gold 1991). 

Reductasess of the ligninolyti c system 

QUINONEQUINONE REDUCTASES 

Quinoness are formed during the mineralization of lignin and pollutants (Haemmerli et 

al.al. 1986; Hammel et al. 1986; Hammel and Tardone 1988; Mileski et al. 1988; Valli 

andd Gold 1991; Valli et al. 1992; Joshi and Gold 1993; Higuchi 1996). They are 

commonn products formed during the oxidation of chemicals by the fungal 

peroxidases.. Quinone formation has also been reported to occur from phenolic 

compoundss such as vanillyl alcohol (Ander et al. 1980). Quinones must undergo 

reductions,, methylations and oxidations before ring cleavage occurs and they are 

mineralized.. Quinone degradation and mineralization was shown using radiolabeled 

quinoness (Leisola et al. 1988). 

Onee role of quinone reductases is the reduction of quinones to hydroquinones making 

thesee compounds susceptible to attack by the fungal peroxidases so they can be 

furtherr involved with the lignin degrading system. Furthermore, efficient uptake and 

mineralizationn of quinones and ring-openend products are instrumental in avoiding 

repolymerizationn of fragments. Therefore, rapid reduction of quinones followed by 

furtherr catabolism is one possible mechanism to shift the polymerization-

depolymerizationn equilibrium, as shown in figure 1.2, towards degradation with 

formationn of C02 (Schoemaker 1990; Schoemaker et al. 1990). 

Bothh intracellular and extracellular mechanisms exist for the reduction of quinones. 

Thee intracellular quinone reductases are constitutive enzymes that use NADH or 

NADPHH to reduce the quinones. They have been discovered in studies on the 

metabolicc pathway of vanillic acid. The intracellular reductases have also been 

suggestedd to be involved in the degradation of veratryl alcohol (Leisola et al. 1988). 

Thee presence of at least two different enzyme forms acting on different quinones has 

beenn proposed (Schoemaker et al. 1989). 
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Onee intracellular NAD(P)H:quinone oxidoreductase has been purified from P. 

chrysosporium.chrysosporium. It contains several isozymes with broad substrate specificity. The 

enzymee is induced by vanillic acid or 2-methoxy-l,4-benzoquinone (Constam et al. 

1991;; Samejima and Eriksson 1992). 

Thee cellobiose:quinone oxidoreductase is an extracellular quinone reductase, induced 

byy cellobiose. The enzyme is often linked with lignin degradation. It was suggested 

thatt the reduction of phenoxy radicals formed during lignin degradation may be 

importantt in preventing repolymerisation reactions (Hendriksson et al. 1991; Bao et 

al.al. 1993). Recently it was shown that cellobiose:quinone oxidoreductase is a 

breakdownn product of cellobiose oxidase (Wood and Wood 1992). 

Anotherr mechanism that exists for the reduction of quinones is a plasmamembrane 

redoxx system. These systems can use intracellular pools of NADH or NADPH as the 

reductantt to catalyze the reduction of chemicals in the extracellular media. The 

plasmamembranee redox system is much less specific since, besides quinones, it 

reducess 2,4,6-trinitrotoluene (TNT), tetrazolium dyes, ferricyanide, nitroaromatic 

compoundss and certain radicals (Stahl and Aust 1993; Stahl et al. 1995). The plasma 

membranee redox system may also play an important role in the detoxification of 

radicals.. The radicals formed by the fungal peroxidases (Popp et al. 1990; Shah et al. 

1992),, including oxygen radicals, are generated in close proximity to fungal hyphae 

andd may damage the fungi by causing lipid peroxidation of the fungal membrane, 

leadingg to the death of the mycelia. Reduction of the radicals by the plasma membrane 

redoxx system can protect the fungus from oxidative damage of the fungal membrane 

(Stahll  etal 1995). 

Hydroquinone-reductasee activity has been shown for the white-rot fungus 

PhanerochaetePhanerochaete chrysosporium (figure 1.3). Hydroquinones are selectively reduced to 

hydroxyy substituted cyclohexenones, compounds that cannot readily be obtained by 

puree chemical means (Tuor et al. 1993). 
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red d 

MeO O 

OH H 

O O 
j ll  „,CH20Ri 

ig^Wurr ^,1 

Figuree 1.3 Reduction-oxidation equilibrium between quinones, hydroquinones and cyclohexonones 

Otherr enzymes involved in further degradation of quinones and hydroquinones are 

demeth(ox)ylases,, methyltransferases, and ring-cleaving enzymes, presumably 

dioxygenasess (Tuor et al. 1993). 

KETONEKETONE REDUCTASES 

Littl ee is known about ketone reduction by white-rot fungi. The reduction of the ketone 

2-hydroxy-l-(4'-methoxyphenyl)-l-oxoethanee to the corresponding diol has been 

describedd for cultures of Phanerochaete chrysosporium (Enoki and Gold 1982). The 

enantioselectivityy of this arylsubstituted ketone reductase is not known. Nevertheless, 

P.P. chrysosporium contains a very selective ketone reductase, capable of a reduction of 

(Z)-3-fluoro-4-phenyl-l-(p-tolylsulphonyl)but-3-en-2-one,, yielding the corresponding 

(R)(R) alcohol in enantiomerically pure form (95% ee) (figure 1.4). Remarkably, the 

yeastt Geotrichum candidum reduces the same compound, to form exactly the opposite 

enantiomerr (98% ee) (Bernardi et al. 1990). 
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P.P. chrysosporium 

>  Ar 

^so2 2 
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Figuree 1.4 Enantioselective reduction of a fluoro-substituted a,P-unsaturated ketone by the white-rot 
funguss Phanerochaete chrysosporium 

REDUCTIVEREDUCTIVE DEHALOGENASES 

Reductivee dechlorination reactions have recently been found in several white-rot 

fungi.. Reductive dechlorination of chlorinated hydroquinones occurs during a 

multistepp degradation of 2,4,6-trichlorophenol (2,4,6-TCP), a wood preservative and 

pesticide. . 

Thee degradation is initiated by a LiP- or MnP-catalyzed oxidation, yielding a 2,6-

dichloro-l,4-benzoquinone.. The benzoquinone is reduced to the corresponding 

hydroquinone.. Reductive dechlorination occurs subsequent to quinone reduction, 

formingg a 2-chloro-l,4-dihydroxybenene, which can be further dechlorinated to the 

1,4-hydroxyquinonee (Reddy et al. 1998). 

AROMAAROMA TIC A CID AND AIDEHYDE RED UCTASES 

AA wide range of aromatic compounds (acids, aldehydes and alcohols) with a 

methoxygroupp at the para-position is synthesized de novo by white-rot fungi, 

dependingg on the strain, growth substrates and growth conditions (Gallois et al. 1990). 

Itt has been anticipated that these kind of compounds are produced via the shikimate 

pathwayy (Turner and Aldridge 1983). Veratric acid, veratraldehyde and veratryl 

alcoholl  were shown to be synthesized de novo from glucose in many white-rot fungi 

(Lundquistt and Kirk 1978; de Jong et al. 1994). These secondary metabolites 

originatee from de novo biosynthesis via L-phenylalanine. 

Thee present aryl (veratryl, anisyl and chlorinated anisyl) acids and aldehydes are 

reducedd to the corresponding aldehydes and alcohols by aromatic acid and aldehyde 

reductases.. Also during lignin degradation, aromatic acids and aldehydes are released 

andd these acids and aldehydes are reduced intracellularly by white-rot fungi as well. 
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Furthermore,, aromatic acid and aldehyde reduction of dimeric lignin model 

compoundss has been described for ligninolytic cultures of Phanerochaete 

chrysosporiumchrysosporium (Schoemaker 1990). It has been known for some time that aromatic 

acidd and aldehyde reductase (AAD) is present in whole cultures of a.o. Trametes 

versicolor,versicolor, Sporotrichum pulverulentum, Phlebia radiata and Phanerochaete 

chrysosporium. chrysosporium. 

Ann important question is why basidiomycetes produce these aryl-alcohol 

dehydrogenases. . 

AA plausible role of AAD during lignin degradation, is reducing aromatic acids and 

aldehydess to convert them into more amenable substrates for ligninolytic enzymes. 

Therebyy continued degradation is enabled ( Schoemaker et al. 1989; Reddy et al. 

1998;; Schoemaker 1990). 

Thee de novo produced aryl (veratryl, anisyl and chlorinated anisyl) aldehydes and 

alcoholss can serve as substrates of extracellular aryl oxidase, generating H2O2 for 

ligninolyticc peroxidases (de Jong et al. 1994; Field et al. 1995). The aryl alcohol 

metabolitess are stable in the aggressive extracellular ligninolytic system. The only 

significantt conversion is into their corresponding aldehydes and acids. The aryl 

aldehydess and acids formed are intracellularly readily reduced back by NADPH 

dependentt aryl-alcohol dehydrogenase to the alcohols, which generates a 

physiologicall  cycle (figure 1.5). Presumably another role of reductive enzymes in 

white-rott fungi is to maintain the redox cycle of the ligninolytic system. Thus constant 

alcoholl  levels are maintained for physiological purposes without the need for energy 

consumingg biosynthesis of additional alcohols (de Jong et al. 1994). 
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COOHH CHO 

MYCELIUM M 

Figuree 1.5 Proposed physiological redox cycle for (chlorinated) anisyl metabolites 

Chlorinatedd anisyl metabolites such as 3-chloro-anisyl alcohol (3-chloro-4-

methoxybenzylalcohol)) and 3,5-dichloro-anisyl alcohol (3,5-dichloro-4-

methoxybenzyll  alcohol) are not just accidentally produced metabolites. Apart from 

theirr antibiotic properties (Pfefferle et al. 1990), they also play an important role in 

thee ligninolytic system. Almost all fungi that produce chloroaromatics (CAM) also 

producee AAO (de Jong et al. 1994; Pelaez et al. 1995). CAM alcohols are much better 

substratess for AAO compared to the nonhalogenated metabolites veratryl and anisyl 

alcohol,, since they have much lower km values for AAO. Furthermore they are much 

betterr protected against decay due to the electron-withdrawing chloro group which 

increasess the oxidation potential of the methoxy benzyl ring (de Jong et al. 1994). 

Otherr chlorinated metabolites identified from white-rot strains are the p-

anisylpropanoidd metabolites erythro-1 -(3' ,5' -dichloro-4' -methoxyphenyl)-1,2-

propanedioll  and l-(3'-chloro-4'-methoxyphenyl)-3-hydroxy-l-propanone from 

BjerkanderaBjerkandera sp BOS55 and Bjerkandera fumosa species (Swarts et al. 1996). The 

ery^''o-l-(3'-chloro-4'-methoxyphenyl)-l,2-propanedioll  (trametol) is de novo 

synthesizedd by Bjerkandera sp BOS55 and Trametes meyenii (Ohta et al. 1986; 

Brambillaa et al. 1995; Swarts et al. 1996). Trametol can be synthesized by treating 

fermentingg baker's yeast with 3 chloro-4-methoxybenzaldehyde (which is a de novo 

producedd metabolite by white-rot fungi). Probably the diol arises from reduction of cc-

ketolss formed from aldehydes and a C2 unit, so called C2 homologation {Brambilla et 

al.al. 1995). It is not known whether the p-anisylpropanoid metabolites synthesized by 
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white-rott strains are directly produced from corresponding diketones or by C2 

homologation. . 

Purificationn of acid reductases from in white-rot fungi has never been described. 

Reductionn of veratric acid to vertraldehyde and alcohol by crude extract has been 

shownn for Polystictus versicolor (Zenk et al. 1965). An intracellular NADPH-

dependentt aryl-alcohol dehydrogenase (AAD) from the white-rot fungus 

PhanerochaetePhanerochaete chrysosporium was purified and characterized (Muheim et al. 1991). 

Thiss enzyme is produced during secondary metabolism and presents a broad substrate 

specificity,, completely reducing aromatic aldehydes such as veratryl aldehyde, p-

anisaldehyde,, vanillin and 3,5-dimethoxybenzaldehyde. Ketones are not part of the 

substratee spectrum of this reductase. Acid reduction by this aldehyde dehydrogenase 

hass not been described. 

Thee use of white-rot fungi as a biocatalyst for the production of fine chemicals such as 

aldehydess and chiral alcohols has not been launched before. Nevertheless, as 

describedd in the above sections, white-rot fungi are able to both reduce acids to 

aldehydess and reduce ketones to the corresponding alcohols. Also stereoselective 

reductionn has been reported. In addition, whole cell cultures of white rot fungi are 

capablee of degrading a wide variety of xenobiotics, making them potentially highly 

robustt biocatalytic systems (Schoemaker et al. 1991). Therefore the enzyme system of 

white-rott fungi might have oustanding reductive enzymes for biocatalytic 

applications. . 

Projectt  targets and industrial and social relevance 
20%% to 30% of the Gross National Product of the Netherlands is generated by the 

chemicall  industry. Since catalytic conversions are involved in over 80% of the total 

chemicall  production, it may be of no surprise that catalysis is of strategic interest for 

thee Dutch industry. In order to maintain and to improve the competitive position of 

thee Ducth industries, the Dutch Ministry of Economic Affairs promotes innovative 

researchh in a number of promising fields by funding. In this way, also the 

collaborationn between universities, research institutes and industry is strengthened. 
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Thee research described in this thesis was financed by the Dutch Ministry of Economic 

Affairss via the Innovation Oriented research Programme (IOP) directed towards 

Catalysis.. The central theme of this extensive research programme is "precision in 

chemicall  conversions." This precision is required both to save energy and feedstocks 

andd to avoid the production of waste. Classical procedures in the manufacture of fine 

chemicalss often involve low selectivities, the use of undesirable, toxic or corrosive 

reagents,, and the formation of side products and large amounts of waste, causing a 

burdenn to the environment. To minimise this waste stream and to improve upon 

chemicall  yields and stereoselectivity, alternatives are necessary. Therefore, it has been 

decidedd to direct the efforts of the IOP catalysis program in particular to the 

developmentt of novel catalytic routes in the fine chemical industries. Biocatalysts are 

welll  known for their high degree of selectivity and can offer a favourable alternative 

iff  they can be cheaply, and environmental friendly produced and applied on a large 

scale.. Drawback of biocatalytic redox systems is that often expensive cofactors or co-

substratess are required. This problem can be avoided by using whole cell systems. The 

objectivee of the project described in this thesis is the development of novel 

biocatalyticc routes to aryl aldehydes, aryl alcohols and enantiopure secondary alcohols 

forr the fine chemical industries. Acid reduction and enantioselective ketone reductions 

aree attractive methods for the production of respectively aryl aldehydes and alcohols 

Wholee cell systems of white-rot fungi are potentially suitabe catalysts since they have 

aa very extensive enzyme system and are capable of a broad spectrum of conversions. 

Modell  reaction for acid reduction is the reduction of /?-anisaat (la), a de novo 

synthesizedd metabolite of white rot fungi, to its corresponding /5-anisaldehyde (lb) 

and/>-anisylalcoholl  (lc). 

COOHH CHO CH2OH 

öö - 6 - Ó 
O C H33 0CH3 0CH3 

l aa lb lc 
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Modell  substrates for ketone reduction are acetophenone (2), l-(3'-chloro-4'-

methoxyphenyl)-l-propanonee (3) and l-(3',5'-dichloro-4'-methoxyphenyl)-l-

propanonee (4). Acetophenone is often used as model substrate in catalytic ketone 

reductions.. Furthermore it was found to be a side product in the metabolic pathway 

thatt leads from L-phenylalanine to the major aryl metabolites produced by 

BjerkanderaBjerkandera adusta (Lapadatescu et al. 2000). The substrates 3 and 4 are natural like 

compoundss to white-rot fungi (Swarts et al. 1998). 

MeO O MeO O 

Whereass compounds 3 and 4 can be considered as model compounds for aryl-

substitutedd substrates, the aryl ketones such as substrate 5 and 6 can be considered as 

modelss for side chain functionalisation. Moreover the corresponding alcohols are of 

highh interest as targets for pharmaceutical applications. The product alcohol of 2-

chloroacetophenonee (5) can be converted into chiral epoxides. The corresponding 

chirall  alcohol of 3-chloropropiophenone (6) results in a precursor for the homochiral 

formm of fluoxetine, an anti-depressant. 
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Outlin ee of this thesis 
Thee objective of this PhD study was to explore the reductive enzyme system of white-

rott fungi with a special emphasis on its biocatalytic properties in acid reduction and 

enantioselectivee ketone reduction. 

Inn Chapter  2 ligninolytic basidiomycetes were screened for their ability to catalyze 

thee reduction of a variety of aryl acids to produce the corresponding aldehydes and 

alcohols.. Of all strains tested, the fungus Bjerkandera BOS55 performed best in acid 

reductions.. The substrate spectrum of this fungus was determined. 

Inn Chapter  3 the toxicity of several aromatic ketones was tested on the white-rot 

funguss Phanerochaete chrysosporium. A quantitative structure-toxicity relationship 

betweenn hydrophobicity and toxicity was determined. Chapter  4 describes two 

screeningss of white-rot fungi with regard to enantioselective reduction of prochiral 

ketoness concerning yield and enantioselectivity. The white-rot fungus Merulius 

tremellosustremellosus ono991 performed the best. Moreover, this biocatalytic system was 

comparedd to ruthenium(II)-amino alcohol and iridium(I)-aminosulfide catalyzed 

asymmetricc transfer hydrogenation of a broad spectrum of ketones. Physiological 

aspectss of the biocatalytic system are described in Chapter  5. Incubation conditions 

weree optimized to increase yield. Most of the yield increase was due to ^-flushing 

andd the attributing factors were investigated. Furthermore, ketone reduction in cell 

extractt of M. tremellosus is presented. 

28 8 



ChapterChapter 2 

ReductionReduction ofaryl acids by white-rot fungi f or 

thethe biocatalytic production ofaryl aldehydes 

andand alcohols 

Annemariee Hagea, Hans E. Schoemakerb and Jim A. Field' 

aDivisionn of Industrial Microbiology, Wageningen University and Research Centre, The Netherlands 
dDSMM Research, Life Science Products, Geleen, The Netherlands 

PublishedPublished in Applied Microbiology and Biotechnology (1999) 52: 834-838 



ChapterChapter 2 

Abstract t 

Ligninolyticc basidiomycetes were screened for their ability to reduce aryl acids to 

correspondingg aldehydes and alcohols. Seven fungal strains converted p-anisic acid in 

highh molar yields to the reduced products. The white-rot fungus Bjerkandera sp. strain 

BOS55BOS55 was one of the best reducing strains and was highly tolerant towards high 

concentrationss of different aromatic acids. The reduction of p-anisic, veratric, 3-

chloro-4-methoxybenzoic,, 3,5-dichloro-4-methoxybenzoic, 3,4-dichlorobenzoic, 4-

fluorobenzoic,, and 3-nitrobenzoic acids by this fungus was tested. All of these 

compoundss were reduced to their corresponding aldehydes and alcohols. 
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Introductio n n 

Thee demand for organic synthons is rapidly expanding, requiring novel strategies for 

production.. The conventional routes of chemical synthesis are still viable, but the 

transformationn of organic compounds using biocatalysts has some advantages. 

Biotransformationss can involve high degrees of regio- and stereospecificity and in 

mostt cases relatively mild reaction conditions are used. Rogers et al. (1997) described 

thee biotransformation of benzaldehyde to 1-phenylacetylcarbinol, an intermediate in 

thee production of 1-ephedrine, by various species of yeasts. Surprisingly, no reports 

couldd be found describing direct aryl acid reduction with a biocatalyst. An efficient 

routee to synthesize aryl aldehydes and alcohols would be by starting from aryl acids, 

usingg the reductive enzyme system of white-rot basidiomycetes as biocatalyst. The 

reductionn of aromatic acids and aldehydes released during lignin degradation has been 

reportedd (de Jong et al.\994; Kirk and Farrell 1987; Shimada and Higuchi 1991). 

Aromaticc acid and aldehyde reducing activities have been described in whole cultures 

off  Trametes versicolor (Farmer et al. 1959), Sporotrichum pulverulentwn (Ander et 

al.al. 1980) and Phlebia radiata (Lundell et al. 1990). An intracellular NADPH-

dependentt aryl-alcohol dehydrogenase (AAD) from the white-rot fungus 

PhanerochaetePhanerochaete chrysosporium was purified and characterized (Muheim et al. 1991). 

Thiss enzyme, produced during secondary metabolism of the fungus, presents a broad 

substratee specificity, reducing aromatic aldehydes such as veratraldehyde, p-

anisaldehyde,, vanillin and 3,5-dimethoxybenzaldehyde completely to the 

correspondingg alcohols. 

Severall  roles of the AAD or similar reductases in white-rot fungi are plausible. The 

reductionn of aromatic acids, formed during lignin degradation, would convert them 

intoo more ammendable substrates for lignino lytic enzymes, thereby enabling their 

continuedd degradation (Reddy et al. 1998; Schoemaker et al. 1989, 1990). 

Aryll  aldehydes and alcohols (e.g. veratryl, benzyl, anisyl and 3-chloro-4-

methoxybenzyl)) are produced as secondary metabolites of white-rot fungi and serve as 

substratess for extracellular aryl alcohol oxidase (AAO), generating H2O2 (de Jong et 

al.al. 1994; Field et al. 1995a). Intracellularly, the formed aryl aldehydes and acids are 

readilyy recycled by mycelium. Presumably reductive enzymes in the mycelium are 

necessaryy to maintain the redox cycle of the ligninolytic system. 
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Thiss form of redox cycling was demonstrated in P. eryngii (Guillen et al. 1994) and 

BjerkanderaBjerkandera sp. strain BOS55 (de Jong et al. 1994). 

Thee potential use of white-rot fungi as biocatalyst for aryl acid reductions was 

exploredd in this study. Basidiomycete strains were screened for their tolerance towards 

highh concentrations of aryl acids. Tolerant strains were evaluated for their ability to 

reducep-anisicc acids. Bjerkandera sp. strain BOS55 was selected as a potent reductive 

strainn and the reduction of several acids by this fungus was investigated. Time 

dependentt reduction of the aryl acids to their corresponding aldehydes and alcohols 

wass quantified. 

Materia ll  and Methods 

OrganismsOrganisms and culture conditions 

Fifty-twoo fungal strains were obtained from different culture collections: 

Centraalbureauu voor Schimmelcultures, Baarn, The Netherlands; American Type 

Culturee collecion, Rockville, Maryland USSA Culture Collection of Industrial 

Microbiologyy Wageningen, Wageningen University and Research Center, The 

Netherlands;; Centro de Inverigaciones Biologicas, Consejo Superior de 

Investigacioness Cientificas, Madrid, Spain. 

Fungall  strains were maintained at 4°C on agar slants. The agar medium contained (l1) 

200 g glucose, 5 g mycological peptone (Oxoid Ltd., Basingstoke, Hampshire, UK), 2 g 

yeastt extract (Gibco BRL, Life Technol. Ltd., Paisley, Scotland, UK), lg KH2P04, 0.5 

gg MgS04-7H20, 15 g agar. Fungal strains were grown in a high-nitrogen peptone 

mediumm according to Kimura et al. (1990), containing (l*1) 20 g glucose, 5 g 

mycologicall  peptone, 2 g yeast extract, 1 g KH2PO4, 0.5 g MgS04-H20, with the 

additionn of 0.058 gNaCl. 

Serumm bottles (100 ml), containing 10 ml medium, were inoculated with a cylindrical 

agarr plug (diameter 4mm), which was taken from the outer periphery of an agar 

mediumm plate covered with the mycelium of the fungal strain. Fungal cultures were 

incubatedd statically in the dark with loosely capped bottles. Control cultures 

containingg no additon of aryl acids and were incubated and treated like acid-

containingg cultures to monitor for de novo production of metabolites. Sterile abiotic 

controlss in presence of acids were also monitored to check for chemical reduction of 

acids.. Unless indicated otherwise, the experiments were carried out in triplicate. 
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PlatePlate screening 

Twoo plate screening experiments were conducted. The first one was performed to 

screenn for tolerance towards 1 mM /?-anisic acid. The agar medium used for this 

screeningg contained (l"1) 5 g glucose, 15 g agar and 3.5 g malt extract (Oxoid Ltd., 

Basingstoke,, Hampshire, UK). 1 mM /j-anisic acid was added and the pH of the 

mediumm was adjusted to 5.5. The second plate screening was performed to screen for 

tolerancee towards 10 mM benzoic,/j-anisic, veratric, 3-chloro-4-methoxybenzoic and 

3,5-dicloro-4-methoxybenzoicc acid. The agar medium contained (f1) 5 g glucose, 15 g 

agarr and 3.5 g malt extract. 10 mM of one of the acids was added and the pH was 

adjustedd to 5.5. Plates were inoculated with one cylindrical agar plug (diameter 4mm) 

andd incubated in the dark at 25°C. Control plates without acid were inoculated and 

incubatedd the same way. After 6 days, tolerance was determined by comparing 

myceliall  radial extension (diameter of mycelium) to the mycelial radial extension in 

thee control plates. The experiment was carried out in duplicate. 

ScreeningScreening for p-anisic acid reduction. 

Culturee bottles of 100 ml, containing 10 ml high-nitrogen peptone medium were 

inoculatedd with a cylindrical agar plug (diameter 4 mm). Cultures were incubated in 

thee dark at 25°C. To 4-day-old cultures, 1 mM />-anisic acid was added as a 

concentratedd solution in acetone, to a concentration of 1 mM to the culture. The final 

concentrationn of acetone was 0.5% v/v which was not toxic when added to mycelium 

(Fieldd et al. 1995b). After 3 days of incubation, 150 \x\ extracellular fluid was 

centrifugedd and analysed by HPLC. 

ArylAryl acid reduction by Bjerkandera sp. strain BOS55 

Culturee bottles of 100 ml, containing 10 ml high-nitrogen peptone medium were 

inoculatedd with a cylindrical agar plug (diameter 4mm) of Bjerkandera sp. strain 

BOSS5.BOSS5. Cultures were incubated in the dark at 30°C. On the 4th day of growth, either 

^-anisic,, veratric, 3-chloro-4-methoxybenzoic, 3,5-dichloro-4-methoxy benzoic, 3,4-

dichlorobenzoic,, 4-fluorobenzoic or 3-nitrobenzoic acid was added from an acetone 

stockk solution to a final concentration of 1 mM. Reduction to the corresponding 

aldehydess and alcohols was followed during the first 16 hours of incubation. Samples 
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off  150 p.1 extracellular fluid were taken every hour and were centrifuged and analysed 

byy HPLC. 

DeterminationDetermination of the dry weight of mycelium 

Myceliall  mats were separated from the culture fluids by filtration. Mycelia were rinsed 

withh distilled water and filtered through dried and tared glass fiber filters (Schleicher 

&&  Schuell GF 50) (Dassel, Germany). Mycelial dry weights were determined after 

dryingg overnight at 105°C. 

HPLCHPLC analysis 

Culturee supernatants were centrifuged for 10 minutes (1,200 x g), and 50ul samples 

weree analysed on a Hewlett Packard HPLC Chemstation (Pascal Series) (Waldbronn, 

Germany)) equipped with a HP 1100 pumping station, series diode array, a HP1100 

detectorr and HP 1100 data processor. The column (200 mm x 3 mm) used for analysis 

off  aryl aldehydes and aryl alcohols was filled with ChromSpher C18-PAH (5um 

particles)) and was from Chrompack (Middelburg, The Netherlands). Aryl aldehydes 

andd alcohols were analysed with the following gradient: 90:10, 0:100 and 90:10 

H20:acetonitrilee at 0, 15 and 25 minutes respectively. The flow rate was 0.4 ml min"1 

andd the column temperature 30°C. The UV absorbance was monitored at wavelengths 

off  230, 265 and 280 nm. The column (460mm x 150 mm) used for analysis of aryl 

acidss was filled with Intersil ODS-3 (5UJTI particles) and was from Phase Sep 

(Deeside,, UK). 

Al ll  aryl acids were analysed under isocratic conditions with 0.01M H3P04 (0.4 ml 

min""  , 30°C). The UV absorbance was monitored at 255, 265 and 280 nm. Compound 

identificationss were based on matching retention times and UV spectra with those of 

standards. . 

Chemicals Chemicals 

3,5-dichloro-4-methoxybenzoicc acid and the corresponding standards (3-chloro-4-

methoxybenzylalcohol,, 3-chloro-4-methoxybenzaldehyde, 3,5-dichIoro-4-

methoxybenzaldehydee and 3,5-dichloro-4-methoxybenzaldehyde) were kindly 

providedd by Henk Swarts, Dept. of organic chemistry, Wageningen Agricultural 

University.. Protocols for their synthesis were published previously (de Jong et 

al.al. 1992, 1994; Swarts et al. 1996). All other chemicals were purchased from Aldrich 
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(Steinheim,, Germany), Merck (Darmstadt, Germany) or Acros Chimica (Geel, 

Belgium),, unless indicated otherwise. 

Results s 

Off  the 52 strains screened, 30 strains tolerated 1 mM p-anisic acid and grew in its 

presence.. The tested strains were compared to strains grown on reference plates 

withoutt added acids. Fourteen of the tested basidiomycetes showed a mycelial radial 

extensionn index > 0.75 and were subjected to another plate screening to screen for the 

tolerancee towards high concentrations of selected aryl acids (table 2.1). The radial 

extensionn rate was measured on agar plates containing 10 mM (saturated 

concentrations)) of either: p-anisic acid, benzoic acid, veratric acid or 3-chloro-4-

methoxybenzoicc acid and compared to radial extension on reference plates. 

Tablee 2.1 Plate screening with mycelial radial extension as an indication of tolerance towards high 
concentrationss (10 mM) ofaryl acids'. 

Fungall  strain benzoic p-anisic Veratric 3 chloro-4-methoxy 

acidd acid acid benzoic acid 

PhanerochaetePhanerochaete chrysosporium ATCC 24725 

SchizophyllumSchizophyllum commune PW 94.3 

BjerkanderaBjerkandera sp. strain 50555 

PhlebiaPhlebia brevispora KBT 89 

TrametesTrametes hirsuta CBS 282.73 

TrametesTrametes versicolor 290 

PleurotusPleurotus eryngii CBS 613.91 

DichomitusDichomitus squalenes CBS432.34 

StereumStereum hirsutum PW 93.4 

GanodermaGanoderma australe 

MeruliusMerulius tremellosus ATCC 60027 

LentinusLentinus tigrinus PN 94.2 

TrametesTrametes gibbosa RHEN 93.2 

PolyporusPolyporus cilatus ONO 94.1 

0.91 1 

0.88 8 

0.89 9 

0.36 6 

0.58 8 

0.50 0 

0.56 6 

0.26 6 

0.59 9 

0.32 2 

0.23 3 

NGb b 

NGb b 

0.88 8 

0.66 6 

0.54 4 

0.33 3 

0.05 5 

0.07 7 

0.23 3 

0.24 4 

0.07 7 

NGb b 

NGb b 

0.05 5 

NGb b 

NGb b 

NGb b 

1.04 4 

0.88 8 

0.97 7 

1.08 8 

0.28 8 

0.55 5 

0.40 0 

0.58 8 

0.36 6 

0.61 1 

0.63 3 

0.68 8 

0.68 8 

0.50 0 

0.38 8 

0.38 8 

0.33 3 

0.02 2 

0.38 8 

NGb b 

NGb b 

0.11 1 

NGb b 

NGb b 

NGb b 

0.02 2 

NGb b 

NGb b 

aa Mycelial radial extension was determined by diameter of mycelial colony incubated on 10 mM acid / 
diameterr of mycelial colony on control plates after 7 days 
bb No growth detected 
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D.D. squalenes, Bjerkandera sp. strain BOS55, P. chrysosporium, T. hirsuta, P. 

brevisporabrevispora and S. commune proved to be the most tolerant and showed mycelial 

growthh in presence of high concentrations of all the aromatic acids tested. Seven of 

thee tested strains were totally inibited by the presence of 10 mM 3-chloro-4-

methoxybenzoicc acid. 

Thee fungi were also screened for reduction of ImM p-anisic acid to the corresponding 

aldehydee and alcohol in liquid medium (figure 2.1). Aldehyde and alcohol 

concentrationss were found in high total molar yields, up to 97% for D. squalenes. The 

basidiomycetee strains Bjerkandera sp. strain BOS55, M. tremellosus, P. 

chrysosporium,chrysosporium, T. hirsuta, L. tigrinus and P. cilatus also showed a high molar 

recoveryy of aldehydes and alcohols (> 75%). A low recovery of the products (total 

molarr yield < 30%) was found for P. eryngii and S. commune. Each fungal strain 

establishedd an equilibrium between the produced aldehyde and alcohol. 
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Figuree 2.1 Reduction of 1 mM p-anisic acid to its respective aldehyde and alcohol by various 
basidiomycetee strains after 3 days of incubation. : p-anisaldehyde (mM), D: p-anisyl alcohol (mM). 
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Mostt fungi had the tendency to reduce the acid to predominantly the alcohol, whereas 

thee strains Bjerkandera sp. strain BOS55 and T. gibbosa appeared to have the 

equilibriumm on the side of the aldehyde. Since Bjerkandera sp. strain BOS55 was one 

off  the best reducers of/?-anisic acid, was highly tolerant towards the different aromatic 

acidss and has been intensively studied in our laboratory, this strain was used in further 

experiments. . 

Thee rates at which Bjerkandera sp. strain BOS55 reduced ImM /7-anisic, veratric, 3-

chloro-4-methoxybenzoic,, 3,5-dichloro-4-methoxybenzoic, 3,4-dichloro benzoic, 4-

fluorobenzoic,, and 3-nitrobenzoic acids was studied (table 2.2). All tested compounds 

weree reduced.The highest recovery of products was found for veratric acid (96%). Of 

alll  halogenated compounds, 3-chloro-4-methoxybenzoic acid was reduced with the 

highestt yield (43% converted to alcohol and aldehyde). 3,4-dichlorobenzoicacid was 

reducedd to the aldehyde, no alcohol was detected. 

Thee recovery of unreduced acids was very low in the case of p-anisic and veratric 

acids,, whereas for the other substrates from 40% to 71% was left unutilized. The total 

recoveryy of compounds was 94%-96% for ^-anisic and veratric acids. In all other 

cases,, the total recovery of acids, aldehyde and alcohol was between 74% and 84%. 

Thee equilibrium of the 3-nitrobenzoic acid reduction was on the side of the alcohol, 

whereass for all the other compounds tested, mostly aldehydes were formed. 

Tablee 2.2 Molar yields of the conversion of ImM aryl acids to the corresponding aldehyde and alcohol 
byy Bjerkandera BOS55 after 16 hours of incubation _ _ 

substratee produced produced recovered Total 

aldehydee (mM) alcohol (mM) acid(mM) recovery (%) 

p-anisicc acid 

veratricc acid 

3-chloro-4-methoxybenzoicc acid 

3,5-dichloro-4-methoxybenzoicc acid 

4-fluorobenzoicc acid 

3,4-dichlorobenzoicc acid 

3-nitrobenzoicc acid 

0.80 0 

0.74 4 

0.28 8 

0.21 1 

0.17 7 

0.13 3 

0.04 4 

0.12 2 

0.21 1 

0.15 5 

0.15 5 

0.08 8 

0.00 0 

0.15 5 

0.02 2 

0.01 1 

0.40 0 

0.41 1 

0.49 9 

0.71 1 

0.62 2 

94 4 

96 6 

83 3 

77 7 

74 4 

84 4 

81 1 
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Figuree 2.2 Reduction of 1 mM aryl acid by Bjerkandera BOS55 during the first 16 hours of incubation. 
A:: p-anisic acid reduction, B: 3-nitrobenzoic acid reduction, C: 3-chloro-4-methoxybenzic acid 
reduction.. : produced aldehyde (mM), D: produced alcohol (mM) , dashed line: total molar yield 
(mM). . 
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Furthermore,, the time dependent reduction of the aryl acids supplied at 1 mM was 

monitored.. During the first 16 hours of incubation, samples were taken every 2 hours 

andd the conversion of the acids to the aryl aldehydes and aryl alcohols was measured 

ass is shown for the examples of p-anisic, 3-chloro-4-methoxybenzoic and 3-

nitrobenzoicc acid in figure 2.2. The reduction rates for jo-anisic, veratric, 3-chloro-4-

methoxybenzoic,, 3,5-dichloro-4-methoxybenzoic, 3,4-dichlorobenzoic, 4-

fluorobenzoicc and 3-nitrobenzoic acid were 1.0-1CT2, 1.0-10'2, 4-710"3, 3-9-10"3, 2-7-10" 
6,, 1.4-10"6 and 2.1-10"6 mmol-h"1-g~1biomass dry weight respectively. 

Discussion n 

Thee results presented in this study demonstrate that several white-rot fungi appeared 

too have very good biocatalytic potential for the reduction ofaryl acids. Selected strains 

reducedd /7-anisic acid in high molar yields and were tolerant to high concentrations of 

variouss aryl acids. The enzymes responsible for the reduction of aryl acids to their 

correspondingg aldehydes are not yet known. An intracellular NADPH dependent aryl-

alcoholl  dehydrogenase (AAD), purified from the white-rot fungus Phanerochaete 

chrysosporiumchrysosporium has been described (Muheim et al. 1991), which reduces aromatic 

aldehydess to their corresponding alcohols. However it was not reported whether 

aromaticc acids are also part of the substrate spectrum of AAD. 

Ass many white-rot fungi also produce aryl alcohol oxidases (AAO) for the 

extracellularr production of H202 (de Jong et al. 1994) an equilibrium between aryl 

aldehydess and alcohols is established. In the case of p-anisate, the strains tested here 

hadd the equilibrium on the side of the alcohol. Bjerkandera sp. strain BOS55 

predominantlyy produced /j-anisaldehyde. The oxidases and reductases in Bjerkandera 

sp.. strain BOS55 appeared to maintain different stoichiometric ratios between the 

aldehydess and alcohols depending on the functional group of derivates substituted on 

thee aryl acid. The presence of the nitro group dramatically shifted the equilibrium 

towardss the alcohol, probably because nitrated alcohols are more difficult substrates of 

AAO.. Previously, alcohol was found to be the predominant product at equilibrium 

afterr incubation with homologous concentrations of benzaldehyde and benzyl alcohol 

inn P. eryngii (Guillen et al. 1994) and in Bjerkandera adusta (Lauritsen and Lunding 

1998;; Spinnler et al. 1994). Furthermore it was found that incorporation of a 

functionall  group, e.g. methoxy, can shift the ratios between alcohol and aldehyde or 

evenn reverse them completely (Lauritsen and Lunding 1998). 
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Fromm all the tested strains, the white-rot fungus Bjerkandera sp. strain BOS55 was 

selectedd for further study due to its relatively high reduction rate of p-anisic acid and 

becausee it displayed high tolerance towards several aryl acids. Toxicity of aryl acids 

towardss fungi is well known from the literature. An inhibiting effect of veratric acid at 

concentrationss of 0.5 raM on AAO and AAD activities was described by Guillen et al 

(1994).. Consumption of glucose by the fungus P. eryngii was impeded in a medium 

containingg 10 raM benzoic acid (Guillen et al. 1994). 

BjerkanderaBjerkandera sp. strain BOS55 showed to have a very broad substrate spectrum of aryl 

acidss with several functional groups that are of interest to the pharmaceutical industry, 

suchh as nitro, chloro and fluoro substitutions. In support of our findings, Lauritsen and 

Lundingg (1998) detected the occurrence of fluorinated aryl alcohols and aldehydes in 

culturess spiked with fluorobenzoates during their studies elucidating biosynthetic 

pathwayss in Bjerkandera adusta. The aryl acids were reduced with reduction rates 

varyingg from 1.4-10"6 to 110"2mmolh"l-g"1
biomass dry weight- The fastest rates were found 

forp-anisic,, veratric, 3-chloro-4-methoxybenzoic and 3,5-dichloro-4-methoxybenzoic 

acids,, which are natural metabolites of Bjerkandera sp. strain BOS55 (Swarts et al. 

1996)) and are precursors to the corresponding aldehydes and alcohols (Mester et al. 

1997). . 

Althoughh oxidative enzymes of white-rot fungi have been extensively studied, 

relativelyy littl e is known about the reductive enzymes. Reductive enzymes from these 

fungii  are capable of quinone reduction (Brock et al. 1995; Tuor et al. 1993), 

enantioselectevee reduction of ketones (Bernardi et al. 1991) and even reductive 

dechlorinationn of chlorophenolics (Reddy et al. 1998). This study demonstrates that 

white-rott fungi have outstanding reductive enzymes for the problematic conversion of 

aromaticc acids to corresponding aldehydes and alcohols. 
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Abstract t 

Testss were conducted on four aromatic carbonylic compounds and their corresponding 

reducedd derivatives, possible substrates and products of a biotransformation for toxicity 

againstt the white-rot fungus Phanerochaete chrysosporium. The bacterium 

PseudomonasPseudomonas putida, which has been proven to be a good test organism for the 

investigationn of toxic effects, was used as a primary screen. For both P. chrysosporium 

andd P. putida, all ketones showed a higher toxicity than their corresponding alcohol-

derivatives.. Within one chemical group a direct correlation between the hydrophobicity 

(logPP values) of the compounds and their toxicity was observed. Furthermore, all tested 

compoundss also caused an isomerization of cis to trans unsaturated fatty acids in P. 

putida,putida, a mechanism by which this bacterium adapts its membrane to toxic 

environmentall  influences. Toxicity of aromatic carbonylic compounds in an established 

biotransformationn system with Phanerochaete chrysosporium can be estimated by 

calculatingg the corresponding logP values of the substrates and potential products. P. 

putidaputida can be used to test the toxicity of aromatic ketones to the basicdiomycete P. 

chrysosporium. chrysosporium. 
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Introductio n n 

Theree is an increasing demand for the synthesis of optically pure chemicals. Chiral 

alcoholss are interesting intermediates for the pharmaceutical, agrochemical and food 

industries.. Traditionally, these compounds are produced by using kinetic resolution 

methods.. In this method often an unwanted isomer is formed which has to be 

recycled.. Biocatalysts are well known for their high stereoselectivity. Using a 

prochirall  ketone in combination with a biocatalyst seems therefore a more efficient 

andd environmentally friendly method. 

White-rott basidiomycetes might be useful biocatalysts since they contain an extensive 

reductivee enzyme system (Tuor et al. 1993; Reddy et al. 1998; Schoemaker et al. 1989, 

1994)) and are relatively resistant to toxicity (Barr et al. 1994; Bumpus et al. 1985). 

Enantioselectivee reduction of a substituted fluoro ketone to the corresponding alcohol by 

thee white-rot fungus Phanerochaete chrysosporium has been described (Bemardi et al. 

1990).. Recently it was demonstrated that white-rot fungi have outstanding reductive 

enzymess for the problematic biocatalytic conversion of aromatic acids into the 

correspondingg aldehydes and alcohols (Hage et al. 1999). 

Toxicityy of aromatic compounds may hinder a successful scale-up at the substrate 

concentrationss necessary for economic conversion. Aromatic compounds and organic 

solventss are toxic to cells in an rather unselective manner. The main target for the 

toxicityy of organic compounds to bacterial and eukaryotic cells is the cell membrane 

(Heipieperr et al. 1994; Sikkema et al. 1995). The compounds partition preferentially 

inn membranes causing an increase in membrane fluidity^hich is leading to a non-

specificc permeabilization. This loss of metabolites and irons, causes an inhibition of 

cellularr growth or even cell death (Heipieper et al. 1991, 1994; Sikkema et al. 1994, 

1995).. Cell toxicity can also be expected for aromatic carbonylic compounds. 

Thiss study examines the use of P. chrysosporium as biocatalyst in the byconversion of 

aromaticc compounds in more detail. Specifically, it examines the toxicity of different 

organicc compounds, belonging to the group of aromatic carbonylic compounds and all 

partt of the substrate spectrum of white-rot fungi (Hage et al. chapter 4), and their 

correspondingg reduced derivatives (figure 3.1) to Phanerochaete chrysosporium. 

PseudomonasPseudomonas putida was used as a primary test organism, having previously been 

provenn as a test system for the toxicity of other organic compounds like aliphatic 

alcoholss and phenols (Heipieper et al. 1995). 
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Figuree 3.1: Chemical structures of the investigated carbonylic compounds and their corresponding reduced 
derivatives. derivatives. 

Material ss and methods 

Micro-organismsMicro-organisms and culture conditions 

PseudomonasPseudomonas putida S12 was previously isolated as a styrene-degrading organism 

(Hartmanss et al. 1990). The strain was cultivated in a mineral medium as described by 

Hartmanss et al. (1989) with 15 mM glucose as sole carbon source. Cells were grown in 

1000 ml shake cultures in a horizontally shaking water bath at 30 °C. 

PhanerochaetePhanerochaete chrysosporium was obtained from the type collection of the Division of 

Industriall  Microbiology, Wageningen Agricultural University, The Netherlands. The 

strainn was maintained on 2% malt agar slants at 4 °C. For growth experiments cells were 

cultivatedd in a nitrogen-limited medium containing 2.4 mM ammonium tartrate as 

nitrogenn source and 10 g l"1 glucose as carbon source, as described by Kirk et al. (1978). 

Pellett cultures were grown in 11 Erlenmeyer flasks containing 500 ml medium under air 

atmospheree at 38 °C at an agitation speed of 150 rpm. 

GrowthGrowth experiments with Pseudomonas putida SI2 

Ann inoculum from an overnight culture (5 ml) was transferred to 100 ml fresh medium. 

Afterr 3 hours of exponential growth the toxins were added. Cell growth was measured 

byy monitoring the turbidity (O.D.560nm) of cell suspensions using a spectrophotometer. 

forr * 

"CH20H H 

CO O 
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GrowthGrowth experiments with Phanerochaete chrysosporium 

5000 ml medium were inoculated with 104 conidiospores per ml medium. The cultures 

weree inoculated for 1 day before the toxins were added. After two days of growth in the 

presencee of the toxins cell growth was measured by determining the dry weights of the 

cultures.. Therefore, the pellets were harvested by filtration through a paper filter. The 

weightt was determined after they had been dried at 80 °C for 12 h. Growth rates of all 

culturess were calculated using the dry weight of control cultures (no addition of toxins) 

DeterminationDetermination of growth inhibition 

Growthh inhibition caused by toxins was calculated by comparing the differences in 

growthh rates \i (h~') between intoxicated cultures with that of a control culture as 

describedd by Heipieper et al. (1995). The growth inhibition of different concentrations of 

toxinss is defined as the ratio of the growth rates u (h"1) of toxin-treated and control 

cultures.. The experiment was carried out in triplicate. 

LipidLipid extraction and transesterification 

Cellss of 100-ml suspensions of P. putida were centrifuged 2 h after addition of the toxic 

agentss and washed with phosphate-buffer (50 mM, pH 7.0). The lipids were extracted 

withh chloroform/methanol/water as described by Bligh and Dyer (1959). Fatty acid 

methyll  esters were prepared by a 15 min incubation at 95 °C in boron 

trifluoride/methanoll  using the method of Morrison and Smith (1964). The fatty acid 

methyll  esters were extracted with hexane. 

DeterminationDetermination of fatty acid composition 

Fattyy acid analysis was performed using GC (capillary column: CP-Sil 88; 50 m; 

temperaturee program from 160 to 220 °C; FED). The instrument used was a CP-9000 gas 

chromatographh (Chrompack-Packard). The fatty acids were identified with the aid of 

standards.. The relative amounts of the fatty acids were determined from the peak areas 

off  the methyl esters using a Chromatopac C-R6A integrator (Shimadsu, Kyoto, Japan). 

Replicatee determinations indicated that the relative error (standard deviation/mean) x 

100%% of the values was 2-5%. The trans/cis ratio of unsaturated fatty acids was defined 

ass the ratio between the amounts of the two trans unsaturated fatty acids (16:1 trans, 

18:11 trans) and the two cis unsaturated fatty acids (16: Ids, 18: lew) of this bacterium. 
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Results s 

Thee hydrophobicity of the investigated compounds was determined to get an overview 

off  their toxic potential. This is usually expressed as a logP value that gives the 

partitioningg of a compound over an octanol/water two-phase standard system (Saito et 

ahah 1993; Heipieper et ah 1994). The logP values were calculated according to the 

hydrophobicc fragmental constants, as given by Rekker and de Kort (1979) 

Tablee 3.1 Relation between the hydrophobicity of several organic compounds, their toxicity towards P. 
putidaputida S12 and P. chtysosporium, respectively, and their effect on the trans/cis jatio of unsaturated fatty 
acidss in P. putida S12 

Phanerochaete Phanerochaete 
PseudomonasPseudomonas putida S12 chrysosporium 

Organicc compound log P inhibition trans/cis Inhibition 

50%a(mM)) 50b(mM) 50%a(mM) 
2-hydroxyacetophenone e 

2-hydroxy-11 -phenylethanol 

acetophenone e 

11 -phenylethanol 

2-chloroacetophenone e 

2-chloro-11 -phenylethanol 

33 -chloropropriophenone 

3-chJoro-ll  -phenyl-1 -propanol 

1.25 5 

1.70 0 

1.72 2 

2.18 8 

2.48 8 

2.93 3 

3.01 1 

3.46 6 

n.d.c c 

20.0 0 

8.0 0 

13.0 0 

1.5 5 

3.0 0 

0.5 5 

1.9 9 

n.d.c c 

22.0 0 

9.5 5 

11.8 8 

1.5 5 

3.1 1 

0.8 8 

2.0 0 

n.d.c c 

11.5 5 

3.3 3 

7.9 9 

0.7 7 

2.7 7 

0.4 4 

1.3 3 

aa Concentration which caused 50 % growth inhibition of/3, putida S12 and P. chrysosporium cells. 
bb Concentration which caused an increase in the trans/cis ratio of unsaturated fatty acids to 50% of the 

maximumm trans/cis level reached at saturating concentrations of the toxin. 
cc Not detected (this compound was not commercially available). 

Fromm these calculations (table 3.1), the possible range of toxicity was estimated 

accordingg to the correlation between toxicity (50% growth inhibition) and logP received 

forr 10 organic solvents by Heipieper et ah (1995). Since the experiments for these 

data/formulaa had been examined with P. putida cells, the decision was made to 

investigatee the toxicity of the compounds first in a system using these bacteria as test 

organism.. Therefore, cells of P. putida were grown in a mineral medium with glucose as 

energyy and carbon source. The growth rate u of the cells was about 0.55 h"1, which 

correspondss to a doubling time (to) of about 1 h 20 min. Toxins were added at different 

concentrationss during the exponential growth phase. The organisms continued to grow 

exponentially,, but at reduced growth rates. One experiment lasted 6 hours. 
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Figuree 3.2 The effect of acetophenone , 2-chloro-acetophenone (A), 3-chloro-propiophenone , 
1-phenylethanoll  (O), 2-chloro-1 -phenylethanol (A) and 3-chloro-l-phenyl-1-propanol (D) on growth 
off  Pseudomonas putida S12. 

Thee growth rate after the addition of the toxin to exponentially growing cells is given 

relativee to a control without the toxins. 

Figuree 3.2 shows the growth inhibition caused by the ketones and alcoholic compounds. 

Forr all measured derivatives it was demonstrated that the ketones were always more 

toxicc than their corresponding alcoholic compound. The data are presented in table 3.1. 

Withinn each chemical group (ketone or alcohol) the toxicity increased with an increasing 

hydrophobicityy (logP) 

Afterr these results for P. putida, growth experiments were performed with P. 

chrysosporiumchrysosporium using the same concentration range of every compound which had been 

foundd to be toxic for P. putida. One experiment lasted 3 days because of the much 

slowerr growth rate of the fungi under these conditions. Figure 3.3 shows the growth 

effectss of acetophenone and 1 -phenylethanol, and contrasts this with the results for P. 

putida.putida. To this fungus, the ketones were more toxic than the alcohols, and compounds 

withh higher hydrophobicity showed a greater toxicity. As shown for acetophenone and 1-

phenylethanol,, all chemicals tested showed a slightly higher toxicity towards the fungus 

thann to the bacterium (table 3.1). One of the adaptive mechanisms is the recently 

observedd isomerization of cis to trans unsaturated fatty acids in strains of the genera 
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Figuree 3.3: The effect of acetophenone , ) and 1-phenylethanol (0 ,G) on the growth off. putida S12 
)) and P. chrysosporium . The growth rate after the addition of the toxin to exponentially 

growingg cells is given relative to a control without the toxins. 
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Figuree 3.4: Effect of acetophenone ) and 1-phenylethanol (O) on the translcis ratio of unsaturated fatty 
acidss in P. putida S12. The toxins were added to the cells 2 hours before the lipids were extracted to 
analyzee the fatty acid composition. 
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PseudomonasPseudomonas (Keweloh and Heipieper 1996). The isomerization of the double bond is a 

reactivee mechanism of these bacteria to adapt rapidly to high concentrations of toxins 

(Heipieperr et al. 1992). It has been shown in several studies that the intensity of the 

isomerizationn correlates with the concentrations of the applied compounds (Heipieper et 

al.al. 1994, 1995). Figure 3.4 shows the trans/cis ratios of Pseudomonas putida cells after 2 

hourss of incubation in the presence of different concentrations of acetophenone. A 

relationshipp was observed between the concentration of the toxin and the increase in the 

trans/cis.trans/cis. For all compounds a maximum value of trans/cis ratio was seen, which 

resultedd in a certain range (trans/cis ratios between 0.5 and 0.6) and which was specific 

forr each compound. The results for 7 investigated compounds are listed in table 3.1 in 

orderr of their increasing logP values for each of the two investigated chemical groups. 

Tablee 3.1 also presents the concentrations of the compounds which caused a 50% growth 

inhibitionn for both P. putida and P. chrysosporium, and those causing a half-maximum 

increasee in the trans/cis ratios of P. putida. In figure 3.5 the measured LD 50 values are 

plottedd against the logP values calculated for the compounds. There are obvious 

differencess between the two organisms tested, and also between the two chemical 

groups.. The fungi are more sensitive to all compounds than the bacteria, and the 

ketoness are more toxic than the alcohols 
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Figuree 3.5: Correlation between the hydrophobicity, given as the logP values, and the inhibitory 
effectss on the growth of both P. putida S12 ( « , 0) and P. chrysosporium ) of the investigated 
carbonylicc compounds ( , ) and their corresponding alcohol derivatives (<0,D). Growth inhibition is 
presentedd as the 50% cone inhibition concentrations. For the names of the applied organic compounds 
seee Table 3.1. 
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Discussion n 

Thee procedure using P. putida presented in this paper has one obvious advantage: while 

aa toxicity test with P. chrysosporium took at least 3 days, one with P. putida needed only 

aboutt 5 up to 6 hours. The measurement of cell growth of the bacterium using the O.D. 

alsoo has the advantage of continuous control of the experiments. A promising result is 

thatt the toxicity of this group of organic compounds can also be estimated by calculating 

thee logP values of the chemicals. A quantitative structure-toxicity relationship (QSTR) 

betweenn the hydrophobicity of organic solvents and their toxic potential has often been 

describedd for different organic compounds and with different test systems (Liu et al. 

1982;; Beltrame et al. 1984; Oikawa et al. 1985; Saito et al. 1993; Heipieper et al. 1995). 

However,, this needs to be tested for each new group of organic solvents. Furthermore, it 

iss dependent on the organisms and culture conditions. This is demonstrated by the 

differencess in toxicity relationship between the carbonylic compounds and their reduced 

derivativess (figure. 3.5). It is interesting that only the ketones tested match the toxicity 

curvess seen previously for other organic compounds with P. putida, whereas the 

correspondingg alcohols show a lower toxicity than expected. This can be explained by 

cellularr reactions causing a detoxification of the compounds by entering the cells. 

Thesee experimental results suggest that toxicity is a main problem for the 

establishmentt of a biotransformation system of the investigated group of organic 

compounds.. One solution would be to screen not only for organisms able to peform a 

biotransformation,, but also for ability to adapt to higher concentrations of these 

compounds.. The fact that all compounds caused an isomerization of cis to trans 

unsaturatedd fatty acids in the membranes of P. putida is an indication that these 

compoundss induce/activate the stress response mechanisms of micro-organisms 

(Heipieperr et al. 1994, 1996). These results also demonstrate the advantage that 

possiblee products of a biotransformation wil l be less toxic to the cells than the 

correspondingg substrates. Another solution would be to work with immobilized cells. 

Itt has been observed that immobilized cells show an increased tolerance to toxic 

organicc solvents, like e.g. phenols, than free cells (Heipieper et al. 1991). Successful 

immobilizationn of P. chrysosporium in bioreactors has been described (Linko et al. 

1986;; Willerhausen et al. 1987; Feijoo et al. 1994). The main advantage of the 

methodd described in this paper is the opportunity to estimate the toxicity of any 

derivativee in an established biotransformation system with P. chrysosporium through 

thee calculation of the corresponding logP values. 
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Abstract t 

Prochirall  aryl ketones and dialkylketones were enantioselectively reduced to the 

correspondingg alcohols. Whole cells of the white-rot fungus Merulius tremellosus 

ono9911 were used as the biocatalytic system, whereas ruthenium(II)-aminoalcohol 

andd iridium(I)-aminosulfide complexes were used as metal catalysts in asymmetric 

transferr hydrogenation. Comparison of the results showed that the corresponding 

chirall  alcohols are obtained with moderate to high enantioselectivities (up to 97-98%) 

forr both the biocatalytic system and the metal based catalysts. The two approaches 

appearedd to be complementary. A biocatalytic approach is the most suitable for 

enantioselectivee reduction of several chlorosubstituted (aryl) ketones, whereas for the 

reductionn of a,B-unsaturated compounds excellent results were obtained using the 

metall  catalysts. 
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Introductio n n 

Enantiomericallyy pure alcohols are useful chiral building blocks in organic synthesis, 

whichh can be used as key intermediates in the synthesis of more complex enantiopure 

bioactivee compounds. Accordingly, there is a considerable interest in highly efficient 

routess to chiral alcohols. They can be synthesized (in enantiomerically pure form) 

startingg from prochiral ketones either biologically, using a biocatalytic system, or 

chemicallyy via stereoselective reduction using a catalytic system or a stoichiometric 

amountt of a reducing agent. 

Thee enantioselective reduction of ketones using Me-CBS-oxazaborolidine, developed 

byy Corey and coworkers (1987, 1998), is an example of the latter method. Here we 

havee used this methodology to establish the absolute configurations of some of the 

chirall  alcohols obtained via the biocatalytic route. 

Severall  examples of enantioselective microbial reduction have been described in 

literaturee (Akita et al. 1982; Csuk and Glanzer, 1991). Bernardi et al. (1990) described 

thee reduction of (Z)-3-fluoro-4-phenyl-l-(p-tolylsulphonyl)but-3-en-2-one to form (-)-

(5)-3-fluoro-4-phenyl-l-(f-tolylsulphonyl)but-3-en-2-oll  using the yeast Geotrichum 

candidumcandidum (98% ee) or the opposite enantiomer (+)-(fl)-3-fluoro-4-phenyl-l-(p-

tolylsulphonyl)but-3-en-2-oll  using the white-rot fungus Phanerochaete 

chrysosporiumchrysosporium (95% ee). White-rot fungi are lignin degrading basidiomycetes and 

containn an extensive reductive enzyme system. Recently we described the biocatalytic 

propertiess of white-rot fungi in aryl acid reductions (Hage et al. 1999). Ketone 

reductionn during lignin degradation has been suggested (Schoemaker, 1990) and the 

dede novo production of both chloro-substituted arylketones and chiral chloro-

substitutedd aryldiols by white-rot fungi has been reported (Swarts et al. 1998). In 

addition,, the fungus Phanerochaete chrysosporium possesses an interesting and 

unprecedentedd hydroquinone reductase activity (Tuor et al. 1993). From the scarce 

literaturee precedents known, it can be inferred that white-rot fungi may possess a 

versatilee biocatalytic system for the (enantioselective) reduction of various kinds of 

functionalizedd ketones. So far, relatively littl e is known about the reductive part of the 

ligninolyticc system and in particular enantioselective ketone reduction by white-rot 

fungii  has hardly been described (Bernardi et al. 1990). Therefore, we embarked on a 

studyy of the enantioselective reduction of a variety of functionalized ketones. These 

ketoness are valuable synthons for the synthesis of a variety of pharmaceuticals and 

otherr biologically active molecules. Until now, only very few successful catalytic 
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approachess towards the synthesis of functionalized enantiomerically pure alcohols 

havee been described. 

Asymmetricc transfer hydrogenation using an organic hydrogen source has also proven 

too be a valuable chemical method for enantioselective reduction. Recently, two 

catalyticc systems, which proved to be very suitable for the transfer hydrogenation of 

aryl-alkyll  ketones, were developed (Petra et al. 1999, 2000, see PhD Thesis UvA, 

1999).. For the ruthenium(II) catalyzed asymmetric transfer hydrogenation, a series of 

neww amino alcohol ligands was synthesized and optimized, which resulted in the most 

effectivee chiral amino alcohol ligand so far, for the reduction of acetophenone (Petra 

etet al. 1999). Additionally, a new class of N,S-chelates was developed for the 

iridium(I)) catalyzed reduction of unsymmetrical ketones (Petra et al. 2000) (A and B 

figuree 4.1). 

AA B: R = Me, Ph 

Figuree 4.1. Chiral amino ligand (A) and amino sulfide ligands (B) 

Inn this paper a screening for the enantioselective reduction of aryl alkyl ketones, 

dialkyll  ketones, functionalized ketones and ct,p-unsaturated ketones by white-rot 

fungii  is presented. The results of the biocatalytic conversions are compared to 

ruthenium(II)-aminoo alcohol and iridium(I)-aminosulfide catalyzed asymmetric 

transferr hydrogenation for the reduction of prochiral (aryl and dialkyl) ketones. In 

addition,, novel results regarding the asymmetric transfer hydrogenation of a,P-

unsaturatedd ketones are presented (cooperation with D.G.I. Petra, see Ph.D thesis 

UvA,, 1999), showing that the biocatalytic system and the metal based catalysts can be 

usedd in a complementary way for the synthesis of a variety of functionalized 

enantiomericallyy pure alcohols. 
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Resultss and discussion 

Firstt a screening of ketone reductase activity of different basidiomycete strains was 

performed.. Since acetophenone (la) is generally used as model substrate, and both 1-

(3'-chloro-4'-methoxyphenyl)-l-propanonee (2a) and l-(3',5'-dichloro-4'-

methoxyphenyl)-l-propanonee (3a) are natural-like metabolites of white-rot fungi 

(Swartss et al. 1998), these ketones were used as potential substrates (figure 4.2). 

MeO O 

2aa R 

3aa R 

2a a 
3a a 

== H 

== C1 

2b b 
3b b 

2bb R = 

3bb R = 

H H 

CI I 

Figuree 4.2 

Thee ketones were added as a concentrated solution in acetone to whole cell cultures 

andd the incubation was carried out for 72 h at 28°C. The reactions were monitored by 

periodicallyy taking samples and subsequent analysis by HPLC, GC and/or H NMR. 

Alll  reactions were performed on an analytical scale. Eight different basidiomycete 

strains,, which are reported in the experimental section, were screened for reductive 

activityy (results not shown). The white-rot fungus Merulius tremellosus reduced the 

ketoness with the highest reductive activity. Subsequently, 6 different M. tremellosus 

strainss were screened on the same substrates for both reductive activity and 

enantioselectivityy (table 4.1). The ketones la, 2a and 3a were enantioselectivily 

reducedd by all strains. Total recovery and specific yield are decreasing after 72 hours 
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off  incubation. Presumably, the ketones and alcohols are being metabolized by the 

ligninolyticc system of the fungus. All three ketones yielded the corresponding (S)-

alcoholss with an ee > 95%. 

Forr determining the absolute configuration of the products, the resulting alcohols 

weree compared to independently synthesized enantiomerically enriched samples 

obtainedd via reduction of ketones 2a, 3a and 5 using Corey's oxazaborolidine 

approachh (vide infra and experimental section) (Corey et al. 1987; Corey and Helal, 

1998). . 

Microbiall  reduction of acetophenone (la) has been described for the yeast 

GeotrichumGeotrichum candidum. Under standard conditions (i?)-l-phenylethanol was obtained 

inn 52% yield with 28% ee. Remarkably, changing culture conditions and cultivation 

underr argon yielded 98% of the opposite enantiomer (5)-l-phenylethanol with 95% ee 

(Nakamuraa et al. 1996). To the best of our knowledge microbial reduction of ketones 

2aa and 3a has never been reported before. In addition, the enantioselective reduction 

off  acetophenone and chlorinated aryl ketones by white-rot fungi is a novel 

observation. . 

M.M. tremellosus ono991, isolated in the Wageningen laboratory, was used in further 

experimentss because it is the fastest growing strain and one of the best reducers of the 

differentt ketones. 

Thee performance of M. tremellosus ono991 was compared to the asymmetric transfer 

hydrogenationn using a ruthenium(II) catalyst with an amino alcohol ligand and an 

iridium(I)) catalyst with amino sulfide ligands, developed at the Amsterdam 

laboratoriess (Petra, PhD thesis UvA, 1999). Both the biocatalytic and the transfer 

hydrogenationn systems were tested for the enantioselective reduction of various a-

aryl,, dialkyl, a, P-unsaturated and chloro-substituted functionalized ketones. Transfer 

hydrogenationn experiments were carried out using 2-propanol as a hydrogen donor, a 

solutionn of ketone (0.1 M in dry 2-propanol), the catalyst precursor (i.e. [RuChtp-

cymene)]22 or [IrCl(COD)2, (0.5 mol%)], the chiral ligand (1 moI%), A for ruthenium 

andd B for iridium, and /BuOK (2.5 mol%) which were stirred at room temperature 

underr argon. Conversions and enantioselectivities were monitored during the reaction 

byy GC, HPLC and/or 'H NMR. 
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Enantioselectivee reduction of aryl ketones 

Thee results of the biocatalyzed and metal catalyzed reductions of aryl ketones (figure 

4.3)) are shown in table 4.2. 

Figuree 4.3 

Thee corresponding alcohols were obtained with enantioselectivities up to 98%. The 

choicee of substrate did not strongly affect the outcome of the reactions. In most cases, 

thee use of the ruthenium catalyst gave rise to a higher selectivity than the use of the 

iridiumm catalyst. In general it can be concluded that both the fungus and the metal 

basedbased catalysts are suitable systems for aryl ketone reduction. Using M. tremellosus as 

aa catalyst, the (5)-enantiomers of the alcohols were obtained, whereas the metal based 

catalystss containing the ligands with a (lR,2S)-configuration afforded the (R)-

enantiomers.. Using the opposite ligand configuration would aso result in the (S)-

productt configuration. 
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Tablee 4.2: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of aryl 

ketones s 

M.M. tremellosus Ruthenium3 Iridium b 

etone e 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

Prod,, yield (%) 

61 1 

53 3 

88 8 

n.d. . 

49 9 

n.d. . 

56 6 

51 1 

63 3 

68 8 

34 4 

Eee (%) 

95(5) ) 

96(5) ) 

97(5) ) 

n.d. . 

98(5) ) 

n.d. . 

98(5) ) 

90 0 

rac. . 

95 5 

92 2 

Conv.(%)) [2h] 

91 1 

n.d. . 

n.d. . 

98 8 

n.d. . 

96 6 

68 8 

96 6 

94 4 

68 8 

n.d. . 

Eee (%) 

95(R) 95(R) 

n.d. . 

n.d. . 

90(/?) ) 

n.d. . 

866 (R) 

933 (R) 

966 (R) 

933 (*) 

966 (/?) 

n.d. . 

Conv.(%)) [lh] 

82 2 

n.d. . 

n.d. . 

95 5 

n.d. . 

99 9 

52 2 

99 9 

97 7 

39 9 

n.d. . 

Eee (%) 

80(A) ) 

n.d. . 

n.d. . 

922 (R) 

n.d. . 

777 (R) 

888 (/?) 

97(A) ) 

87(A) ) 

37(A) ) 

n.d. . 

Forr results of transfer hydrogenation see also D.G.I. Petra, PhD Thesis, University of Amsterdam, 1999 
'Dataa have been obtained from Petra et al. 1999 
bDataa have been obtained from Petra et al. 2000 

Enantioselectivee reduction of dialkyl ketones 

Twoo different biocatalytic approaches are described to produce enantiopure alcohols 

fromm dialkyl ketones: Oxidoreductase catalyzed reductions and whole cell 

conversions.. The NADH-dependent carbonyl reductase from the yeast Candida 

parapsilosisparapsilosis reduced 2-octanone to (5)-2-octanol with high enantioselectivity (ee 

>99.5%)) (Aldercreutz, 1991). The NADH could be regenerated by formate 

dehydrogenasee from Candida bodinii. Whole cell systems of the acetic acid bacteria 

GluconobacterGluconobacter oxydans, Acetobacter aceti, Acetobacterpasteurianus and Acetobacter 

peroxydansperoxydans were capable to reduce a series of dialkyl ketones (Liese et al. 1998). 

Correspondingg alcohols were produced with an optical purity varying from 11 % up to 

99%% ee. Several yeasts have been employed for the reduction of different dialkyl 

ketones.. Both of the enantiomers of the alcohols could be obtained (up to 99% ee) by 

choosingg the suitable yeast (Molinari et al. 1999). 

Inn general, metal catalyzed reduction of dialkyl ketones gives rise to low 

enantioselectivity.. A few exceptions have been described in literature. Using an 

oxazolinylferrocenylphosphinee (Nishibayashi et al. 1999) or a combination of Ru(II) 
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I T ^ C H 33 R ^ C H 3 

12aa R= n-butyl 12b R= n-butyl 

13aa R= iso-butyl 13b R= iso-butyl 

14aa R= sec-butyl 14b R= sec-butyl 

15aa R= cyclohexyl 15b R= cyclohexyl 

Figuree 4.4 

andd a phosphinooxazoline (Langer and Helmchen, 1996), cyclohexyl methyl ketone 

couldd be reduced yielding enantioselectivities of up to 66%. 

Recently,, enantioselectivities of up to 92% were obtained in the reduction of tert-

butyll  methyl ketone, using an in situ generated Rh-PennPhos catalyst (Jiang et al. 

1997).. The results of the reduction of dialkyl ketones 12a-15a (figure 4.4) are shown 

inn table 4.3. 

Tablee 4.3: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of dialkyl 
ketones s 

Ketone e 

12 2 

13 3 

14 4 

15 5 

M.M. tremellosus 

Conv.. (%) 

50 0 

n.d. . 

35 5 

--

Eee (%) 

n.d.a a 

--
n.d.a a 

--

Ruthenium m 

Conv.(%)) [3h] 

65 5 

25 5 

n.d. . 

58 8 

Eee (%) 

25 5 

33 3 

n.d. . 

23 3 

Iridiu m m 

Conv.(%)) [3h] 

41 1 

12 2 

n.d. . 

58 8 

Eee (%) 

14 4 

9 9 

n.d. . 

33 3 

aDuee to technical problems, the enantioselectivies of these reductions could not be determined so far. 
Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, 1999 

M.M. tremellosus converted respectively 50% and 35% of ketones 12a and 14a into the 

correspondingg alcohols. For technical reasons, the enantioselectivity of the products 

couldd not be measured. The fungus was not able to reduce the cyclohexyl methyl 

ketone. . 
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Onlyy relatively low enantioselectivities were obtained both by using the ruthenium 

andd iridium catalyzed transfer hydrogenation of dialkyl ketones 12a-15a. 

Apparently,, both the fungal system and the metal based catalysts are not the catalysts 

off  choice for the reduction of di-alkyl ketones. 

Enn an tioselective reduction of cc,p-unsaturated olefinic and acetylenic ketones 

Feww examples describe the microbial reduction of a,(3-unsaturated and acetylenic 

ketoness such as substrate 16-18 (figure 4.5).(E)-4-phenyl-3-buten-2-one could 

successfullyy be reduced to its corresponding alcohol 16a, with enantioselectivities up 

too 94%, using a crude extract of the yeast Saccharomyces cerevisiae (Anorne et al. 

1998)) (Z)-3-fluoro-4-phenyl-l-(p-tolylsulphonyl)but-3-en-2-one, an a,P-unsaturated 

ketonee with a fluoro substituted double bond could be reduced to the corresponding 

unsaturatedd (5)-alcohol using the yeast Geotrichum candidum (98% ee) or the 

oppositee enantiomer using the white-rot fungus Phanerochaete chrysosporium (95% 

ee)) (Bernardi et al. 1990). Acetylenic derivatives containing nonterminal triple bonds 

inn combination with one substituent being an aromatic moiety are known for their 

antimicrobiall  and especially fungistatic effects (Reisch et al. 1967). Therefore, 

acetylenicc compounds such as 18 may be poor substrates for fungal reduction using 

wholee cell cultures. In contrast, an isolated alcohol dehydrogenase from the bacterium 

ThermoanaerobiumThermoanaerobium brockii produced the (JS)- enantiomer of 3-butyn-2-ol from its 

correspondingg ketone (De Amici et al. 1989). 

166 I? 18 

Figuree 4.5 

61 1 



ChapterChapter 4 

Duee to both the conformational flexibility  of the substrates and the sensitivity to basic 

conditions,, also the chemical enantioselective reduction of simple et, P-unsaturated 

ketoness has remained difficult. On using a RuCl2(xylbinap)(l,2-diamine) catalyst, 

enantioselectivitiess of over 90% were recently obtained by Noyori and coworkers in 

thee asymmetric hydrogenation of a, p-unsaturated ketones (Ohkuma et al. 1998). 

Reactionn times around 15 hours or more and a hydrogen pressure of 8-10 atmosphere 

weree needed to obtain these high yields. 

Chirall  propargylic alcohols are useful building blocks for the synthesis of various 

structurallyy diverse organic compounds, with interesting biological activities 

(Ohkumaa et al. 1998). A straightforward approach to chemically synthesize these 

chirall  compounds would be asymmetric hydrogenation. However, so far none of the 

currentlyy available catalyst systems could both chemo- and enantioselectively reduce 

a,p-acetylenicc ketones into their corresponding alcohols. The first asymmetric 

transferr hydrogenation of acetylenic ketones was described by Noyori and coworkers 

(Matsamuraa et al. 1997). On using chiral Ru(II) catalysts and 2-propanol as the 

hydrogenn donor, structurally diverse acetylenic ketones were reduced highly 

selectivelyy to their corresponding propargylic alcohols with enantiomeric excesses of 

overr 95%. Using this method, the OC bond was left intact (Matsamura et al. 1997). 

Thiss class of compounds has also been prepared by reductive cleavage of chiral 

acetylenicc acetals, reduction of acetylenic ketones by metal hydrides, enantioselective 

alkynylationn of aldehydes and enzymatic transformations and hydroboration of a,p-

ynones. . 

Thee white-rot fungus M. remellosus ono991 was not able to convert compound 16 to 

thee desired corresponding unsaturated alcohol 16a. Unexpectedly, a mixture of the 

saturatedd ketone 16b (55 mole %) and the hydroxy-substituted ketone 16c (45 mole 

%)) was, obtained, as revealed by 'H/13C NMR analysis of the crude reaction mixture 

(figuree 4.6). The remarkable formation of the Michael-adduct 16c was shown to be 

thee result of a bio-mediated conversion, since this product could not be detected in 

abioticc control experiments, where no (or autoclaved) fungal cells were present. In 

contrastt to reduction with the yeast S. cerevisiae, fungal reduction did not result in 

formationn of alcohol 16a. 

Reductionn of the acetylenic ketone 18 did not result in the formation of the desired 

productt alcohol either. In none of the products the triple bond was left intact. 
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OO OH O OH O OH 

OT^ -- r r ^ * O ^ * O ^ * 0 ^ 
^ * // ^ / <5%  ^*% / 55% ^ 5 / 45% ^ * ^  <5% 

166 16a 16b 16c 16d 

Figuree 4.6 

AA complex mixture of compounds was found containing different ketones, and 

differentt alcohols, including the completely saturated alcohol 16d. Evidently, the 

fungall  system cannot be used for the synthesis of enatiomerically pure unsaturated 

alcohols.. However, the remarkable bio-mediated Michael-type addition of H2O to the 

a,(3-unsaturatedd system merits further investigation. 

Petraa et al. showed that both the ruthenium(II) and iridium(I) catalysts successfully 

reducedd the a,P-unsaturated ketones 16 and 17, which are relatively insensitive to 

basicc conditions, into the corresponding unsaturated alcohols (table 4.4) (Petra 1999). 

Thee reductions also proved to be fully chemoselective towards the C=0 bond. The 

reductionn of 16 yielded enantioselectivities of up to 35%. Conversion of the more 

rigidrigid substrate 17 gave rise to enantioselectivities of up to 71%. 

Tablee 4.4: Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of a,3-
unsaturatedd and acetylenic ketones 

M.M. tremellosus Ruthenium Iridiu m 

Ketonee Product yield (%) Ee (%) Conv. (%) Ee (%) Conv. (%) Ee (%) 

166 <5 n.d. 79 (5h) 35 (R) 40 (5h) 25 (R) 

177 n.d. n.d. 78 (16h) 42 (R) 98 (16h) 71(A) 

188 - - 74(16h) 98(5) 63 (16h) 90(5) 

Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, UvA, 1999 

Usingg the metal catalysts, also the acetylenic ketone 18 could successfully be reduced 

too form the desired acetylenic alcohol. The highest enantioselectivity was obtained by 

usingg the ruthenium(II) amino alcohol catalyst, resulting in an ee of 98%. 
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Thee iridium(I) catalyzed reduced the acetylenic ketone with an enantiomeric excess of 

90%.. In contrast to the fungal system, both metal catalyzed reductions proved to be 

fullyy chemoselective towards the reduction of the O O bond, making the metal based 

approachh the method of choice for the synthesis of this type of unsaturated chiral 

alcohols. . 

Enantioselectivee reduction of functionalized ketones 

Asymmetricc reduction of substrates such as 2-chloroacetophenone (19) and 3-

chloropropiophenonee (20) leads to products that may be converted to valuable 

syntheticc intermediates such as chiral epoxides. Biocatalytic enantioselective 

reductionss of these compounds have been described before. Substrate 19 was 

enantioselectivelyy reduced to the corresponding (5)-alcohol (99% ee) using acetone 

powderr of the yeast G. candidum as catalyst and NAD+ as cosubstrate (Nakamura and 

Matsuda,, 1998). Enantioselective reduction of compound 20 using different yeasts 

resultedd in the corresponding (S)-alcohol and the corresponding (7?)-alcohol with 

respectivelyy 99.9% and 68% ee (Ito and Kobayashi, 1996). (^)-2-chloro-l-

phenylethanoll  could be synthesized chemically with high ee (95%) on using a 

polymerr supported version of Noyori's TsDPEN with formic acid / triethylamine as a 

hydrogenn donor (TsDPEN = N-(/?-tolylsulfonyl)-l,2-diphenyl-ethylenediamine) 

(Baystonn et al. 1998). A drawback of this system is that generally reaction times of 15 

hourss or more are required in order to obtain high yields. 

Tablee 4.5 Alcohol production from biocatalyzed and metal catalyzed asymmetric reduction of 
functionalizedd ketones 

M.M. tremellosus Ruthenium Iridiu m 

Ketonee Conv. (%) Ee (%) Conv. (%) Ee (%) Conv.(%) Ee (%) 

Ï99 95 88 - - - ^~~ 

200 30 82 - - -

Resultss of transfer hydrogenation have been obtained from D.G.I. Petra, PhD Thesis, UvA, 1999 
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M.M. tremellosus was able to stereoselectivity reduce both chloro-substituted ketones 19 

andd 20 to their corresponding alcohols 19b and 20b (table 4.5). The chloro-substituted 

alcoholl  19b was obtained with an ee of 88%. Dechlorination of ketone 19 resulted in 

thee formation of acetophenone 19c (=la) as a side-product (5 mole %). Reduction of 

compoundd 20 yielded the dechlorinated alcohol 20c as the main product (60 mole %). 

30%% of the ketone was converted to the corresponding chloro-substituted alcohol 20b, 

obtainedd with an ee of 82%. Also the dechlorinated ketone 20d (=4) was produced as 

aa side-product (5%) (figure 4.7). 

oo OH o 

199 19b 19c 

Figuree 4.7 

Dehalogenationn by white-rot fungi has been described before. The white-rot fungus 

PhanerochaetePhanerochaete chrysosporium is capable of reductive dechlorination of chlorinated 

hydroquinoness (Reddy et al. 1998). Also dehalogenation by whole cells of bacteria 

hass been reported (Castro et al. 1985). 

Neitherr ruthenium(II) nor iridium(I) catalyzed reduction of substrates 19 and 20 

resultedd in formation of the corresponding product alcohol, which might be caused by 

catalystt deactivation as a result of oxidative addition of the alkyl chlorides. 

Thee promising results obtained with the fungal systems merits further investigating 

towardss the optimization of the whole cell bioconversion approach for the synthesis of 

thiss type of substituted chiral alcohols. 
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Generall  conclusion 

Fromm the results obtained by this study it can be concluded that both the biocatalytic 

andd the metal catalyzed system are able to selectively reduce a broad spectrum of 

prochirall  ketones resulting in complementary product configuration. The a-aryl 

ketoness are reduced by both systems, yielding the (S)-isomer on using the biocatalyst 

andd the (7?)-isomer on using the metal catalysts. 

Thee biocatalyst appeared to be the most suitable for enantioselective reduction of the 

chloro-substitutedd ketones. The fungus reduced the ct,(3-unsaturated ketones, although 

thee desired unsaturated alcohols could not be obtained. Dialkyl ketones are also part 

off  the substrate spectrum. The selectivity of these conversions is unknown so far. 

Inn contrast, metal catalyzed transfer hydrogenation could not be used for the reduction 

off  chloro-substituted ketones, whereas dialkyl ketones were substrates although the 

conversionn proceeded with low stereoselectivity. However, both the iridium and 

rutheniumm catalysts reduced cx,p-unsaturated systems with moderate to high 

enantioselectivity,, especially the acetylenic alcohol 18a could be obtained with an 

enantiomericc excess of 98%. Also, the reactions proceeded with full chemoselectivity 

towardss the C=0 bond. 

Forr the biocatalyst it can be concluded that the ketone reductase from M. tremeilosus 

ono9911 has a broad substrate specificity. For commercial application of the white-rot 

funguss as biocatalyst in ketone reductions, production yields must be increased. At the 

moment,, experiments for enhancement of the reductive activity and characterization 

andd purification of the ketone reductase from M. tremeilosus are in progress. Also, the 

remarkablee bio-mediated Michael addition of water to the double bond of the a,[3-

unsaturatedd system merits further investigation 

Thee developed metal-catalysts also exhibit a wide scope since they were able to 

producee a variety of functionalized alcohols with moderate to high 

enantioselectivities.. However, to realize the demand of the chemical industries, it is 

desirablee to improve enantioselectivities in most cases. 
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Experimentall  section 

General General 

HPLCC was performed on a Hewlett Packard HPLC Chemstation (Pascal Series) 

(Waldbronn,, Germany) equipped with a HP 1100 pumping station, series diode array, 

aa HP 1100 detector and HP 1100 data processor. The column (200 mm x 3 mm) used 

forr analysis of ketones and alcohols was filled with ChromSpher C18-PAH (5|am 

particles)) and was obtained from Chrompack (Middelburg, The Netherlands). Ketones 

andd alcohols were analyzed with the following gradient: 90:10, 0:100 and 90:10 

water:acetonitrilee at 0, 15 and 25 minutes, respectively. The flow rate was 0.4 ml min" 
11 and the column temperature 30°C. The UV absorbance was monitored at 

wavelengthss of 215, 265 and 280 nm. The column (460mm x 150 mm) used for 

analysiss of aryl acids was filled with Intersil ODS-3 (5fim particles) and was obtained 

fromm Phase Sep (Deeside, UK). Product yields are defined as the amount of produced 

alcoholl  per amount of converted ketone. 

Enantiomerr analysis of chiral alcohols was performed with a chiralcel OB-H column 

(460mmm x 150mm), filled with a cellulose derivate costed on 5 ^m silica-gel from 

Mallinckrodtt Baker BV (Deventer, NL). All chiral alcohols were analyzed under 

isocraticc conditions with 90% hexane and 10% 2-propanol (0.5 ml min"1, 30 °C). 

Compoundd identifications were based on matching retention times and UV spectra 

withh those of standards. ]H/13C NMR spectra were recorded on a Brooker avance 600 

MHzz NMRspectrometer. 

Metal-catalyzedd reactions were run under an atmosphere of argon in flame dried 

Schlenkk flasks, using anhydrous solvents. Propan-2-ol was freshly distilled from CaH2 

priorr to use.'H NMR spectra were recorded on a Bruker AHX 300 spectrometer. 

Chemicall  shifts are in ppm relative to TMS as internal standard. Gas chromatography 

wass performed using a Carlo Erba GC 6000 Vega 2 instrument, 25m column: 

Cyclosil-BB and Chiraldex-GTA (chiral, dialkylalcohols) and a Carlo Erba HRGC 

Megaa 2 instrument, 25m column: BPX35 SGE (achiral). HPLC chromatography was 

performedd using a Gilson HPLC apparatus and a Chiracel OD column. 
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OrganismsOrganisms and culture conditions 

Strainss were obtained from different culture collections: Centraalbureau voor 

Schimmelcultures,, Baarn, The Netherlands; American Type Culture Collection, 

Rockville,, Maryland USSA; Culture Collection of Industrial Microbiology 

Wageningen,, Wageningen University and Research Centre, The Netherlands; 

MeruliusMerulius tremellosus strain K124i, K152 and K152i were kindly supplied by prof. A. 

Hatakka,, University of Helsinki, Finland. Fungal strains were maintained at 4°C on 

agarr slants. The agar medium contained (l1) 20 g glucose, 5 g mycological peptone 

(Oxoidd Ltd., Basingstoke, Hampshire, UK), 2 g yeast extract (Gibco BRL, Life 

Technol.. Ltd., Paisley, Scotland, UK), lg KH2P04, 0.5 g MgS04-7H20, 15 g agar. 

Fungall  strains were grown in a high-nitrogen peptone medium containing (l'1) 20 g 

glucose,, 5 g mycological peptone, 2 g yeast extract, 1 g KH2P04, 0.5 g MgS04H20, 

withh the addition of 0.058 g NaCl (Kimura et al. 1990). 

Serumm bottles (100 ml), containing 10 ml medium, were inoculated with a cylindrical 

agarr plug (diameter 4mm), which was taken from the outer periphery of an agar 

mediumm plate covered with the mycelium of the fungal strain. Fungal cultures were 

incubatedd statically in the dark with loosely capped bottles. For experiments with 

functionalizedd ketones the batches were nitrogen flushed directly after incubation, 

sincee parallel experiments (results not shown) showed an increased yield for this 

reductionn when perforomed under anaerobic conditions. Control cultures containing 

noo addition of ketones and were incubated and treated like ketone-containing cultures 

too monitor for de novo production of metabolites. Sterile abiotic controls in presence 

off  ketones were also monitored to check for chemical reduction of ketones. Unless 

indicatedd otherwise, the experiments were carried out in triplicate. 

ScreeningScreening for ketone reduction 

Thee white-rot fungi Merulius tremellosus, Bjerkandera BOS55, Trametes hirsuta, 

PhanerochaetePhanerochaete chrysosporium, Dichomitus squalenes, Trametes versicolor, Phlebia 

brevispora,brevispora, Stereum hirsutum were used for the first screening. The second screening 

wass performed by using several strains of the species Merulius tremellosus (reported 

inn table 4.1). Culture bottles of 100 ml, containing 10 ml high-nitrogen peptone 

mediumm were inoculated with a cylindrical agar plug (diameter 4 mm). Cultures were 

incubatedd in the dark at 25°C. To 4-day-old cultures, 1 mM ketone was added as a 

concentratedd solution in acetone, to a concentration of 1 mM to the culture. The final 
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concentrationn of acetone was 0.5% v/v which was not toxic when added to mycelium 

(Fieldd et al. 1995). Samples of 150 ul extracellular fluid were taken periodically and 

weree centrifuged and analyzed by HPLC and 'H NMR. Ee ratio's were analyzed by 

HPLC,, using a chiral column. 

StartingStarting Materials 

Commerciallyy available were ketones la, 4-11,12a-14a, 16-20 (Aldrich Chemie), 

15aa (Avocado Research Chemicals LTD.) and their corresponding alcohols (Aldrich 

Chemie).. l-(3'-chloro-4'-methoxyphenyl)-l-propanone(2a) and l-(3',5'-dichloro-4'-

methoxyphenyi)-l-propanonee (3a) were prepared as described (Swarts et al. 1998). 

Thee enantiopure corresponding product alcohols of ketones 2a, 3 a and 5, used as 

referencee compounds, were obtained by enantioselective borane reduction. From 

resultss described by Corey et al. (1987, 1998), it can be concluded that asymmetric 

reductionn of acetophenone and a range of other arylketones, using BH3*THF and (R)-

2-Me-CBS-oxazaborolidine,, affords the corresponding (iS)-alcohol with high yields 

andd selectivity. 

Byy reducing the ketones according to this method, using BH3*THF and (i?)-2-Me-

CBS-oxazaborolidinee we obtained product alcohols with high ee (> 94%) which were, 

consideringg the above, most likely the ($-enantiomers. Data of chiral HPLC analysis 

(Rt'ss on Chiracel OB-H, hexane:2-propanol = 90:10) are; Compound 2b: (/?)-isomer 

10.44 min, (5)-isomer 11.9 min; Compound 3b: (7?)-isomer 10.7 min, (5)-isomer 12.1 

min;; and (/?)-isomer 14.3 min, (iS)-isomer 16.1 min for the corresponding product 

alcoholl  of compound 5. 

4-phenyl-4-hydroxy4-phenyl-4-hydroxy butanone (16c) 

Characteristicc NMR data (recorded on a Brooker avance 600 MHz 

NMRspectrometer):: *H NMR (8 CDC13) in ppm: CH, 5.09; CH3 2.13; CH2 2.80. 13C 

NMRR (5 CDC13) in ppmCH 70.4; CH2 52.5; C O 207; CH3 31 

Ruthenium(II)Ruthenium(II) catalyzed enantioselective reduction of ketones 

AA solution of (^-cymene)-ruthenium(II) chloride dimer (0.0125 mmol) and amino 

alcoholl  ligand 1 (0.030 mmol) in dry propan-2-ol (5 ml) was heated at 80 °C for lh 

underr argon. After cooling the mixture to room temperature, it was diluted with 

propan-2-oII  (44.25 ml) and the ketone (5 mmol) and /BuOK (0.75 ml, 0.1M in 
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propan-2-ol,, 0.075 mmol) were added. The reaction was run at room temperature 

underr argon for the time indicated and monitored by GC, NMR and/or HPLC. 

Iridium(I)Iridium(I)  catalyzed enantioselective reduction of ketones using 2-propanol as a 

hydrogenhydrogen donor 

AA solution of [IrCl(COD)]2 (0.01 mmol, 6.7 mg) and the amino sulfide ligand (A or 

B)) (0.05 mmol) in dry propan-2-ol (5 ml) was heated at 80 °C for 30 min under argon. 

Afterr cooling the mixture to room temperature, it was diluted with propan-2-ol (33.75 

ml)) and the ketone (4 mmol) and /BuOK (1.25 ml, 0.1M in propan-2-ol, 0.125 mmol) 

weree added. The reaction was run at room temperature under argon for the time 

indicatedd and monitored by GC, NMR and/or HPLC. 
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Abstract t 

AA recently isolated white-rot fungal strain, Merulius tremellosus ono991 displays high 

stereoselectivityy during the reduction of aryl ketones. In order to increase the 

productivityy and specific yield of the optically active alcohols, the culture conditions 

forr the reduction of the model ketone compound l'-acetonaphtone to a-methyl-1-

naphtalenemethanoll  were optimized in this study with respect to oxygen supply, 

choicee of primary substrate and aryl ketone concentration. Alternative electron 

acceptorss were also used to elucidate the role of reduction equivalents in the reduction 

process.. The optimal yields of ct-methyl-1-naphtalenemethanol were obtained in N2-

flushedd incubations with glycerol as primary substrate. The specific yield was 

increasedd from 57% to 98% compared to incubations under air with glucose. Most of 

thee yield increase was due to N2-flushing and could be attributed to two factors. First 

ann increased stability of the product, a-methyl-1 -naphtalenemethanol, in anaerobic 

comparedd to aerobic atmosphere was demonstrated. Second fermentative metabolism 

increasedd reduced enzyme cofactors available for the reduction. Diverting reducing 

equivalentss away from fermentation with alternative electron acceptors correlated 

withh a decreased yield of a-methyl-1-naphtalenemethanol. Furthermore the 

dependencyy of ketone reductase for common occurring metabolic reducing 

equivalents,, NAD(P)H, was demonstrated by the reduction of r-acetonaphlone in cell 

extractss of M. tremellosus ono991. 
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Introductio n n 

Thee enantioselective synthesis of optically active secondary aryl alcohols, which form 

ann important class of intermediates for fine chemicals and pharmaceuticals, has been 

studiedd extensively (Noyori, 1994; Ojima, 1994, Simon et al. 1985). As conventional 

systemss mostly involve hazardous reagents and, starting from racemic mixtures, form 

50%% of the undesired enantiomer, alternative production routes are required. 

Reduction,, starting from prochiral arylketones is a far more efficient method for the 

synthesiss of chiral alcohols. The use of a biocatalytic system, employing either whole 

cellss or isolated enzymes, has emerged as an efficient and environmentally friendly 

tooll  due to high selectivity and mild reaction conditions. 

White-rott fungi proved to have outstanding reductive enzymes for biocatalytic 

productionn of aryl aldehydes and alcohols from their corresponding carboxylic acids 

(Hagee et al. 1999). Recently, we also studied the biocatalytic properties of white-rot 

fungii  in enantioselective reduction of abroad spectrum of ketones (Hage et al. chapter 

4).. Bernardi et al. (1990) described the enantioselective reduction of substituted fluoro 

butenoll  by the white-rot fungus Phanerochaete chrysosporium to its corresponding 

(R)(R) alcohol (95% ee). The question why white-rot fungi reduce aryl ketones remains 

too be answered. White-rot fungi are lignin degrading basidiomycetes. During lignin 

degradation,, compounds containing ketonic structures are released (Kirk and Farrell 

1987).. Ketone reduction during lignin degradation has been suggested (Schoemaker 

1990).. Katayama et al. (1986) reported the stereoselective reduction of an a-ketone 

derivativee of guaiacylglycerol-p-vanillin ether, a lignin substructure model, by the 

funguss Fusarium soleni M-13-1. Enoki and Gold (1982) have suggested that 

ligninolyticc cultures of P. chrysosporium first reduced the ketone 2-hydroxy-l-(4'-

methoxyphenyl)-l-oxoethanee to the corresponding glycol, and subsequently oxidized 

itt to a substituted benzaldehyde. Presumably ketone reductases are necessary to 

enablee continued lignin degradation. 

Furthermore,, ketones can be produced by white-rot fungi as a side product of the de 

novonovo synthesis of secondary metabolites. The aryl ketone acetophenone is generated 

ass a side product of the biosynthetic pathway of L-phenylalanine to aryl metabolites 

(Lapadatescuu et al, 2000). Toxic effects of ketones like acetophenone on the 

metabolismm of white-rot fungi have been reported (Hage et al. 2001). Additionally, it 

wass shown that the corresponding reduced derivatives are less toxic to the fungi. 
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Therefore,, detoxification of ketone containing compounds is also a plausible role for 

ketonee reductases present in white-rot fungi. Up to now, no ketone reductases have 

beenn purified from white-rot fungi. 

Inn our previous study several white-rot fungi were screened for the enantioselective 

reductionn of prochiral ketones for the production of chiral alcohols (Hage et a/.chapter 

4).. Thereby, the strain Merulius tremellosus ono991 performed the best and was able 

too selectively reduce a wide variety of ketones such as a-aryl, dialkyl and chloro-

substitutedd functionalised ketones with high enantioselectivities (up to 98%). 

However,, yields still need to be increased to permit the commercial application of this 

biocatalyticc reduction for the production of optically active compounds. Also the 

processs needs to be understood more thoroughly. 

Inn this study, ketone reduction by white-rot fungi was further explored and the yield 

wass optimized. The strain Merulius tremellosus ono991 was used as model organism 

forr its broad substrate spectrum, high selectivity and because it was isolated in our 

ownn laboratory. The prochiral ketone 1 '-acetonaphtone was used as a model substrate, 

sincee it is fast and selectively reduced by M. tremellosus ono991 and both the 

substratee and the product (a-methyl-2-naphtalenemethanol) are commercially 

available. . 

Reductionn efficiency under a nitrogen atmosphere was compared with that under an 

airr atmosphere. Furthermore alternative electron acceptors were added to elucidate the 

rolee of diverting reduction equivalents from enzymatic reduction of the ketone. 

Ethanoll  production was quantified as an indicator of fermentative metabolism. 

Severall  different primary substrates providing carbon and energy were compared. A 

concentrationn range of the target compound, 1'-acetonaphtone was determined. 

Reductionn of l'-acetonaphtone by cell extract of M tremellosus ono991 was also 

evaluated. . 
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Materiall  and Methods 

OrganismsOrganisms and culture conditions 

Thee fungal strain Merulius tremellosus ono991 was obtained from the Culture 

Collectionn of Industrial Microbiology Wageningen, Wageningen University and 

Researchh Center, The Netherlands, and was maintained at 4°C on agar slants. The 

agarr medium contained (l~l) 20 g glucose, 5 g mycological peptone (Oxoid Ltd., 

Basingstoke,, Hampshire, UK), 2 g yeast extract (Gibco BRL, Life Technol. Ltd., 

Paisley,, Scotland, UK), lg KH2P04, 0.5 g MgS04-7H20, 15 g agar. The fungal strain 

wass grown in a high-nitrogen peptone medium according to Kimura et al. (1990), 

containingg (l"1) 20 g glucose, 5 g mycological peptone, 2 g yeast extract, 1 g KH2P04, 

0.55 g MgS04H20, with the addition of 0.058 g NaCl. 

Serumm bottles (100 ml), containing 10 ml medium, were inoculated with a cylindrical 

agarr plug (diameter 4mm), which was taken from the outer periphery of an agar 

mediumm plate covered with the mycelium of the fungal strain. Fungal cultures were 

incubatedd statically in the dark with loosely capped bottles. Control cultures 

containingg no addition of l'-acetonaphtone and were incubated and treated like 

ketone-containingg cultures to monitor for de novo production of metabolites. Sterile 

abioticc controls in presence of l'-acetonaphtone were also monitored to check for 

chemicall  reduction of the ketone. The product yield is defined as the amount of 

producedd alcohol in relation to converted ketone. Conversion is defined as the amount 

off  produced alcohol in relation to ketone added. Unless indicated otherwise, the 

experimentss were carried out in triplicate. 

ReductionReduction of 1 '-acetonaphtone under nitrogen atmosphere 

Too 4-day-old cultures, 1 mM l'-acetonaphtone was added as a concentrated solution 

inn acetone, to a concentration of 1 mM to the culture. The final concentration of 

acetonee in cultures was 0.5% v/v which was shown to be not toxic to the mycelium of 

white-rott fungi (Field et al. 1995b). Immediately after addition of the ketone, the 

culturee medium and headspace were flushed with nitrogen (N2) for 20 minutes. 

Controll  batches were flushed with air. The closed bottles were incubated in the dark at 

30°C.. Reduction of l'-acetonaphtone to a-methyl-1-naphtalenemethanol was 

followedd in time. Samples of 150 \i\ extracellular fluid were centrifuged and analyzed 

byy HPLC. 
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DeterminationDetermination of the product stability under nitrogen and air 

11 mM a-methyl-1-naphtalenemethanol was added to 4-day-old cultures as described 

abovee for l'-acetonaphtone. Also these cultures were flushed with nitrogen for 20 

minutes.. Control batches were flushed with air. The closed bottles were incubated in 

thee dark at 30°C. Oxidation of a-methyl-1-naphtalenemethanol to its corresponding 

ketonee was followed in time. Samples of 150 ul extracellular fluid were centrifuged 

andd analyzed by HPLC. 

EthanolEthanol production by Merulius tremellosus ono991 

Ethanoll  production was followed in time in cultures supplemented with 1 mM l ' -

acetonaphtonee and flushed with nitrogen. Control batches were flushed with air. The 

closedd bottles were incubated in the dark at 30°C. Samples of 150 u.1 extracellular 

fluidd were taken and analyzed by GC. 

InfluenceInfluence of alternative electron acceptors on ethanol production 

Too 4-day-old cultures, incubated with 1 mM 1 '-acetonaphtone, either fumaric acid, 

Na2SC»4,, NaN03 or anthraquinone-2,6-disulfonate (AQDS) were added as alternative 

electronn acceptor to a concentration of 5mM. Immediately after incubation the culture 

mediumm and headspace were flushed with nitrogen. The closed bottles were incubated 

inn the dark at 30°C. Reduction of l'-acetonaphtone was followed by HPLC. 

Productionn of ethanol was followed by GC. Control batches containing no addition of 

alternativee electron acceptors were monitored for 1 '-acetonaphtone reduction. 

DifferentDifferent carbon and energy sources as substrates for M. tremellosus ono991 

Ethanol,, glycerol, 2-propanol and D-cellobiose were tested as alternative carbon and 

energyy providing primary substrates for the fungus. Their influence on the ketone 

reductionn was determined. Concentrations added to the medium corresponded to the 

electronn equivalents of 10 g/1 glucose (5.11, 8.76, 4.44 and 9.50 g/1 for ethanol, 

glycerol,, 2-propanol and D-cellobiose, respectively). 4-day old cultures were 

incubatedd with ImM l'-acetonaphtone and flushed with nitrogen as described above. 

Reductionn of 1 '-acetonaphtone to its corresponding alcohol was monitored. 
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SubstrateSubstrate concentration range 

Concentrationss of 1,2,5,10 and 15 mM l'-acetonaphtone were added to 4-day old 

cultures.. The cultures were flushed with nitrogen. After incubation, each culture was 

completelyy utilized for extraction. Teflon liners were added to prevent adsorption onto 

thee septa. 10 ml acetonitrile was added to the whole cultures. The bottles were placed 

inn a 5200 sonicator (Branson, Danburry, Conn) for 15 minutes and afterwards shaken 

byy 300 2-cm- long strokes min"1 for lh on a shaking table (Janke & Kunkel, Staufen, 

Germany).. Analysis of ketone and corresponding alcohol was carried out by HPLC. 

PreparationPreparation of crude extracts 

Cellss were harvested by filtration, washed in ice-cold distilled water and stored at -80 

°C.. All subsequent steps were carried out at 4 °C. 5 ml of frozen cells initially were 

brokenn using an X-press. Subsequently an equal volume of glass pearls (d = 0.5 to 

0.755 mm) was added to the cells, and cells were transferred to a Retsch model MM 

20000 bead mill (15 min, 1.580 rpm, 4°C). 2 ml 50mM potassiumphosphate buffer was 

addedd and the cell debris was removed by centrifugation at 13.000 g for 10 min at 

4°C.. The supernatant was used for activity measurements. 

EnzymeEnzyme assay 

Thee reduction of ketone to secondary alcohol was measured by the ketone reduction 

andd product formation, (HPLC, vide infra). The reaction mixtures in 1 ml consisted of 

Tris/HCLL buffer (25 mM, pH 5.5), cofactor (either NADPH (0.2 ^mol), NADH (0.2 

umoll  or a mixture of 0.1 umol of both), ketone (0.15 umol) and an appropriate 

amountt of enzyme solution. Ketone reduction was followed in time. The enzyme 

activityy is defined as the amount of ketone reduced/min/mg protein at room 

temperature.. Protein content was determined using BCA Protein Assay Reagent 

(Pierce,, Illinois, USA). 

DeterminationDetermination of the dry weight of mycelium 

Myceliall  mats were separated from the culture fluids by filtration. Mycelia were 

rinsedd with distilled water and filtered through dried and tared glass fiber filters 

(Schleicherr & Schuell GF 50) (Dassel, Germany). Mycelial dry weights were 

determinedd after drying overnight at 105°C. 
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HPLCHPLC analysis 

Culturee supernatants were centrifuged for 10 minutes (1,200 x g), and 50jal samples 

weree analyzed on a Hewlett Packard HPLC Chemstation (Pascal Series) (Waldbronn, 

Germany)) equipped with a HP 1100 pumping station, series diode array, a HP 1100 

detectorr and HP 1100 data processor. The column (200 mm x 3 mm) used for analysis 

off  the substrate l'-acetonaphtone and its corresponding product alcohol a-methyl-1-

naphtalenemethanoll  was filled with ChromSpher C18-PAH (5um particles) and was 

fromfrom Chrompack (Middelburg, The Netherlands). The ketone and alcohol were 

analyzedd with the following gradient: 90:10, 0:100 and 90:10 H20:acetonitri!e at 0, 15 

andd 25 minutes respectively. The flow rate was 0.4 ml min"1 and the column 

temperaturee 30°C. The UV absorbance was monitored at wavelengths of 230, 265 and 

2800 nm, The column (460 mm x 150 mm) used for analysis of aryl acids was filled 

withh Intersil ODS-3 (5um particles) and was from Phase Sep (Deeside, UK). 

Enantiomerr analysis of the a-methyl-1-naphtalenemethanol was performed with a 

chiralcell  OB-H column (460mm x 150mm), filled with a cellulose derivate coated on 

55 urn silica-gel from Mallinckrodt Baker BV (Deventer, NL). The secondary alcohols 

weree analyzed under isocratic conditions with 90% hexane and 10% 2-propanol (0.5 

mll  min"1, 30 °C). 

Compoundd identifications were based on matching retention times and UV spectra 

withh those of standards. 

GCGC analysis 

Culturee supernatants were centrifuged for 10 minutes (1,200 x g), and samples were 

dilutedd (1:1) with 3% formic acid. Using a flame ionization gas chromatograph model 

438/SS (Packard/Becker, Delft the Netherlands), ethanol and methanol production were 

determined.. The gas chromatograph was equipped with a glass column (2m x 2mm) 

packedd with 10% Fluorad FC-431 on Sulpelcoport 100-120 mesh. The temperatures 

off  the column, injector port and the flame ionozation detector were 70, 200 and 130 

°CC respectively. Nitrogen was used as carrier, at flow rate of 30 ml/min saturated with 

formicc acid, and the sample injection volume was 100 ul 
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Results s 

Conductingg the fungal incubation under a nitrogen atmosphere increased both the total 

molarr yield and the specific yield of the conversion of l'-acetonaphtone to its 

correspondingg alcohol (figure 5.1). After 72 hours of incubation, the specific yield of 

thee nitrogen flushed batches was 91%, whereas under air a yield of 57% was obtained. 

Thee total recovery of ketone and alcohol concentrations were found in high total 

molarr yields, up to 95%, for reduction under nitrogen. 

Too elucidate the effects responsible for increased yield under a nitrogen atmosphere, 

thee product stability was tested in the presence of the fungal mycelium. M. 

tremellosustremellosus was incubated with 1 mM a-methyl-1-naphthalenemethanol and the 

batchess were flushed with either air or nitrogen. 

00 20 40 60 80 100 

timee (h) 

Figuree 5.1 Reduction of 1 mM l'-acetonaphtone by Merulius tremellosus ono991 under various 
conditions.. : recovered l'-acetonaphtone under nitrogen (mM), D: produced a-methyl-1-
naphthalenemethanoll  under nitrogen (mM), : recovered l'-acetonaphtone under air (mM), O: 
producedd a-methyl-1-naphthalenemethanol under air (mM). 

Ass shown in figure 5.2, the alcohol in the air-flushed batches was oxidized to its 

correspondingg ketone. After 88 hours of incubation, only 0.73 mM of the alcohol 

couldd be recovered, while 0.21 mM of the corresponding ketone was produced. Under 

aa nitrogen atmosphere, the alcohol was stable. Less than 1% was converted to the 

ketone.. In both the aerobic and anaerobic abiotic controls no ketone was formed. 
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Anotherr reason for the increased yield under nitrogen conditions might be the role of 

thee extra availability of reducing equivalents in the form of reduced enzyme cofactors 

duringg fermentation. Ethanol production was monitored under nitrogen and air as an 

indicationn for the fermentative metabolism of primary substrate. Under a nitrogen 

atmosphere,, 750 mg/l ethanol was produced after 72 hours of incubation. Under 

aerobicc conditions, ethanol was not detectable. 

400 60 

timee (h) 

80 0 100 100 

Figuree 5.2 Stability of ImM a-methyl-1-naphthalenemethanol under nitrogen and air. : produced P-
acetonaphtonee under nitrogen (mM), D: produced a-methyl-1-naphthalenemethanol under nitrogen 
(mM),, : produced l'-acetonaphtone under air (mM), O: recovered a-methyl-1-naphthalenemethanol 
underr air (mM). 

Furthermore,, alternative electron acceptors were added and their influence on the 

ethanoll  formation was studied. Nitrogen flushed batches containing either 

anthraquinone-2,6-disulfonatee (AQDS), fumaric acid, Na2S04 or NaN03 were 

monitoredd for ethanol production and ketone reduction during 96 hours of incubation. 

Inn all batches ethanol was produced. The batches containing AQDS, fumaric acid and 

Na2S044 showed an decrease in the production of ethanol (figure 5.3a). The greatest 

effectt was shown for AQDS, which decreased the ethanol production with 75%. 

Too a lesser extent the presence of fumaric acid and Na2S04 reduced the ethanol 

formationn (25% and 61% respectively). No significant effect was shown for addition 

off  as INaNCH electron acceptor. 
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Figuree 5.3A-B Influence of alternative electron acceptors on ethanol production and ketone reduction. 
A:: production of ethanol (mg/1), B: production of a-methyl-1-naphthalenemethanol (mM). : no 
addedd electron donor, : NaN03, C: fumaric acid, : AQDS, : Na2S04 
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Figuree 5.3b shows the effect of the alternative electron acceptors on the 1'-

acetonaphtonee reduction by the fungus after 72 hours of incubation. In all batches the 

ketonee was reduced to the corresponding alcohol. However, the electron acceptors 

thatt diverted reducing equivalents away from fermentation inhibited the yield of oc-

methyl-1-naphtalenemethanol.. In presence of AQDS the production of a-methyl-1-

naphthalenemethanoll  showed a decrease of 24%. Also the addition of fumaric acid 

andd Na2S04 leads to a decrease ofketone reduction (18% and 15% respectively). The 

presencee of NaNC>3 did not have an effect on the reduction yield. The effectiveness of 

thee electron acceptors in diverting electrons away from ethanol production was 

directlyy correlated to their effectiveness in lowering the ketone reduction. Possible 

delayedd fungal growth as an effect of the added of electron acceptors was studied by 

addingg the electron acceptors to fungal cells directly after inoculation and measuring 

thee dry weights after 4 days of incubation. No effect of electron acceptors on growth 

ratee of the fungi was found (results not shown). 
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Figuree 5.4 Production of a-methyl-1-naphthalenemethanol (mM) by reduction of ImM 1'-
acetonaphtonee by merulius tTemellosus ono991 grown on various co-substrates. : glucose, : 
glycerol,, : D-cellobiose, : ethanol, Z: 2-propanol 
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Carbonn and energy providing primary substrates laden with hydroxyl functional 

groupss were tested for their influence on the cometabolic reduction of 1'-

acetonaphtonee under nitrogen atmosphere (figure 5.4). Glycerol increased the ct-

methyl-1-naphtalenemethanoll  production by 17% and 12% after 36 and 72 hours, 

respectivelyy compared to glucose. With this, the total specific yield after 72 hours was 

increasedd to 98%. The fungus showed similar growth yields on both glucose and on 

glycerol.. Ethanol did not effect the reduction of the ketone, whereas, D-cellobiose and 

2-propanoll  decreased the alcohol production (15% and 25% respectively) compared 

too glucose. 

Neitherr of the changes of culture conditions had an effect on absolute configuration of 

thee formed stereoisomer. In all cases, the enantiomeric excess remained unchanged 

(90%). . 

Too determine the highest concentration at which the reduction can still be efficiently 

proceeded,, a range of l'-acetophenone concentrations (2, 5, 10 and 15 mM) was tested 

andd compared to batches containing 1 mM of the ketone. The product yield decreased 

dramaticallyy when concentrations of above 5mM were added. A decrease of 32% and 

52%% was found for batches containing 10 mM and 15 mM respectively. As can be 

seenn in table 5.1, the highest amount of alcohol was produced when 5mM was added 

(3.88 mM). Both the conversion and the product yield were highest for the batches with 

22 mM added ketone (85% and 92% respectively). 

Tablee 5.1 Molar yields of the conversion of various concentrations of 1 '-acetonaphtone to the 
correspondingg alcohol by Merulius tremellosus ono991 after 72 hours of incubation. 

Concentrationn Produced alcohol Recovered Ketone Production Yield" Conversion 

Ketonee (mM) (mM) (mM) (%) (%) 

1 1 

2 2 

5 5 

10 0 

15 5 

0.74 4 

1.71 1 

3.84 4 

2.14 4 

2.54 4 

0.17 7 

0.14 4 

0.22 2 

6.3 3 

8.27 7 

0.98 8 

0.92 2 

0.80 0 

0.57 7 

0.37 7 

0.74 4 

0.85 5 

0.76 6 

0.21 1 

0.17 7 

producedd alcohol in relation to converted ketone 
Producedd alcohol in relation to ketone added 
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Thee activity of the ketone reductase and its dependency for reduced enzyme cofactors 

inn cell extract was determined. Activity based on HPLC-measured formation of the 

alcoholl  products was observed in the presence of NADH, NADPH or a mixture of the 

two.. No activity was observed in the absence of these reduced cofactors or if cell 

extractt was omitted from the mixture. The maximum specific ketone reductase 

activityy in cell free extract, was 7.8 nmol min'mg"1 of protein when a mixture of both 

cofactorss was used. 

Discussion n 

Inn this study several strategies were investigated to increase the stereoselective 

reductionn of 1 '-acetonaphtone by the fungus, M. tremellosus ono991. The yield of the 

opticallyy active product, a-methyl-1-naphtalenemethanol, was increased considerably 

byy incubating the fungus under a nitrogen compared to air atmosphere. Two factors 

weree shown to be responsible for this observation. First, the instability of alcohol a-

methyl-2-naphtalenemethanoll  was demonstrated under aerobic conditions, whereby 

thee compound is (re)oxidized by the fungus to the corresponding ketone, 1'-

acetonaphtone.. Presumably, an equilibrium between oxidizing and reductive enzymes 

iss established. Combinations of oxidation and reduction have been described for many 

typess of oligonols (Katayama et al. 1980, 1981, 1982). The reduction of the a-ketone 

derivativee of 4-ethoxy-3-methoxyphenylglycerol-(3-ether and its reversed oxidative 

conversionn both occurred in the Basidiomycete, Phanerochaete chrysosporium (Fenn 

andd Kirk, 1984; Katayama and Sogo, 1986). 

Thee second factor that was shown to influence the yield of a-methyl-1-

naphtalenemethanoll  under anaerobic conditions was the additional availability of 

reducedd enzyme cofactors (e.g. reducing equivalents) when the fungus switches to 

fermentativee metabolism. The production of ethanol in incubations carried out under a 

nitrogenn atmosphere confirmed that the fungus was actively fermenting. We clearly 

demonstratedd in cell free extracts that the ketone reductase uses NAD(P)H as its 

electronn donor and these reduced enzyme cofactors are common electron carriers that 

aree slowly regenerated during fermentative metabolism. While 1'-acetonaphtone is 

beingg reduced it can plausibly utilize NAD(P)H generated from fermentation. This 

suggestionn was supported by the finding that alternative electron acceptors AQDS, 

fumaricc acid and Na2S04 diverted reducing equivalents away from fermentation (as 

evidencedd by significantly decreased the ethanol production) in parallel with 
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decreasedd ketone reducing activity. The strongest effect was found for AQDS. AQDS 

hass an analogous structure to natural 1,4-benzoquinones which are released from 

ligninn degradation by white rot fungi (Buswell and Odier, 1987). These fungi are 

knownn to possess benzoquinone reductases which utilize NAD(P)H as an electron 

donorr (Brock et al. 1995). Thus the reduction of quinones by known enzymes in white 

rott fungi would be expected to divert NAD(P)H away from ketone reduction. 

Primaryy carbon and energy providing substrates were compared to determine if 

hydroxyll  rich substrates could stimulate the reduction of the ketone. Glycerol did 

providee a small stimulation compared to glucose. However, it is uncertain whether 

thiss stimulation can be attributed to additional dehydrogenases induced for glycerol 

degradationn or if glycerol induces ligninolytic metabolism as has been described 

before.. Cultures of Phanerochaete chrysosporium grown on glycerol exhibited 

stimulatedd peroxidase activity (Roch et al. 1989). 

Thee white-rot strain M. tremellosus ono991 displayed high tolerance to high 

concentrationss of aryl ketones. Concentrations of up to 5mM ketone were still 

convertedd to the corresponding alcohol. At concentrations of 10 mM and 15 mM 1'-

acetonaphtonee the yield of the optically active alcohol decreased dramatically. The 

50%% growth inhibiting concentration of the aryl ketone, acetophenone, to the white-

rott fungus P. chrysosporium was 3.3 mM (Hage et al. 2001). 

Forr biotransformations at concentrations higher than 5 mM, immobilized cells are a 

possiblee solution. Increased tolerance of cells by immobilization has been described 

(Heipieperr et al. 1991). M. tremellosus has been cultivated immobilized for the 

productionn of lignin peroxidase. The strain was grown on polypropene carriers (Vares 

etet al. 1994). Immobilization of the white-rot fungus P. chrysosporium in bioreactor 

systemss has also been reported (Feijoo et al. 1994). 

Inn this study, ketone reduction by cell free extract of M. tremellosus ono991 was 

demonstrated.. To our knowledge this is the first time that ketone reductase activity 

hass been reported in a cell free extract from a white rot fungus. Purification of the 

ketonee reductase would enlarge the prospects for biocatalytic applications of white-rot 

fungi. . 

Thiss study demonstrates that the white-rot fungus M tremellosus ono991 has very 

goodd biocatalytic potential for the reduction of prochiral ketones and that high yields 
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(upp to 98%) of optically active alcohols can be obtained. Enantioselectivity is stable 

underr various culture conditions. Further research should be focussed on the 

characterizationn and purification of the ketone reductase present in white-rot fungi. 
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Summary Summary 

Thee object of this PhD study was to explore the reductive enzyme system of white-rot 

fungii  with an emphasis on its biocatalytic properties in the chemically cumbersome 

acidd reduction and in enantioselective ketone reduction. 

Reductionss of carboxylic acids are of interest to industry since the formed aldehydes 

and/orr alcohols have potential applications as starting materials for pharmaceuticals 

andd as food and flavor compounds. 

Reductionss of carboxylic acids to their corresponding aldehydes or alcohols are 

energeticallyy difficult reactions. Direct chemical reduction of carboxylic acids only 

becamee possible since 1946. Nevertheless, numerous micro-organisms are capable of 

acidd reduction. However, a drawback of using these organisms as catalysts in acid 

reductionn is that most systems reduce the formed aldehydes further to the alcohol, 

whereass in some cases the aldehydes are more valuable than the alcohols. 

Chirall  alcohols also form an important class of intermediates for the synthesis of fine 

chemicalss and pharmaceuticals. In recent years, regulations on the marketing of new 

drugss have become more strict with respect to chiral compounds. Furthermore, most 

off  the established routes for obtaining these optically pure compounds are inefficient 

and/orr environmentally unfriendly. Therefore, new and efficient production methods 

aree required. As biological systems contain a natural ability for production and 

conversionn of optically pure compounds, catalysts obtained from natural systems 

(biocatalysts)) are useful alternatives in enantioselective reduction. 

White-rott fungi are lignin degrading basidiomycetes. The extensive ligninolytic 

systemm contains both oxidative and reductive enzymes. Although the extracellular 

oxidativee system has been studied extensively, relatively littl e is known about the 

reductivee part of the enzyme system. 

Thiss thesis describes the investigation of the reductive part of this ligninolytic enzyme 

systemm and the potential application of white-rot fungi as biocatalysts in acid 

reductionss and enantioselective ketone reduction. 



Summary Summary 

Thee potential use of white-rot fungi in carboxylic acid reduction was explored in 

chapterchapter 2. Fifty-two basidiomycete strains were screened for their tolerance towards 

highh concentrations of acids. Dichomitus squalenes, Bjerkandera sp. strain BOS55, 

PhanerochaetePhanerochaete chrysosporium, Trametes hirsuta, Phlebia brevispora and 

SchizophyllumSchizophyllum commune proved to be the most tolerant. An evaluation of these strains 

forr their ability to reduce /?-anisic acids showed that the white-rot fungus Bjerkandera 

sp.. strain BOS55 was one of the best reducing strains and was highly tolerant towards 

highh concentrations of different aromatic acids. Whereas most fungi had the tendency 

too reduce the acid to predominantly the alcohol, Bjerkandera sp. strain BOS55 

appearedd to have the equilibrium on the side of the aldehyde. 

p-anisic,, 3-chloro-4-methoxybenzoic, 3,5-dichloro-4-methoxybenzoic, 3,4-

dichlorobenzoic,, 4-fluorobenzoic and 3-nitrobenzoic acids were all part of the 

substratee spectrum. According to these results we concluded that several white-rot 

fungii  have very good biocatalytic potential for the reduction of aryl acids. 

Sincee aryl ketones and their corresponding chiral alcohols can be toxic towards micro-

organisms,, the effects of these compounds on white-rot fungi were tested, prior to the 

screeningg for biocatalytic properties in ketone reduction. In chapter 3, tests were 

conductedd on four aryl ketones and their corresponding reduced derivatives. Since 

ketonee reduction by the white-rot fungus Phanerochaete chrysosporium had been 

reportedd before, this fungus was used as model organism. The tested ketones, 

acetophenone,, hydroxy-acetophenone, 2-chloroacetophenone and 3-

chloropropiophenone,, all showed higher toxicity towards the fungus than their 

correspondingg alcohols. A direct correlation between the hydrophobicity of the 

compoundss and their toxicity was observed. For the model compound acetophenone, 

50%% growth inhibition was already shown at a concentration of 3.3 mM of the ketone. 

Thereforee a screening of different basidiomycete strains was performed in chapter 4. 

Thee aryl ketones acetophenone, l-(3'-chloro-4'-methoxyphenyl)-l-propanone and 1-

(3',5'-dichloro-4'-rnethoxyphenyl)-l-propanonee (natural-like substrates of white-rot 

fungi)) were reduced by all fungi. The white-rot fungus Merulius tremellosus reduced 

thee ketones with the highest activity. Consequently six different Merulius strains were 

screenedd for both activity and enantioselectivity. The fungus Merulius tremellosus 

ono9911 was used in further experiments and tested for the enantioselective reduction 
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off  various a-aryl, dialkyl, a,p-unsaturated and chloro-substituted functionalized 

ketones.. M. tremellosus ono991 appeared to have a broad substrate spectrum of 

prochirall  ketones. The a-arylketones are reduced with enantioselectivities of 90-98%, 

yieldingg the (^-configurations. Dialkyl ketones were also part of the substrate 

spectrum,, although the desired unsaturated alcohols could not be obtained. The 

white-rott fungi appeared to be suitable catalysts for the enantioselective reduction of 

thee chloro-substituted ketones. The ketones were reduced to the corresponding 

alcoholss with enantioselectivities up to 88%. Also dehalogenation reactions were 

observed.. In conversion studies with the a,P-unsaturated ketones, the C=C bonds were 

nott left intact by the fungus. Remarkably, a Michael adduct was formed by the fungus 

byy addition of H20 to the unsaturated system. 

Thee biocatalytic system was compared to ruthenium and iridium catalyzed 

asymmetricc transfer hydrogenation. The two approaoches appeared to be 

complementary.. Reduction of a,p-unsaturated compounds yielded excellent results 

usingg the metal catalysts. 

Inn chapter 5 we optimized the culture conditions with respect to oxygen supply, 

choicee of primary substrate and aryl ketone concentration using l'-acetonaphtone as 

modell  compound. We demonstrated that the yield obtained in nitrogen flushed 

incubationss with glycerol as primary substrate was increased from 57% to 98% 

comparedd to incubations under air with glucose. The enantioselectivity and product 

configurationn remained constant. Our results showed that the yield increase due to N2 

flushingg could be attributed to two factors. First an increased stability of the product 

a-methyl-1-naphtalenemethanoll  in anaerobic compared to aerobic atmosphere was 

demonstrated.. Second fermentative metabolism increased reduced enzyme cofactors 

availablee for the reduction. 

Thee dependency of ketone reductase for NAD(P)H was demonstrated by the reduction 

off  1 '-acetonaphtone in cell extracts of M. tremellosus ono991. 
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Hett doel van dit promotie-onderzoek was het onderzoek naar het reductieve enzym 

systeemm van wit-rot schimmels en in het bijzonder naar de mogelijke biokatalytische 

toepassingenn in, chemisch moelijk uitvoerbare, zuur reducties en enantioselectieve 

ketonn reducties. 

Reductiess van carboxylzuren zijn interessante omzettingen voor de industrie, omdat 

dee hierbij gevormde aldehyden en/of alcohol verbindingen potentieel toepasbaar zijn 

alss medicijnen of geur- en smaakstoffen. 

Dee reductie van carboxylzuren naar overeenkomstige aldehyden of alcoholen is een 

energetischh ongunstige reactie. Directe chemische reductie van carboxylzuren is pas 

mogelijkk sinds 1946. Desondanks zijn veel micro-organismen in staat deze reactie uit 

tee voeren. Een nadeel van het gebruik van deze organismen als katalytisator is echter 

datt in veel gevallen het zuur verder door gereduceerd wordt tot het overeenkomstige 

alcohol,, terwijl in sommige gevallen het aldehyde van grotere waarde is. 

Ookk chirale alcoholen vormen een belangrijke klasse van intermediairen voor de 

synthesee van fijnchemicalièn en geneesmiddelen. De meeste reguliere productie 

methodenn voor deze optisch actieve verbindingen zijn echter vaak inefficiënt en/of 

milieuu onvriendelijk. Verder is de regelgeving voor het op de markt brengen van 

medicijnenn is de laatste jaren strenger geworden voor wat betreft de zuiverheid van 

chiralee verbindingen. Hierdoor ontstond behoefte aan nieuwe en efficiënte methoden. 

Omdatt biogische systemen van nature vaak optisch zuivere verbindingen produceren 

enn omzetten, zijn katalysatoren verkregen uit natuurlijke systemen (biokatalysatoren) 

waardevollee alternatieven in enantioselectieve reducties. 

Wit-rott schimmels zijn lignine-afbrekende basidiomyceten. Het uitgebreide 

ligninolytischee systeem bevat zowel oxidatieve als reductieve enzymen. Hoewel het 

extracellulairee oxidatieve systeem zeer intensief bestudeerd is, is er relatief weinig 

bekendd over het reductieve deel van het enzym systeem. 

Ditt proefschrift beschrijft het onderzoek naar het reductieve deel van dit 

ligninolytischee systeem en de potentiële toepassing van wit-rot schimmels als 

biokatalysatorr in zuur reducties en enantioselectieve keton reducties. 
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Dee potentiële toepassing van wit-rot schimmels in de reductie van carboxylzuren werd 

onderzochtt in hoofdstuk 2. Tweënvijftig basidiomyceten werden gescreend op 

tolerantiee ten opzichte van hoge concentraties zuren. Dichomitus squalenes, 

BjerkanderaBjerkandera sp. strain BOS55, Phanerochaete chrysosporium, Trametes hirsuta, 

PhlebiaPhlebia brevispora en Schizophyllum commune bleken het meest tolerant te zijn. De 

wit-rott schimmel Bjerkandera sp. strain BOS55 bleek de beste reduceerder te zijn en 

wass ook zeer goed bestand tegen hoge concentraties van verschillende zuren. 

Terwijll  de meeste schimmels de zuren hoofdzakelijk tot alcoholen reduceerden bleek 

bijj  Bjerkandera sp. strain BOS55 dit evenwicht aan de kant van het aldehyden te 

liggen,, p-anisaat, 3-chloro-4-methoxybenzoaat, 3,5-dichloro-4-methoxybenzoaat, 3,4-

dichlorobenzoaat,, 4-fluorobenzoaat en 3-nitrobenzoaat bleken onderdeel van het 

substraatt spectrum te zijn. Op grond van deze resultaten concluderen we dat 

verschillendee wit-rot schimmels een grote potentie hebben voor toepassing als 

biokatalysatorr in zuurreducties. 

Omdatt aryl ketonen zeer toxische werking kunnen hebben ten op zichte van micro-

organismen,, werd, voordat werd gescreend op biocatalytische mogelijkheden voor 

ketonn reductie, gekeken naar het effect van de verbindingen op de schimmel. In 

hoofdstukhoofdstuk 3 werden vier aryl ketonen en de overeenkomstige alcoholen getest. Omdat 

inn voorgaand onderzoek keton reductie door de wit-rot schimmel Phanerochaete 

chrysosporiumchrysosporium beschreven is, werd dit organisme gebruikt als model organisme. De 

getestee ketonen acetophenon, hydroxy-acetophenon, 2-chloroacetophenon en 3-

chloropropiophenon,, bleken toxischer dan de overeenkomstige alcoholen. Er bleek 

eenn direct verband te zijn tussen de hydrofobiciteit van de verbindingen en het 

toxischee effect op de schimmel. Een concentratie van 3.3 mM van de model 

verbindingg acetophenon resulteerde al in 50% groei inhibitie. 

Inn hoofdstuk 4 werd daarom begonnen met een screening van verschillende 

basidiomyceten.. De aryl ketonen acetophenon, l-(3'-chloro-4'-methoxyphenyl)-l-

propanonn en l-(3',5'-dichloro-4'-methoxyphenyl)-l-propanon werden door alle 

schimmelss gereduceerd. De wit-rot schimmel Merulius tremellosus vertoonde hierbij 

dee hoogste activiteit. Vervolgens werden zes verschillende Merulius stammen 

gescreendd op zowel activiteit als enantioselectiviteit. De schimmel Merulius 
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tremellosustremellosus ono991 werd voor verder onderzoek gebruikt en getest op 

enantioselectievee reductie van verschillende a-aryl, dialkyl, a,p-onverzadigde en 

chloro-gesubstitueerdee gefunctionaliseerde ketonen. M. tremellosus ono991 bleek een 

zeerr breed substrate spectrum te hebben. De a-aryl ketonen werden gereduceerd met 

eenn enantioselctiviteit van 90-98%. Hierbij werden de (5)-enantiomeren gevormd. 

Ookk de dialkyl ketoenen bleken onderdeel van het substraat spectrum te zijn, hoewel 

hierbijj  niet de gewenste onverzadigde alcoholen verkregen werden. De wit-rot 

schimmell  bleek een geschikte katalysator voor de enantioselectieve reductie van de 

chloro-gesubstitueerdee ketonen. Deze werden gereduceerd tot de overeenkomstige 

alcoholenn met enantioselectiviteit tot 88%. Ook werden er dehalogenerings reacties 

waargenomen.. Bij omzetting van de a,p-onverzadigde ketonen bleef de dubbele CC 

bindingg niet intact. Opvallend was de additie van H2O aan het onverzadigde systeem 

doorr de schimmel, waarbij een Michael adduct werd gevormd. 

Hett biokatalytische systeem werd vergeleken met ruthenium en iridium 

gekatalyseerdee asymmetrische transfer hydrogenering. De twee systemen bleken 

complementairr te zijn. Reductie van de a,p-onverzadigde ketonen leidde tot zeer 

goedee resultaten bij gebruik van de metaal katalysator. 

Inn hoofdstuk 5 optimaliseerden we de kweek condities wat betreft de zuurstof 

toevoer,, keuze van primair substraat en aryl keton concentraties, waarbij 1'-

acetonaphtonn werd gebruikt als model verbinding. Uit onze experimenten bleek dat de 

yieldd verkregen in stikstof geflushte incubaties met glycerol als primair substraat 

verhoogdd werd van 57% tot 98% vergleken met incubaties onder zuurstof met 

glucose.. Enantioselectiviteit en configuratie bleven daarbij onveranderd. De resultaten 

toondenn aan dat verhoging van de yield door flushen met stikstof aan twee factoren 

konn worden toegeschreven. Ten eerste werd een verhoogde stabiliteit van het product 

gevondenn onder anaërobe atmosfeer, vergeleken met kweek onder aërobe condities. 

Tenn tweede bleken er bij fermentatief metabolisme meer gereduceerde enzym 

cofactorenn beschikbaar te zijn. 

Dee afhankelijkheid van het reductase van NAD(P)H werd aangetoond door de 

reductiee van l'-acetophenon in cell extract vanM tremellosus ono991. 
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doorr een niets vermoedende paddestoel. Hiernaast zijn er echter ook zeer veel 
personenn geweest die mij de afgelopen jaren met wijze raad en daad terzijde hebben 
gestaann en zonder wie dit boekje er in deze vorm niet geweest zou zijn. Een 
persoonlijkk dankwoord is daarom zeker op zijn plaats. 
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TheThe end of the tunnel 
nevernever came up 

tilltill  I got to the end of lhe line. 

AndAnd I found that the light 
II  was hoping to see 

waswas the spark in the back of my mind. 

(Johnn Hiatt, Back of my mind) 
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