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STELLINGEN 

1. Zowel de resultaten als de conclusies van Tokarski et al. betreffende 
de vorming van (+)-2-aminobutyraat uit 2-ketobutyraat met behulp 
van een transaminase zijn ernstig aan bedenkingen onderhevig. 
- Tokarski, Z., Klei, H.E. & Berg, C.M. (1988). Biotechnol. Lett. 

10,7-10 

2. De door Tabak et al. veronderstelde aerobe groei op tetrachloor-
methaan is principieel onjuist. 
- Tabak, H.H., Quave, S.A., Mashni, C l . & Barth, E.F. (1981). J. 

Water Poll. Control Fed. 53,1503-1518 

3. De veronderstelling van Nilsson et al., dat na activatie met 
tosylchloride alléén de primaire hydroxygroepen van agarose zijn 
gesulfoneerd, is gezien hun eigen onderzoeksresultaten onjuist. 
- Nilsson, K., Norrlöw, O. & Mosbach, K. (1981). Acta Chem. Scand. 

35,19-27 

4. Te vaak wordt vergeten dat ook toegepast onderzoek fundamenteel 
van karakter kan zijn. 

5. Het feit dat Stevenson en Mandelstam geen benzaldehyde dehydro­
genase activiteit vonden in celvrije extracten van 4-hydroxyben-
zoaat-gekweekte Pseudomonas putida A.3.12 cellen wordt niet 
veroorzaakt door instabiliteit van het benzaldehyde dehydrogenase. 
- Stevenson, I.L. & Mandelstam, J. (1965). Biochem. J. 96,354-362 
- dit proefschrift, hoofdstuk 5 

6. De persoonlijke mededeling van Lingens aan Reineke dat in Pseudo­
monas sp. CBS3 voor de chloride afsplitsing van 4-chloorbenzoaat 
moleculaire zuurstof noodzakelijk is, wordt niet onderstreept door 
eigen bevindingen. 
- Reineke, W. (1984). In: Microbial Degradation of Organic Com­

pounds (Gibson, D.T., Ed.), p. 338. Marcel Dekker Inc., New York 
- Müller, R., Thiele, J., Klages, U. & Lingens, F. (1984). Biochem. 

Biophys. Res. Commun. 124,178-182 

7. De aanschaf van geavanceerde apparatuur resulteert niet automatisch 
in een vereenvoudiging van het onderzoekswerk. 



8. Ten onrechte stellen Wang et al. dat het door hen geïsoleerde flavo-
proteïne als enig enzym in staat is een aromatische verbinding te 
hydroxyleren op de paraplaats ten opzichte van een aanwezige 
hydroxygroep. 
- Wang, L.H., Hamzah, R.Y., Yu, Y. & Tu, S.C. (1987). Biochemistry 

26,1099-1104 
- Hareland, W.A., Crawford, R.L., Chapman, P.J. & Dagley, S. (1975). 

J. Bacteriol. 121,272-285 

9. De foto die in vrijwel alle dagbladen is afgedrukt, betreffende het 
besproeien van aardbeiplanten in Californie met de "ijs minus" 
mutant van Pseudomonas syringae door een vrouw gehuld in een 
soort "maanpak" (april 1987), draagt niet bij tot een objectief 
maatschappelijk inzicht in experimenten met genetisch gemani­
puleerde microorganismen. 

10.De opmerkingen van Molinari en Drioli betreffende de scheiding van 
substraten en producten van een lipase-gekatalyseerde hydrolyse van 
olijfolie in een membraanreactor zijn uiterst dubieus. 
- Molinari, R. & Drioli, E. (1986). Proceedings of the Fifth Yugo-

slavian-Austrian-Italian Chemical Engineering Conference, Portoroz, 
Yugoslavia, September 16-18 

11.Om frustraties achteraf te voorkomen, dienen weddenschappen vooraf 
duidelijk omschreven te worden vastgelegd. 

W.J.J. van den Tweel 
Bacterial formation of hydroxylated aromatic compounds 
Wageningen, 8 april 1988 
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Chapter 1 

INTRODUCTION 

GENERAL 

The term aromatic was first used in the 19 t n century to desig­
nate a group of compounds derived from plant oils and gums which 
had pleasant odors. In organic chemistry, however, the term aromatic 
has a different meaning and relates to the structure of molecules. 
Benzene is the most known and simplest aromatic compound which was 
first obtained in the beginning of the 19"1 century by destructive 
distillation of coal. The CgHg-unit of benzene presented a major 
challenge to organic chemists for many decades. In 1865 the German 
chemist Kekulé proposed that benzene consists of a ring containing 
six carbon atoms connected by alternating single and double bonds. 
However, benzene does not undergo the addition reactions characteris­
tic of alkenes; instead, it exhibits a stability akin to that of alkanes. 
A more satisfactory representation for the benzene structure became 
available with the concept of resonance. In resonance terminology, 
benzene is a hybrid of the two Kekulé structures (Figure 1). The ir-
electrons are delocalized in a "n cloud" distributed over the six carbon 
atoms of the ring, resulting in a remarkable thermodynamic stability. 
Compounds containing a planar cyclic system with (4n + 2) îr-electrons, 
where n = 0, 1, 2, 3, ...., are referred to as aromatic compounds. 

Several aromatic compounds and hydroxylated aromatic compounds 
(phenols) are produced on a large scale and they are used for various 
purposes (Table 1). Benzene, toluene and other aromatic compounds 
were originally obtained by the distillation of coal tar. Today these 
compounds are mainly produced from petroleum. 

In addition to the phenolic bulk compounds shown in Table 1 also 
many specialty hydroxylated aromatic compounds are of great impor­
tance for agrochemical, pharmaceutical and petrochemical industries 

Figure 1. Representation of the benzene ring. 



T a b l e 1 . Industrial production and main application óf various aromatic compounds. 

Compound Production (tons) Uses 

Bensem 
Toluene S 
Ethylbenzene 
Styrene b 

o-Xyleneb 

m-Xylenef 
p-Xylene 
Phenol b 

Catechol* 
Resorcinola 

Hydroquinone8 

5.510° 
>11.810 
>13.0-10<; 
>11.510 
> 2.OIO; 

1.6-10' 
> 5.410' 
> 3.7101 

6 

6 

> 2 .010 4" ] 3 - 5 1 0 l 
> 4 . 0 1 0 4 J 

solvent, detergents, resins, polymers 
explosives, resins, polymers 
precursor for styrene 
plastics, resins, insulators 
plasticisers, pigments 
polyesters, precursor for fungicides 
polyesters, fibers, films, resins 
resins, caprolactam 
photographic developers, 
UV absorbers and optical 

L bright eners, tire adhesives, dye stuffs 
r 

" Estimated for 1979 
b Estimated for 1981 
Source: Encyclopedia of Chemical Technology (1982) 

(Table 2). These compounds, however, can not be isolated in sufficient 
amounts from natural resources. Consequently, they have to be syn­
thesized. Chemically this can be achieved in two ways, either by a 
direct hydroxylation reaction or by an indirect synthesis. Due to the 
aromatic ring-structure, direct hydroxylation of aromatics is a difficult 
task in preparative organic chemistry (Olah et al., 1981; Gunstene, 
1960; March, 1985). The problems associated with direct chemical 
hydroxylation reactions are particularly severe when the compounds to 
be hydroxylated (or their products) are optically active and/or un­
stable, since in these instances the reaction should be conducted 

T a b l e 2 . The use of certain specialty hydroxylated aromatic compounds. 

Compound Uses 

D -4-Hydroxyphenylglycine 
4-Hydroxyphenylacetic acid 
L-S,4-Dihydroxyphenylalanine 
Indigo 
Substituted catechols 
4,4-Dihydroxybiphenyl 
Dihydroxyphenylacetic acids 
5-Hydroxytryptophan 
4 - Hydroxy sty rene 
L-Tyrosine 
a-Tetralol 
Hydroxy benzaldehydes 

precursor for antibiotics 
precursor for antibiotics and pharmaceuticals 
drug 
dye 
precursors for synthetic flavors 
momomer for polymers 
building blocks for pharmaceuticals and dyes 
drug 
fragrance 
infusion 
fragrance 
building block for pharmaceuticals 



rapidly and under mild conditions in order to prevent racemization and 
decomposition. In case of certain products the direct hydroxylation can 
be circumvented by performing an indirect multi-step chemical syn­
thesis (e.g. the chemical synthesis of D-4-hydroxyphenylglycine by 
means of the Strecker-reaction [Dahlmans et al., 1980] or the catalytic 
asymmetric production of L-3,4-dihydroxyphenylalanine [Knowles et al., 
1977]). However, such multi-step processes are mostly not economical­
ly attractive. As a result of the shortcomings of both the direct and 
the indirect chemical formation of hydroxylated aromatics, alternative 
production processes are of great interest. 

Biotechnological production methods for hydroxylated aromatic 
compounds are a promissing alternative to the cumbersome organic 
chemical endeavours. In nature, aromatic compounds and hydroxylated 
forms thereof are abundantly present and are derived via various 
biological ways often starting from simple compounds. They ' are formed 
and degraded by many biological systems and cells or enzymes have 
been considered for the bioproduction of hydroxylated aromatic 
compounds (Table 3). This thesis is concerned with aspects of the 

T a b l e 3 . Formation of hydroxylated aromatics by biological systems. 

Biocatalyst Product Reference 

Plant cells 

Yeast 

Fungi 

L-3,4-dihydroxyphenylalanine 

4 - hy droxy bipheny 1 

4,4- dihy droxy bipheny 1 

5 - hydroxybenzimidazole 
L-3,4-dihydroxyphenylalanine 
5-(p-hydroxyanilino)-1,2,3,4-
thiatriazole 

Huizing & Wichers (1984) 

Schwartz (1981) 

Dodge et al. (1979) 
Schwartz et al. (1980) 
Seigle-Murandi et al. (1986) 
Haneda et al. (1973) 
Theriault & Longfield (1971, 1973) 

Bacteria 

Enzymes 

L-3,4-dihydroxyphenylalanine 
2 - and 5-hydroxyacetanilide 
catechol 
5-hydroxytryptophan 
6-hydroxynicotine acid 
4-hydroxybenzoate 
indigo 
D-4-hydroxyphenylglycine 
para-cresol 

L-3,4-dihydroxyphenylalanine 
D -3,4-dihydroxyphenylglycine 
D - 4 - hydroxyphenylglycine 

Para et al. (1984) 
Theriault & Longfield (1967) 
Shirai (1987) 
Mitoma et al. (1956) 
Lehky & Kulla (1985) 
van den Tweel et al. (1986c) 
Ensley et al. (1983) 
Olivieri et al. (1981) 
Hagedorn (1983) 

Vilanova et al. (1984) 
Klibanov et al. (1981) 
van den Tweel et al. (1987c) 



biotechnological formation of hydroxylated aromatics by bacteria. 
Bacteria in principle can achieve the bioformation of hydroxylated 
aromatic compounds in four different ways: biosynthetic routes, direct 
hydroxylation methods mediated either by monooxygenases or dioxygen-
ases, replacement of substituents by hydroxyl groups, and the addition 
and/or modification of side-chains. These four different approaches are 
discussed in sections 2, 3, 4 and 5 of this introduction. 

Once a bacterium is available which catalyzes the desired bio­
transformation, various process engineering aspects have to be dealt 
with in order to obtain a good process. The activity and stability of 
the biocatalyst should be high to obtain a maximal volumetric produc­
tivity of the bioreactor. From the point of view of down-stream 
processing, a high product concentration is generally desirable. More­
over the specificity of the biocatalyst should also be high to facilitate 
product recovery and to prevent product contamination. Immobilization 
of the biocatalyst may be useful to enhance stability, and to make a 
continuous process economically more attractive, while the use of 
organic solvents can result in a shift of the equilibrium in the desired 
direction, in a reduction of substrate and/or product inhibition, and 
may facilitate product recovery. These bioengineering aspects will be 
briefly discussed in section 6 of the introduction. A general outline of 
this thesis is given in section 7. 

BACTERIAL BIOSYNTHESIS OF HYDROXYLATED AROMATIC 
COMPOUNDS 

In nature several metabolic pathways lead to the biosynthesis of 
aromatic compounds (Weiss & Edwards, 1980). The branched pathway 
for the biosynthesis of L-phenylalanine, L-tyrosine and L-tryptophan is 
unquestionable the most significant and interesting one since it leads 
to the synthesis of alkaloids, various cinnamic acid derivatives, certain 
hormones, lignin etc. Chorismic acid is the common non-aromatic 
precursor from which two branches arise. One branch leads to tryp­
tophan via anthranilic acid and the other via prephenic acid to 
phenylalanine and tyrosine, respectively (Figure 2). Some bacteria are 
devoid of prephenic acid dehydrogenase activity and synthesize tyro­
sine via another intermediate called arogenic acid (Stenmark et al., 
1974). Subsequent research has shown that various Pseudomonas spp. 
synthesize phenylalanine and tyrosine either via arogenic acid or via, 
respectively, phenylpyruvic acid and 4-hydroxyphenylpyruvic acid 
(Keller et al., 1982, 1983; [Figure 2]). L-Tyrosine may also be formed 
directly through a regio- and stereoselective hydroxylation of phenyl­
alanine, and it has been shown that various bacteria are able to 



L-phenylalanine 

L-tryptophan 
L-tyrosine 

Figure 2 . Biochemical routes of L-tryptophan, L-phenylalanine, and L-tyrosine biosynthesis. 
Anthranilic acid (1), prephenic acid (2), phenylpyruvic acid (3), arogenic acid (4), 4-
hydroxyphenylpyruvic acid (5). Enzymes: chorismate mutase (a), prephenate aminotransferase 
(b), prephenate dehydratase (c), arogenate dehydratase (d), phenylalanine aminotransferase (e), 
prephenate dehydrogenase (f), arogenate dehydrogenase (g), tyrosine aminotransferase (h), 
phenylalanine hydroxylase (i), anthranilate synthase (j). 

perform this hydroxylation (Chandra & Vining, 1968; Friedrich & 
Schlegel, 1972). 

In bacteria many other hydroxylated aromatic compounds can be 
derived from the forementioned aromatic amino acids. For instance, 4-
hydroxyphenylglycine which is used as a building block for the natural 
antibiotics enduracidin and nocardicin A is probably synthesized from 
L-tyrosine (Hatano et al., 1984), while L-5-hydroxytryptophan, the 
precursor of the bacterial pigment violacein is synthesized by a 
hydroxylation of L-tryptophan (Mitoma et al., 1956). 

HYDROXYLATION OF AROMATIC COMPOUNDS 

Compounds containing a benzene ring are abundantly present in 
nature, and to a large extent the continuous operation of the carbon 



cycle depends upon the catabolism of these compounds by microor­
ganisms. The ubiquitous distribution of aerobic soil bacteria capable 
of metabolizing aromatic compounds was already demonstrated in 1928 
(Gray & Thornton, 1928). These authors examined 245 soil samples and 
showed that 146 of the samples contained bacteria capable of oxidizing 
naphthalene, phenol, or cresol. Subsequent work during the last thirty 
years has revealed that oxygenases play a very important role in the 
aerobic degradation and transformation of aromatic compounds. 
Oxygenases catalyze the incorporation of either one or two atoms of 
molecular oxygen into their substrates. Therefore, they are classified 
into two major groups, monooxygenases and dioxygenases. 

3.1 HYDROXYLATION OF AROMATIC COMPOUNDS BY 
MONOOXYGENASES 

Monooxygenase catalyze the incorporation of one oxygen atom of 
molecular oxygen into an organic substrate; the other oxygen atom is 
reduced to water by a reductant. Hydrogan donors are mainly reduced 
NAD and NADP. Aerobic bacteria possess various monooxygenases 
which can hydroxylate aromatic compounds. Some of these enzymes are 
rather selective for one substrate while others exhibit a relaxed 
substrate specificity. 

3.1.1 SUBSTRATE SELECTIVE MONOOXYGENASES 

Bacterial substrate-selective monooxygenases include the 
pteridine- and flavin-requiring monooxygenases which are important 
both for anabolic and catabolic reactions. Benzoic acid, L-phenyl-
alanine, and L-mandelic acid can all be hydroxylated on the para 
position by monooxygenases which require Fe^+ and tetrahydropteridine 
(Figure 3). The benzoate 4-hydroxylase of a Pseudomonas sp. also 
oxidized 4-amino-, 4-nitro-, and 4-chlorobenzoate, however, the 
hydroxylated products were not characterized (Reddy & Vaidyanathan, 
1976). Vaidyanathan and coworkers have also isolated a Pseudomonas 
convexa that degraded L-mandelic acid via L-4-hydroxymandelic acid 
(Bhat & Vaidyanathan, 1976a). The initial step in this degradative 
pathway was catalyzed by a pteridine-requiring monooxygenase, which 
was highly specific for the L-isomer of L-mandelic acid (Bhat & 
Vaidyanathan, 1976b). The para hydroxylation of L-phenylalanine in 
various bacteria is also catalyzed by a pteridine-requiring mono­
oxygenase (Guroff & Rhoads, 1967; Nakata et al., 1979). Although 
phenylalanine hydroxylase also slowly catalyzes the hydroxylation of L-
tryptophan to 5-hydroxytryptophan (Nakata et al., 1979), no hydroxyla­
tion of the analogous compound DL-phenylglycine by the phenyl­
alanine monooxygenase of Pseudomonas acidovorans ATCC 11299a has 



COOH COOH 

I2H1.Q; 
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2— la) 

COOH 
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Figure 3 . Para-hydroxylation of benzoic acid (a), L-phenylalanine (b), and L-mandellc acid (c) 
by bacterial, pteridin requiring monooxygenases. 

been observed (van den Tweel & Smit, unpublished results). Currently 
there is a great industrial interest in both hydroxylated products; 5-
hydroxy-L-tryptophan is a precursor of the central-nervous-system 
transmitter 5-hydroxytryptamine (serotonin), while D-4-hydroxyphenyl-
glycine is an important building block of semisynthetic antibiotics. 
Already in 1956 Mitoma et al. reported that Chromobacterium 
violaceum converted L-tryptophan to L-5-hydroxytryptophan, however, 
the yields were low. Later on the yield was increased significantly by 
using Bacillus subtilus ATCC 21733 and by adding Fe2+ to the 
fermentation broth (Daum & Kieslich, 1974a; 1974b). In striking 
contrast to the bacterial hydroxylation of L-phenylalanine and L-tryp­
tophan, so far no bacteria have been found that are able to hydroxy-
late D-phenylglycine to D-4-hydroxyphenylglycine (van den Tweel et 
al., 1986a; van den Tweel & de Bont, 1987). 

[2H],02 

H20 

OH 

Figure 4 . Hydroxylation of L-tyrosine to L-DOPA. 



L-3,4-Dihydroxyphenylalanine (L-DOPA) is another important 
compound that can be synthesized by a hydroxylation of an amino acid 
(Figure 4). This dihydroxy compound is an efficaceous pharmacological 
agent in the treatment of Parkinson's disease. Extensive screening 
procedures have shown that various bacteria are able to hydroxylate 
L-tyrosine to L-DOPA (Singh et al., 1973; Yoshida et al., 1973, 1974; 
Pshirkov et al., 1982). For this screening a very simple selection 
procedure, based on a violet-black color formation on agar plates by 
the reaction of the accumulating L-DOPA with ferrous iron ions, was 
developed (Tanaka et al., 1974). 

Flavin-dependent monooxygenases play a very important role in 
the bacterial degradation of hydroxylated benzoic and phenylacetic 
acids. All isolated bacterial flavoproteins are very substrate specific 
and incorporate one atom of molecular oxygen into the substrate, 
either on the position ortho of the existing hydroxyl group (Adachi et 
al., 1964; Yamamoto et al., 1965; Hosokawa & Stanier, 1966; Michalover 
& Ribbons, 1973) or on the para-position (Hareland et al., 1975; Wang 
et al., 1987). In the bacterial cell the resulting dihydroxy aromatic 
acids are subsequently ringcleaved by intra- or extradiol dioxygenases. 
In the presence of the metal chelator 2,2-dipyridyl, various bacteria 
are able to accumulate 2,5- or 3,4-dihydroxyphenylacetic acid from 4-
hydroxyphenylacetic acid in almost stoichiometric amounts (van den 
Tweel et al., 1986b, 1987b, 1988a; [Figure 5]). The bacterial formation 
of 2,5- and 3,4-dihydroxyphenylacetic acid was investigated because 
these compounds can be used as building blocks in the synthesis of 
various pharmaceuticals (Suh & Skorcz, 1969; Kanamaru et al., 1979), 
dye developers (Lestina & Bush, 1976), and hair dyes (Bachmann & 
Portmann, 1981). 

4 - h y d r o x y p h e n y l a c e t i c ac id 

" O H 

OH OH 

3 ,^-d ihydroxyphenylacef ic acid 2,5-dihydroxyphenylacehc acid 

Figure 5 . Bioconversion of 4-hydroxyphenylacetic acid to either 3,4-dihydroxyphenylacetic 
acid (Klebsiella oxytocal or 2,5-dihydroxyphenylacetic acid fXanthobacter 124X, Flavobacterium 
JS-7). 

8 



3.1.2 MONOOXYGENASES WITH RELAXED SUBSTRATE SPECIFICITY 

Oxygenases which show a relaxed substrate specificity are mostly 
multi-component enzyme complexes. Recently a new pathway has been 
described for bacterial toluene degradation. Finette et al. (1984) have 
isolated a Pseudomonas mendocina strain that metabolizes toluene by 
an initial oxidation of the benzene ring to para-cresol (Figure 6A). In 
this strain a multi-component, plasmid encoded monooxygenase is 
responsible for the initial hydroxylation step (Yen et al., 1986). These 
authors did not report on the substrate specificity of the enzyme but 
in view of the relaxed substrate specificity of multi-component 
oxygenases in general, this para-hydroxylating enzyme might be very 
valuable for the bioformation of hydroxylated aromatic compounds. 
Bacteria can also degrade toluene via other routes (Figure 6). Well-
known is the degradation of toluene, meta- and para-xylene by bac­
teria carrying the TOL plasmid (Williams & Worsey, 1976). The XylA 
gene of this plasmid specifies xylene oxygenase, a relaxed specificity 

n u Benzyl Alcohol • T , 
UH os-Toluene 

P-fresol Dihydrodiol 

\ 

OH 
Protocatechuate 

'OH ^ < ^ ^ 0 H 
Catechol 3-Methyl Catechol 

Ring Fission 

F i g u r e 6 . Various pathways used by bacteria for the oxidation of toluene to ring fission 
substrates. 



xylene 
oxygenase 

indole indoxyl indigo 

Figure 7 . Indigo formation catalyzed by the TOL plasmid-encoded xylene oxygenase. 

enzyme that hydroxylates or monooxygenates toluene and meta- and 
para-xylene and their corresponding alcohols (Harayama et al., 1986; 
[Figure 6B]). Timmis and coworkers have shown that this mono-
oxygenase also might be applicable for the production of indigo, a 
brilliant blue pigment which is used extensively in the dyeing of 
cotton and wool fabrics. Indole is hydroxylated by the xylene 
oxygenase to indoxyl which oxidizes spontaneously to form indigo 
(Mermod et al., 1986; [Figure 7]). Evidently, from the viewpoint of 
manufacturing hydroxylated aromatics, bacteria which are able to 
degrade toluene may be very useful. 

In addition to the already described oxygenases which are 
employed specifically for the metabolism of aromatic compounds, also 
other enzymes may gratuitously hydroxylate aromatics. Well known is 
the fortuitous oxidation of aromatics by methane-utilizing bacteria 
(Stirling et al., 1979; Higgins et al., 1980; Patel & Hou, 1983). During 
the last decade a number of patents has been filed concerning the 
application of these bacteria for the production of commercially useful 
chemicals including hydroxylated aromatics (Higgins, 1979, 1981, 1982; 
Hall, 1982). For example, benzene can be converted to phenol, phenol 
to hydroquinone, toluene to para-cresol and to benzoic acid, and naph­
thalene to 1-naphthol (Figure 8). Fundamental studies have shown that 
Methylosinus trichosporium OB3b contains both a soluble and a par­
ticulate methane monooxygenase (Scott et al., 1981a,b), and that only 
the soluble enzyme which is formed under conditions of copper 
deficiency, oxidizes aromatic compounds (Burrows et al., 1984). Another 
multi-component monooxygenase, the alkane monooxygenase of Pseudo­
monas oleovorans, also oxidizes various substrates, however, aromatic 
compounds as for instance benzene and toluene were not oxidized 
(McKenna & Coon, 1970). 

The membrane bound ammonia monooxygenase of Nitrosomonas 
europaea is also able to hydroxylate aromatics. Hyman et al. (1985) 
have shown that this ammonia-oxidizing organism hydroxylates benzene 
to phenol, which in turn can be oxidized to hydroquinone. Catechol 
and resorcinol were not detected as products of phenol oxidation, 
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Figure 8 . Hydroxylation of various aromatic compounds by the methane monooxygenase of 
Methylosinus trichosporium OB3b. 

implying that the hydroxylation was para-directed. The oxidation rates 
for benzene were surprisingly high: 100 nmol min"' mg protein"' 
(initial benzene concentration 4 mM, and hydrazine as reductant). 
Whether or not other aromatic compounds are hydroxylated by these 
cells is yet unknown. 

3.2 HYDROXYLATION 
DIOXYGENASES 

OF AROMATIC COMPOUNDS BY 

Dioxygenases are defined as a group of enzymes that catalyze the 
incorporation of two atoms of molecular oxygen into the substrate. 
This group can be subdivided in dioxygenases which catalyze so-called 
double hydroxylation reactions yielding cis-dihydrodiols and in di­
oxygenases which accomplish the cleavage of the aromatic ring by the 
insertion of two atoms of molecular oxygen. 

3.2.1 DIOXYGENASES INVOLVED IN THE FORMATION OF CIS-
DIHYDRODIOLS AND CATECHOLS 

Various bacteria initially oxidize the most simple aromatic 
compound, benzene, by means of a dioxygenase to cis-l,2-dihydroxy-
cyclohexa-3,5-diene (cis-benzeneglycol)(Gibson et al., 1970b; Högn & 
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F igu re 9 . Bioformation of cis-dihydrodiols. 

Jaenicke, 1972; [Figure 9]). Subsequently, cis-benzeneglycol is oxidized 
to catechol which is further degraded by the well-established reactions 
of either the /J-ketoadipate pathway or the "meta" fission-pathway 
(Dagley, 1971). Similar steps are involved in the bacterial catabolism of 
toluene (Gibson et al., 1970a; [Figure 6C]), halogenated benzenes 
(Reineke & Knackmuss, 1984; de Bont et al., 1986; Schraa et al., 1986; 
Spain & Nishino, 1987), ethyl benzene (Gibson et al., 1973a), ortho-
xylene (Schraa et al., 1987), 2-phenylbutane and 3-phenylpentane 
(Baggi et al., 1972), isobutylbenzene and isopropylbenzene (Jigami et 
al., 1975; Eaton & Timmis, 1986), benzoic acids (Reiner, 1971: Reiner & 
Hegeman, 1971; Whited et al., 1986), phthalic acid (Martin et al., 1987), 
3-phenylpropionic acid (Burlingame & Chapman, 1983), naphthalene 
(Catterall et al., 1971; Jeffrey et al., 1975), biphenyl (Gibson et al., 
1973b), phenanthrene (Koreeda et al., 1978), and anthracene (Evans et 
al., 1965; Jerina et al., 1976); by means of an oxygenase one molecule 
of oxygen is incorporated yielding a cis-dihydrodiol which is subse­
quently dehydrogenated to the corresponding catechol. Currently there 
is a huge industrial interest in these aromatic dioxygenase enzymes for 
the production of the cis-dihydrodiol intermediates, since such diols 
may be useful starting compounds for the production of synthetic 
polymers (Ballard et al., 1983) and certain pharmaceuticals (Ley et al., 
1987). Moreover, the relaxed substrate specificity of these multi-
component enzymes (Axcell & Geary, 1975; Yeh et al., 1977), also 
enables the formation of a wide range of substituted cis-dihydrodiols, 
thus making a commercial application more attractive (Gibson et al., 
1968; 1974; Ziffer et al., 1977; Taylor, 1983; Ensley et al., 1983; Reiner 
& Hegeman, 1971; Zeyer et al., 1985a). It should be noted however, 
that in order to prevent further metabolism of the produced cis-
dihydrodiols, mutants lacking a functional cis-dihydrodiol dehydro­
genase, have to be used (Figure 9). 

In addition to the cis-dihydrodiol intermediates also the catechol 
intermediates are of some interest for various industries. Consequently, 
research is done to achieve bacterial formation of catechols from 
benzene (Shirai, 1986,1987) and from various benzoates (Zeyer et al., 
1985a). The internal regeneration of cofactors (reduction equivalents 
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Figure 10 . Bioformation of catechols. 

needed for the initial hydroxylation step can be regenerated by 
dehydrogenation of the cis-dihydrodiol), might be a welcome advantage 
of such processes (Figure 10). However, a major problem encountered 
with these bioconversions is the toxic effect of the labile catechols 
(Shirai, 1987). 

3.2.2 AROMATIC RING CLEAVAGE BY DIOXYGENASES 

From the foregoing discussion, it is apparent that the degradation 
of aromatic compounds leads to the formation of dihydroxy aromatics 
as terminal benzenoid compounds. Dioxygenases initiate the degradation 
of such compounds by the insertion of two atoms of molecular oxygen, 
either between the two hydroxylated carbon atoms or adjacent to a 
hydroxylated carbon atom (Figure 11). Most of the ring cleaving 
dioxygenases contain non-heme iron as the sole cofactor (Nozaki, 

R 0 

I ^^COOH 

k-^COOH 

\ CHO 

OH 

C00H 

Figure 1 1 . Ring fission of catechols by an intra- or extradiol cleavage yielding either 
muconic acids or hydroxymuconic semialdehydes. 
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1979). Consequently, these enzymes are inhibited in the presence of 
metal chelators, thus creating a possibility to produce dihydroxy 
aromatic compounds (section 3.1.1; Figure 5). 

The product of the intradiol cleavage, muconic acid, is very 
useful for the synthesis of surfactants, anti-oxidants and flame retar­
dants. Maxwell (1982) has manipulated a Pseudomonas putida in that it 
is able to produce muconic acid from toluene. All naturally occurring 
bacteria, on the other hand, degrade toluene by means of the extra 
diol cleavage (Figure 6). Hagedorn (1984) used mutants of Pseudomonas 
putida which lacked active 2-hydroxymuconic semialdehyde-metabolizing 
enzymes, to produce 2-hydroxymuconic semialdehyde or substituted 
analogues thereof from compounds such as toluene and para-xylene. 
Subsequently, the products were chemically converted to picolinic acids 
and pyridines. These specialty heterocyclic aromatic chemicals are 
mainly used in the production of adhesives, pesticides and vitamins. 

REPLACEMENT OF SUBSTITUENTS BY HYDROXYL GROUPS 

A quite different method to obtain hydroxylated aromatic com­
pounds is the replacement of substituents of the aromatic ring by 
hydroxyl groups. Recent publications have shown that many bacteria 
can replace various substituents by hydroxyl groups: some reactions 
are catalyzed by hydrolytic enzymes, others by oxygenases. 

4.1 HYDROLYTIC DEHALOGENATION 

In view of the high barrier of activation energy of the aromatic 
ring and the requirement for strong nucleophilic catalysts, it was 
considered unlikely some years ago that bacteria had evolved enzymes 
for the direct hydrolysis of the aromatic carbon-halogen bond (Knack-
muss, 1981). However, during the last decade many bacteria have been 
described which are able to replace the halogen by a hydroxyl group 
(Figure 12). Such reaction has been observed in a Pseudomonas species 
growing on 3-chlorobenzoate (Johnston et al., 1972), in various or­
ganisms utilizing 4-chlorobenzoate (Ruisinger et al., 1976; Klages et al., 
1979; Keil et al., 1981; Zaitsev and Karasevich, 1981a, 1981b; Marks et 
al., 1984a; van den Tweel et al., 1987e), and in a pentachlorophenol 
degrading bacterium (Apajalahti & Salkinoja-Salonen, 1987a,b). The 
precise nature of the reaction is yet unknown, but two groups of 
researchers have shown independently and for different bacteria that 
the oxygen atom in 4-hydroxybenzoate is derived from water rather 
than from molecular oxygen (Marks et al., 1984b; Müller et al., 1984). 
Similar results were very recently obtained by Apajalahti & Salkinoja-
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Figure 12 . Hydrolytic dehalogenation of various halobenzoates. 

Salonen (1987a) for the conversion of tri- and tetrachlorophenols to 
trichlorohydroquinone. The use of such hydrolytic dehalogenation 
reactions yielding hydroxyaromatics may be an interesting alternative 
to existing biotransformations yielding hydroxylated aromatics. A major 
advantage of such a bioconversion is that further oxidation of the 
hydroxylated product, either chemically or biologically, can easily be 
prevented since such a hydrolytic dehalogenation theoretically can be 
achieved in the absence of oxygen. Preliminary experiments with both 
free and immobilized bacterial cells containing the 4-halobenzoate 
dehalogenase, have indeed shown that a formation of 4-hydroxyben-
zoate from 4-halobenzoates is feasible (van den Tweel et al. 1986c, 
1987d). Surprisingly however, no bioconversion took place when oxygen 
was absent. The presence of an energy-dependent uptake system may 
explain this rather unexpected anomalous result (Groenewegen et al., 
1987). So far, only 4-halobenzoate and polychlorophenol dehalogenases 
have been found, however, for industrial purposes it would be attrac­
tive to obtain hydrolytic dehalogenases which act on other halo-
aromatic compounds as well. 

4.2 OXIDATIVE REPLACEMENT 

In contrast to the forementioned hydrolytic dehalogenation of 
haloaromatic compounds, also oxidative dehalogenation reactions 
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yielding hydroxy aromatics have been described. Almost all of these 
reactions are attributed to the non-specific action of either a mono-
oxygenase or a dioxygenase. For instance, the enzyme phenylalanine 
hydroxylase is able to hydroxy late 4-fluorphenylalanine yielding 
tyrosine in a NADH-dependent reaction (Kaufman, 1961). Another non­
specific enzymatic reaction resulting in halide release from an aromatic 
compound is when 3-fluorobenzoate is oxidized by the benzoate 
dioxygenase. In the adapted strain Pseudomonas B13-2 the regioselec-
tivity of dioxygenation was changed in such way that only 2-fluoro-
3,5-cyclohexadiene-l,2-diol-l-carboxylic acid resulted from dioxygena­
tion of 2-fluorobenzoate, whereas the 6-flouro analog was no longer 
formed (Engesser et al., 1980). This fluorodiol spontaneously rearranged 
to catechol under loss of fluoride and CO2. A situation that may, or 
may not, be comparable to the benzoate dioxygenase situation was 
described for a Pseudomonas species able to grow on 4-chlorophenyl-
acetate (Klages et al., 1981). It was observed that 3,4-dihydroxy-
phenylacetate was formed from 4-chlorophenylacetate in a reaction 
probably catalyzed by a dioxygenase (Markus et al., 1984). 

Other substituents attached to aromatic rings that can be con­
verted to hydroxyl groups are amino and nitro groups. Zeyer and 
coworkers have isolated various bacteria which grow on either halo-
anilines or substituted nitroaromatic compounds as sole carbon and 
nitrogen source. A Moraxella sp. which was able to grow on 4-halo-
anilines, converted these compounds by an aniline oxygenase to 4-
chlorocatechol (Zeyer et al., 1985b), while a Pseudomonas putida which 
was isolated on 2-nitrophenol, oxidized this compound by a nitrophenol 
oxygenase to nitrite and catechol (Zeyer et al., 1986). Another Pseu­
domonas sp. which utilized 4-chloro-2-nitrophenol only as sole nitrogen 
source, converted this compound quantitatively to 4-chlorocatechol 
(Nörtemann et al., 1986). 

Sulfonated aromatics are anthropogenic compounds which are 
widely used as emulsifiers and wetting agents. In spite of the fact that 
these chemicals are only recently released in the environment, many 
bacteria can use these compounds as sole sulfur source and/or carbon 
source for growth. Using sulfonated naphthalenes as sole sulfur source, 
several bacteria were isolated (Zürrer et al., 1987). One of them, a 
Pseudomonas sp., converted 1- and 2-naphthalenesulfonic and ben-
zenesulfonic acid quantitatively to 1- and 2-naphthol and phenol, 
respectively. Experiments with labeled oxygen have shown that also in 
this case the hydroxyl group was derived from molecular oxygen. 
Bacteria, however, which utilize either 1- or 2-naphtalenesulfonic acid 
as sole carbon source, degrade these compounds via the known 
catabolic sequences of naphthalene (Brilon et al., 1981). By means of 
an enzymic 1,2-dioxygenation and a spontaneous rearomatization, the 
carbon-sulfur bond is cleaved yielding 1,2-dihydroxynaphthalene and 
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Sulfite. 
Demethylation of aromatic ethers, metabolites of biological lignin 

degradation, to hydroxy aromatics is another example of oxygenolytic 
replacement (Cartwright et al., 1971). In case of 4-methoxybenzoate, a 
rather aspecific monooxygenase converted 4-methoxybenzoate to 4-
hydroxybenzoate and formaldehyde (Bernhardt et al., 1973). 

ADDITION AND/OR MODIFICATION OF THE SIDE CHAIN 

The formation of hydroxylated aromatic compounds can also be 
achieved by bacterial enzymes that are different from the enzymes 
described above. Yamada and coworkers have shown that the pyridoxal 
phosphate requiring ^-tyrosinase (tyrosine phenol-lyase) and tryp-
tophanase which initiate the degradation of respectively, L-tyrosine 
and L-tryptophan in some bacteria, may be useful for this purpose. 
Both enzymes catalyse a variety of a,£-elimination (eq. 1), ^-replace­
ment (eq. 2) and the reverse of the a,£-elimination (eq. 3) reactions as 
follows (Yamada & Kumagai, 1978; Yamada & Shimizu, 1985): 

L-RCH2CH(NH2)COOH + H 2 0 =*- RH + CH3COCOOH + NH3 (1) 

L-RCH2CH(NH2)COOH + R*H =• L - R ^ H ^ H t N H ^ C O O H + RH (2) 

R*H + CH3COCOOH + NH3 =• L -RV^CHfNH^COOH + H 2 0 (3) 

where for ^-tyrosinase: R= phenolyl, -OH, -SH, -Cl; R = phenolyl; and 
for tryptophanase: R = indolyl, -OH, -SH, -CI; R = indolyl. 

Screening has shown that both enzyme activities are found in 
various bacteria, most of which belonged to the Enter obacteriaceae; 
especially to the genera Escherichia, Proteus and Erwinia (Enei et al., 
1972; Nakazawa et al., 1972b). Whole cells of Erwinia herbicola (either 
free or immobilized), containing high ^-tyrosinase activity transformed 
pyruvate, ammonia and phenol or catechol to L-tyrosine or L-DOPA 
respectively, via the reverse of the a,/9-elimination reaction ([eq. 3]; 
Enei et al., 1973b; Yamada et al., 1978). As a result of the low solubi­
lity of L-tyrosine and L-DOPA the apparent equilibrium, in the 
presence of large amounts of substrates, declined towards the 
synthetic rather than towards the degradative direction. During L-
DOPA synthesis a large amount of byproducts was formed as a result 
of a non-enzymic reaction of L-DOPA with pyruvate (Enei et al., 
1973b). An alternative way to synthesize L-DOPA by means of the ß-
tyrosinase is by using DL-serine instead of pyruvate and ammonia (the 
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^-replacement reaction; Enei et al., 1973a; Para et al., 1984). Like the 
/8-tyrosinase reaction, L-tryptophan or L-5-hydroxytryptophan were 
efficiently synthesized from pyruvate, ammonia, indole or 5-hydroxyin-
dole when tryptophanase containing cells were used as the catalyst 
(Nakazawa et al., 1972a; Yamada & Kumagai, 1978). 

D-4-Hydroxyphenylglycine (D-4-HPG) is a commercially important 
building block for the production of the semisynthetic penicillin 
amoxicillin. The chemical synthesis of D-4-HPG (production of racemic 
4-HPG, followed by diastereomeric salt separation) is complex and 
therefore several biological production methods have been developed. 
Some of these processes have been or will be commercialized (Figure 
13). A very nice chemoenzymatic process for the production of D-4-
HPG, based on the stereoselective resolution of the racemic hydantoin, 
is operated on an industrial scale by the Japanese firm Kanegafuchi 
([Figure 13A]; Kanegafuchi, 1977). The racemic 5-(4-hydroxyphenyl)-
hydantoin is converted by (immobilized) cells of Bacillus brevis 
containing a D-specific hydantoinase to a mixture of N-carbamoyl-D-4-
HPG and L-5-(4-hydroxyphenyl)hydantoin. A major advantage of this 
process is the rapid spontaneous racemization of the unreacted L-
hydantoin in situ, resulting theoretically in a 100% yield of the N-
carbamoyl-D-acid on basis of the DL-hydantoin. The resulting N-
carbamoyl-D-acid can be converted to the corresponding D-amino acid 
by reaction with nitrous acid without changing the configuration 
(Takahashi et al., 1979). More recently, it has been shown that the 
hydrolysis of the N-carbamoyl-D-amino acid can also be accomplished 
by bacteria (Nakamori et al., 1980; Yokozeki et al., 1987). An Agrobac-
terium radiobacter that contained both a D-hydantoinase and a N-
carbamoyl-D-amino acid amidohydrolase converted DL-5-(4-hydroxy-
phenyl)hydantoin to free D-4-HPG in a single process step (Figure 13B; 
Olivieri et al., 1979, 1981). Industrial application seems therefore most 
promising, especially when the specific activities of the microbial cells 
are enhanced by strain improvement procedures. 

DSM has developed a biotechnological process for the production 
of a wide variety of optically active amino acids based on a L-specific 
aminopeptidase (Boesten & Meyer-Hoffman, 1975; Meyer et al., 1985). 
In order to produce D-4-HPG by this method (Figure 13C), the DL-4-
hydroxyphenylglycine amide is hydrolyzed by Pseudomonas putida cells 
containing a high L-aminopeptidase activity, yielding L-4-HPG and the 
D-4-hydroxyphenylglycine amide. The recovery of the nearly insoluble 
D-4-hydroxyphenylglycine amide is accomplished by simple filtration, 
and subsequently D-4-HPG is obtained by either chemical or enzymic 
hydrolysis. The L-isomer of 4-HPG on the other hand, has to be 
racemized and recycled. 

Another process that might be useful for the biosynthesis of D-4-
HPG is the hydrolysis of the aminonitril compound yielding either the 
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amino amide or the amino acid ([Figure 13D]; Arnaud et al., 1980). 
However, the use of aminonitril as substrate in this bioprocess is 
hampered by the partly reversal of the Strecker-reaction. 

Stereoselective hydrolysis either of N-acyl-DL-4-hydroxyphenyl-
glycine by an Escherichia coli containing high acylase activity ([Figure 
13E]; Cole & Utting, 1974) or of N-acyl-DL-4-hydroxyphenylglycine 
methyl ester by various esterases ([Figure 13F]; Schutt, 1981) has also 
been described. A major drawback of the acylase method is that the 
preparation of the N-acyl-DL-amino acid has to occur via the relative­
ly expensive DL-amino acid in most cases (Cole & Utting, 1974), while 
the esterase procedure is hampered by the slow chemical hydrolysis of 
the substrate under the described reaction conditions (Schutt, 1981). 
Recently, Schutt et al. (1985) have shown that the enantioselective 
ester hydrolysis of DL-2-acetamido-4-hydroxyphenylacetic acid methyl 
ester can be very efficiently performed by immobilized subtilisin in the 
presence of organic solvents. Besides the fact that the substrate 
solubility was enhanced also the rate of non-enzymatic hydrolysis was 
reduced. 

Another promising method for the bioformation of D-4-HPG is 
the enantioselective transamination of 4-hydroxyphenylglyoxylate 
([Figure 13G]; van den Tweel et al., 1987c, 1988c). By means of a 
reversible D-selective transaminase of a Pseudomonas putida, 4-
hydroxyphenylglyoxylate and L-glutamate are transformed to a-keto-
glutarate and D-4-HPG. Since the starting compounds are relatively 
inexpensive (L-glutamate is a very cheap bulk product while 4-
hydroxphenylglyoxylate can easily be prepared chemically from 
inexpensive DL-4-hydroxymandelate), this process might be a welcome 
alternative to other production processes for D-4-HPG. 

SOME TECHNOLOGICAL ASPECTS OF THE BIOPRODUCTION 
OF HYDROXYLATED AROMATIC COMPOUNDS 

In order to develop a commercial biotechnological process for 
the manufacture of hydroxylated aromatics, not only biological aspects 
of the desired biotransformation have to be studied, but also tech­
nological aspects should be taken into account. The selectivity, activity 
and stability of the biocatalyst should be high to obtain a maximal 
volumetric productivity of the bioreactor. Moreover, a high product 
concentration is desirable since it generally facilitates down-stream 
processing. In case of biotransformations by bacterial cells, which are 
based on oxygenases, the activity and stability of the (immobilized) 
biocatalyst is strongly dependent upon the availability of reduction 
equivalents, needed for the hydroxylation reaction. In order to enhance 
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the activity and stability of the biotransformation, cosubstrates can be 
added to the bioreactor (Taylor, 1985). Another approach to meet this 
demand for reducing power in intact bacteria, is by using starting 
compounds which are more reduced than the compound to be hydroxy-
lated (van den Tweel et al., 1988b). In this way the reduction equi­
valents which result from the oxidation reaction, may be used to 
achieve the hydroxylation reaction of the aromatic compound. 

Aromatic substrates and/or products often have an inhibitory 
effect on both bacterial growth and biocatalysis (Jenkins & Dalton, 
1985; Jenkins et al., 1987; van den Tweel et al., 1987a, 1988b). Because 
of the apolar nature of most aromatics the application of water-
immiscible organic solvents might be useful to decrease the toxic 
effect of the aromatic compounds. The influence of many water-immis­
cible solvents on retention of activity of immobilized Mycobacterium 
cells was determined by Brink and Tramper (1985), and it was found 
that retention of activity is usually favored by low solvent polarity in 
combination with a high molecular weight. LogP, which is defined as 
the logarithm of the partition coefficient of a given compound in a 
standard octanol- water two phase system is a very useful parameter to 
describe a correlation between biocatalytic activity and solvent proper­
ties (Laane et al., 1985). Solvents with a logP smaller than 2 were 
least suitable for biocatalysis while solvents having a logP above 4 
were readily applicable. Preliminary experiments have shown that also 
for the production of cis-benzeneglycol from benzene, the addition of 
hexadecane (logP 8.8) is useful to circumvent the inhibitory effect of 
benzene, however, because of the polarity of cis-benzeneglycol, the 
addition of water-immiscible solvents will not reduce the inhibitory 
effect of the product (van den Tweel et al., 1987a). A potential danger 
for the biocatalyst in the hexadecane/water biphasic system is 
denaturation at the liquid/liquid interface. However, if required, this 
problem can be overcome by immobilizing the biocatalyst in the 
aqueous phase. 

Another possible advantage of the application of water-immiscible 
solvents is the integration of the actual biocatalysis and the down­
stream processing, as the product can be easily removed from the 
bioreactor via the organic solvent. 

A problem encountered during the bioformation of some hydroxy-
lated aromatics, is a further transformation, either biologically or 
chemically, of the desired product. By using mutants (Shirai, 1987), or 
by working under conditions of low and controlled oxygen tensions 
(van den Tweel et al., 1986c), or by the addition of antioxidants (Para 
et al., 1984), the oxidation of the accumulating hydroxylated product 
can be (partially) circumvented. In case of the hydroxylation of L-
tyrosine to L-DOPA, the undesired deamination of both the substrate 
and the product could be prevented by introducing suitable N-blocking 
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groups (Sih et al., 1969; Sih, 1972). 

7 OUTLINE OF THIS THESIS 

The present research was initiated together with Andeno B.V. The 
aim was to investigate and to ultimately exploit the divers biochemical 
potential of bacteria to develop biotechnological processes for the 
manufacture of hydroxylated aromatic compounds. 

Initially, the emphasis was on bacteria which would hydroxylate 
DL-phenylglycine regio- and stereospecifically yielding D-4-hydroxy-
phenylglycine. For this, several bacteria were isolated on D-phenyl-
glycine as sole carbon and energy source, and subsequently it was 
investigated whether these organisms metabolized phenylglycine via an 
initial hydroxylation reaction (chapters 2 and 3). Unfortunately, none 
of the studied bacteria were able to hydroxylate phenylglycine. How­
ever, one of the isolates, Pseudomonas putida LW-4, also grew on D-4-
hydroxyphenylglycine but not on L-4-hydroxyphenylglycine, and it was 
shown that the D-isomer was initially degraded by means of a D-
selective transaminase. By using this transaminase in the reverse 
direction we were able to produce D-4-hydroxyphenylglycine from 4-
hydroxyphenylglyoxylate (chapter 4). Another Pseudomonas putida, on 
the other hand, which degraded both stereoisomers of 4-hydroxy-
phenylglycine, possessed both a D- and a L-specific transaminase 
(chapter 5). 

Other compounds of interest were hydroxylated phenylacetic 
acids. In chapter 6 the catabolism of 4-hydroxyphenylacetic acid by a 
Xanthobacter species is described, and it is shown that whole cells in 
the presence of 2,2-dipyridyl, convert 4-hydroxyphenylacetic acid to 
2,5-dihydroxyphenylacetic acid. In chapter 7 the degradation of DL-
phenylhydracrylic acid and metabolites thereof, by a Flavobacterium is 
described. 

The bioformation of cis-benzeneglycol from benzene was inves­
tigated in collaboration with the Chemistry Department of the Techni­
cal University Delft. Chapter 8 deals with the continuous production of 
cis-benzeneglycol from benzene by a mutant, whereas chapter 9 
describes the application of organic solvents for this biotransformation. 
In this latter chapter also some preliminary results on the use of a 
newly described liquid-impelled loop reactor are presented. 

The hydrolytic dehalogenation of haloaromatic compounds is a 
fully different approach to form hydroxylated aromatics. In chapter 10 
and 11 the formation of 4-hydroxybenzoate from various halobenzoates 
is described, while in chapter 12 some kinetic aspects of this biocon­
version by immobilized cells are presented. 
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Finally in chapter 13 some concluding remarks are presented 
concerning the application of bacteria in general to synthesize 
hydroxylated aromatic compounds. 
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