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STELLINGEN

1 Het is opmerkelijk dat in geen van de vele overzichtsartikelen over het metabolisme
van gehalogeneerde aromaten door microorganismen aandacht geschonken wordt aan
mogelijke opnamesystemen van deze verbindingen.

Dit proefschrift

2 De bewering van Zeyer dat bij de aerobe afbraak van nitroaromaten waarbij
ammonium vrijkomt, een amine ¢en intermediair is, is in zijh algemeenheid onjuist.
Zeyer J. (1983). Das Gas und Wasserfach Wasser und Abwasser 129:79-81.

3 Gezien het feit dat de omzetting van 4-fluorbenzoaat naar 4-hydroxybenzoaat
redoxneutraal is, is het merkwaardig dat NADH wordt toegevoegd bij de bepaling van

de aktiviteit van het dehalogenase.
Olimanns R.H., Miiller R.,, Otto MK. and Lingens F. (1989) Applied Environmental Microbiology
55:2499-2504.

4 Sommige reincultures blijken toch Rijncnlitures te zijn.
Dit proefschrift

5 De overeenkomst tussen de geldende snelheidslimiet voor automobilisten en de
gestelde tijdsduur voor een promotieonderzoek is, dat slechts een enkeling zich eraan
houds.

6 De vangkracht van kunsivliegen die bij het vliegvissen worden gebruikt, neemt
evenredig af met pogingen een natuurgetrouwe imitatie van insekten te maken.

7 De groeiende kloof tussen het aantai veiligheidsvoorzieningen van auto’s uit
verschillende prijsklassen komt de verkeersveiligheid niet ten goede.

8 De geluidsproduktie van de huidige generatie deltavliegers maakt een verplichting tot
het aanvragen van een hinderwetvergunning wenselijk.

9 Het oprichten van titzendbureaus voor biowetenschappers zou de doorstroming vanuit
de universiteit naar het bedrijfsieven kunnen vereenvoudigen.

10 De aanhoudende stroom van tegenstrijdige berichtgeving inzake de gevolgen van het
broeikaseffect doet afbreuk aan het imago van de natuurwetenschappen.

Steliingen behorende bij het proefschrift “Microbial formation of hydroxylated aromatic compounds from 4-
chloro- and 4-nitrobenzoate”. Peter Groenewegen, Wageningen, 15 januari 1993.
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CHAPTER 1
INTRODUCTION

General

Increasing amounts of hydroxylated aromatic compounds are applied in
pharmaceutical, agrochemical and petrochemical industries. Some compounds are used
as precursors for the synthesis of antibiotics and other pharmaceuticals. In addition,
hydroxylated aromatic compounds are used as building blocks for the synthesis of
polymers, flavors and dyes. The major feedstocks for these compounds are obtained from
hoth crude oil and coal (Franck and Stadelhofer 1988).

Also in nature, aromatic compounds are formed extensively and used as building
blocks in the synthesis of lignin, alkaloids, certain hormones, etc. Consequently, several
hydroxylated aromatic compounds may be obtained from natural sources. However, for
reasons of availability and economics, they are mostly prepared chemically from fossil
fuels. These chemical routes either depend on direct hydroxylation reactions or more
commonly are achieved by indirect syntheses. Biological catalysts might also be used in
the production of these compounds since a variety of enzymatic conversions has been
characterized yielding hydroxylated aromatic compounds.

Chemical production of hydroxy-aromatics

Chemical synthesis of hydroxylated aromatic compounds by a direct hydroxylation
reaction is rather difficult in preparative organic chemistry. A major problem is that after
a hydroxyl-group is introduced on the aromatic nucleus the hydroxy-aromatic formed is
easily further hydroxylated (Olah et al. 1981). Under the performed hydroxylation
conditions, phenols are further oxidized to catechols and quinones. Hydroxylation of
optically pure substrates to the corresponding products is even more difficult, since under
the hydroxylation conditions racemic mixtures of the product are formed.

Most synthesis methods for the production of hydroxy-aromatics rely on indirect
chemical syntheses. In such syntheses an aromatic compound generated or isolated, is
modified to the desired hydroxy-aromatic. For instance, phenol may be obtained from
benzene via sulfonation, chlorination or from cymene (Franck and Stadelhofer, 1988).
Such processes are however often laborious.

Therefore, biotechnological methods for the production of hydroxylated aromatic
compounds are of interest as an alternative for {in)direct chemical syntheses.

Biological production of hydroxy-aromatics by direct hydroxylation
In microorganisms various biochémical mechanisms have evolved which lead to the
formation of aromatic compounds. The biosynthesis of these compounds can be achieved
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by different routes: direct hydroxylation either by oxidases or by oxygenases, addition or
modification of side-chains, and by replacement of substituents by hydroxyl groups (Fig.

1).
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Fig. 1. Mechanisms involved in the bioformation of hydroxylated aromatic compounds
(1) Involvement of a monooxygenase
(2) Replacement of a substituent by a hydroxyl-group
(3) Modification of a sidechain of a hydroxylated aromatic compound
(4) Involvement of a dioxygenase

Several of such reactions have been discussed by van den Tweel (1988), and by
Sikkema and de Bont (1991). In view of their potential regio- and enantioselectivity,
biological oxidations might be attractive in commercial processes. However, in such
processes other aspects, such as catalyst stability, efficiency, recycling of the catalyst,
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product recovery etc., are also important. Consequently, for most products, chemical
synthesis is applied. Presently, the commercial application of biological hydroxylation is
restricted to the production of sterols and some specialty chemicals, which are produced
on a very limited scale (Sikkema and de Bont 1991, Ribbons et al. 1990). Biological
oxidation of aromatic compounds involves either oxidases or oxygenases. Oxidases
catalyze the formation of hydrogen peroxide or hydroxyl radicals. As a result of this type
of biological oxidation of the substrate the reaction is rather unspecific. In contrast,
oxygenases are highly regiospecific, but the number of substrates that are oxidized by
these enzymes is limited. Oxygenases can be divided into two groups: dioxygenases which
incorporate both atoms of molecular oxygen into the substrate and monooxygenases
which incorporate one oxygen atom into the substrate, whereas the other atom is reduced
to water.

Biological production of hydroxy-aromatics by substitions

Compared with oxygenases and oxidases, replacement of a substituent of an aromatic
compound by a hydroxyl-group is of special interest for the production of hydroxylated
aromatic compounds since in these reactions no molecular oxygen is involved. Formation
of hydroxylated aromatic compounds can thus be achieved under anaerobic conditions,
preventing further oxidative degradation of the product.

In the degradative pathways of some halogenated aromatic compounds, hydrolytic
dehalogenases have been detected. In these reactions a regioselective hydroxylation of
an aromatic compound is achieved by replacement of the halogen by a hydroxyl group
derived from water (van den Tweel 1986). Other cheap substituted aromatics may also
be used as starting material to obtain hydroxylated aromatic compounds by biological
substitution reactions. Nitro-aromatic compounds might be of interest in this respect,
since they are easily obtained.

Chemical production of halogenated- and nitro-aromatic compounds

Halogenated aromatic compounds have been produced in large quantities during the
last decades. These compounds are used in a variety of industrial and agricultural
applications and are primarily used as solvents, lubricants, insulators, herbicides and as
intermediates in chemical synthesis. The annual world production of chlorinated
benzenes, for example, is estimated at 8 x 10° metric tons (Merians and Zander 1982).

Nitro-aromatic compounds are also important feedstocks for the synthesis of a wide
rang of industrial chemicals, including explosives, pesticides and dyes. It has been
estimated that as much as 10% of the sales by chemical industry are based on processes
which, at some step, involve nitro-aromatic compounds. In particular, dinitrotoluenes are
used extensively in the production of polyurethane and explosives. In 1982, the United
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States alone produced approximately 325 million kg of dinitrotoluenes. Nitrobenzene is
widely used in the manufacture of aniline, in the refining of lubricating oils and in the
production of soaps and shoe polishes (Merck and Co. 1983).

The uptake of (substituted) aromatic compounds by micreorganisms

The enzymology and genetics of the degradation of halogenated aromatic compounds
is studied extensively as summarized recently (Engesser and Fischer 1991, van der Meer
1992), but the uptake of these compounds by microorganisms is often ignored or
considered to proceed by passive diffusion. Nevertheless, uptake is the first and
consequently a very important step in microbial metabolism of these compounds. Uptake
of substituted aromatics and excretion of hydroxylated aromatics by whole cells is also
very important when organisms are used to produce hydroxylated aromatics

The uptake of substrates such as halo-aromatics depends on the hydrophobicity of the
compound. In principle the cell membrane, consisting of a phospholipid bilayer, is
impermeable for hydrophilic substances. Therefore, specific uptake systems have evolved
in microorganisms for the transport of such compounds into the cell. In contrast lipophilic

- compounds enter the cell by passive diffusion.

Halogenated aromatic compounds are generally more apolar than the unsubstituted
analogue. Therefore, it is reasonable to assume that halogenated aromatic compounds
enter the cell by passive diffusion if the non-substituted compound permeates freely in
the organism.

Uptake of benzoate and mandelate has been studied in detail in different bacteria
(Cook and Fewson 1972, Geisler et al. 1988, Thayer and Wheelis 1982, Poolman et al.
1987, Meagher et al. 1982). Conclusive evidence for carrier-mediated transport of
benzoate by Pseudomonas putida was obtained by Thayer and Wheelis (1976, 1982).
Benzoate uptake was mediated by an inducible saturable transport system that could be
eliminated by a mutation in a gene designated benP. A mutant strain that was blocked
in the subsequent metabolism of benzoate, accumulated benzoate 150-fold against a
concentration gradient. The mechanism of benzoate uptake is poorly defined, although
some evidence was presented for proton-motive force (Ap)-driven rather than ATP-driven
uptake. Uptake of mandelate by Pseudomonas putida has also been studied. According
to Hegeman (1966), mandelate enters the cell by passive diffusion. Uptake was found
both in induced and in uninduced cells but no internal accumulation was observed. In
contrast, a carrier-mediated mechanism for mandelate uptake was proposed by Higgins
and Mandelstam (1972). Induced cells accumulated mandelate against a concentration
gradient and uptake was blocked by the protonophore 2,4-dichlorophenol. The kinetics
of uptake of benzoate and 4-hydroxybenzoate (4-HBA) have been studied in
Rhodopseudomonas palustris (Merkel et al. 1989, Harwood and Gibson 1986). These
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aromatic acids are immediately converted into their Coenzyme A (CoA) derivatives by
an inducible benzoyl-CoA ligase; no evidence for an active transport system was obtained.

In reports discussing the degradative pathways of other substituted aromatic
compounds no data have been published on the uptake mechanism of these compounds,
although for some compounds specific uptake mechanisms have been suggested. Specific
transport systems were suggested on the basis of the difference in substrate specificity
between whole cells and cell-free extracts of an Alcaligenes sp. metabolizing sulfonated
aromatics (Thurnheer et al. 1990). Energy-dependent transport systems for halo-aromatic
compounds have been implied in some systems (Shimao et al. 1989, van den Tweel et al.
1986, 1987a) but no evidence for carrier-mediated transport has been presented. The
uptake of 2,4-dichlorophenoxyacetic acid was studied to some extent in a strain of
Pseudomonas fluorescens that is unable to degrade this compound. Accumulation of
2,4-dichlorophenoxyacetic acid proceeded only up to the equilibrium level, and a
facilitated diffusion type of uptake mechanism was suggested mainly based on the
inhibition of uptake by azide and fluorodinitrobenzene (Wedemeyer 1966). However, in
the coryneform bacterium NTB-1 an energy-dependent uptake system for 4-
chlorobenzoate was found. Under anaerobic, conditions no 4-chlorobenzoate accumulated
unless an alternative electron acceptor was present (Groenewegen et al. 1990).

Halogenated aromatic compounds diffusing freely into the cell may pose a serious
threat to the organism since cells are not able to control the internal concentration of
such compounds. Such lipophilic compounds may be especially toxic since they are likely
to partition preferentially in the lipid membranes and wilt thus impair several membrane
functions (Sikkema et al. 1992).

Bacterial degradation of halogenated aromatic compoeunds

Halogenated aromatic compounds are often considered as man-made chemicals which
are not generally found in the environment. It should be noted, however, that a number
of halogenated organic compounds are aiso produced biclogically (Siuda and
DeBernardis 1973, Neidleman and Geigert 1986). In the last decades many
microorganisms have been isolated capable of degrading halogenated aromatic
compounds to CO, and halide, which is not surprising since many halogenated aromatic
compounds are produced in nature (de Jong et al. 1992). These organisms use pathways
similar to those for the degradation of non-halogenated aromatic compounds. Under
aerobic conditions, halogenated aromatic compounds are generally oxidized by mono- and
dioxygenases into dihydroxylated derivatives with halide release occurring after ring
cleavage has taken place. Hydrolytic displacement of a halide from an aromatic structure
has been observed in specific cases. Under anaerobic conditions, reductive
dehalogenation occurs yielding nonsubstituted aromatic compounds,
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In recent years, bacteria not utilizing halo-aromatics for growth but rather as an
electron acceptor have been described.

Halogenated aromatic compounds utilized as carbon and energy source

In the degradation of halogenated aromatic compounds by bacteria various
mechanisms have been demonstrated: (1) Oxygenolytic cleavage of halogen-carbon bonds,
(2) displacement of halogen by hydroxyl group, and (3) displacement of halogen by
hydrogen (Table 1). Bioconversion of halogenated aromatic compounds into
(di)hydroxylated aromatic compounds can only be achieved by oxygenolytic or hydrolytic
displacement of the halogen-group.

Mechanism of Typical example Strain References
dehalogenation
(1) Oxygenolytic 2-halobenzoates Pseudomonas putida Fetzner et al. 1992

Engesser and Schulte 1989
4-chlorophenylacetate  Pseudomonas sp. Klages et al. 1981

pentachlorophenol Arthrobacter sp. Schenk et al. 1990
(2) Hydrolytic 3-chlorobenzoate Pseudomonas sp.  Johnston et al. 1972
4-chlorobenzoate Pseudomonas sp. Klages and Lingens 1980
Arnthrobacter sp. Marks et al. 1984a
strain NTB-1 van den Tweel et al. 1986
(3) Reductive 3-chlorobenzoate strain DCB-1 Dolfing 1990
2,4-dichlorobenzoate strain NTB-1 van den Tweel et al. 1987a
Table 1. Mechanisms involved in the degradation of halogenated aromatic compounds

Oxygenolytic removal of halogen

Dioxygenases, enzymes that incorporate molecular oxygen into their substrates, play
an important role in the aerobic catabolism of aromatic compounds (Smith 1990). They
introduce two hydroxyl groups on the very stable benzene nucleus. The intermediary
dihydrodiol formed is further degraded to a catechol. Similarty, halogen substituted
catechols appear to be crucial intermediates in the degradation of many halo-aromatic
compounds which are metabolized by broad substrate specific enzymes, pyrocatechase
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and cycloisomerases. The involvement of dioxygenases in the degradation of several
halogenated aromatic compounds has been reviewed extensively (Reineke and
Knackmuss 1988, Commandeur and Parsons 1990, Engesser and Fischer 1991, van der
Meer 1991, 1992).

2-Fluoro- and 2-chlorobenzoate are frequently employed as model substrates for
oxygenolytic substituent removal. Dioxygenase attack yields halohydroxy compounds which
spontaneously re-aromatize to unsubstituted catechol, with concomitant release of halide
as illustrated in the upper part of Figure 2 (Engesser et al. 1980, Vora et al. 1988, Higson
and Focht 1990). Goldman et al. {1967) described such an oxygenolytic dehalogenation
in the metabolism of 2-fluorabenzoate by a Pseudomonas sp. (Milne et al. 1968).

(OOH 0 CQOHGH OH
2
7 CH 0H
AN gy 4 - oy
B
4o COOH OH
H z OH

0 ———

Fig. 2. Oxygenolytic degradation of halogenated aromatic compounds via halo-catechols
(Z = halogen-group)

The 2-fluorobenzoate (2-FBA) may, however, be metabolized via two different
pathways because nonselective dioxygenation by the benzoate 1,2-dioxygenase generated
a mixture of 2- and 6-fluoro-1,2-dihydro-1,2-dihydroxybenzoate (Milne et al, 1968, Vora
et al. 1988). In the first pathway 2-fluoro-1,2-dihydro-1,2-dihydroxybenzoate was
defluorenated with the concomitant release of CQ, vielding catechol, which was further
degraded by catechol 1,2-dioxygenase. In the second pathway 6-fluoro-1,2-dihydro-1,2-
dihydroxybenzoate was degraded via 3-fluorocatechal to 2-fluoro-cis,cis-muconate, which
was not further metabolized (Fig. 2, lower part).

The above mechanism is only suitable for the purpose of obtaining catechols with or
without a halogen substituent. Hydroxylated aromatics from halo-aromatics not retaining
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their halogen atom and with no displacement of the side chain have only been obtained
in special cases. In Pseudomonas sp. strain CBS3 the degradation of 4-
chlorophenylacetate was also suggested to proceed via unstable cis-dihydrodiols yielding
3,4-dihydroxyphenylacetate (Klages et al. 1981, Markus et al. 1984) (Fig. 3).

An analogous scheme was proposed for dehalogenation of 2-halobenzoate by the 2-
halobenzoate-1,2-dioxygenase purified from Pseudomonas cepacia 2CBS (Fetzner et al.
1992). The dioxygenase was NADH and Fe’* dependent and exhibited a very broad
substrate specificity.

COOH [ C00H ] COOH
l 1 |
(H, 0, CH, CH,

=~ Cl|—~-Q,

( c{ OH oy

Fig. 3. Invoilvement of a dioxygenase in the degradation of 4-chlorophenylacetate.

Hydrolytic displacement of a halogen

The evidence implicating replacement of chlorine from the aromatic ring by a hydroxyl
group were presented by Faulkner and Woodcock (1961). An Aspergillus niger strain
converted 2-chloro- into 2-hydroxyphenoxyacetate.

Johnston et al. (1972) presented some data on the degradation of 3-chlorobenzoate via
3-hydroxybenzoate. Resting cells of a Pseudomonas sp. grown on 3-chlorobenzoate
oxidized 3-hydroxybenzoate and 2,5-dihydroxybenzoate without delay, During growth on
3-chlorobenzoate, 3-hydroxybenzoate and 2,5-dihydroxybenzoate were excreted into the
culture medium. The involvement of a hydrolytic dehalogenase was also suggested for the
degradation of 2-bromobenzoate. Oxygen-depleted cells of a Pseudomonas aeruginosa
strain accumulated salicylate from 2-bromobenzoate (Higsan and Focht 1990).

The degradation of polychlorinated phenals, e.g. pentachlorophencl and
tetrachlorophenol, may also involve hydrolytic dehalogenases (Hiaggblom et al. 1989,
Apajalahti and Salkinoja-Salonen 1986). Apajalahti and Salkinoja-Salonen (1987a,b)
showed that the degradation of pentachlorophenol by Rhodococcus chlorophenolicus
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involved an initial substitution of chlorine by hydroxyl in the conversion of
pentachlorophenol to 2,3,5,6-tetrachlorohydroquinone, and a second substitution step
vielding 3,5,6-trichloro-1,2,4-trihydroxybenzene. Apajalahti and Salkinoja-Salonen
demonstrated with extracts of Rhodoccus phenolicus in the presence of either H;0'" and
180, that in the conversion of 2,3,4,5-tetrachlorophenol to 2,3,5-trichlorohydroquinone the
hydroxyl group was derived from water rather than from molecular oxygen. In contrast,
the pentachlorophenol dehalogenases in cell extracts of Rhodococcus phenolicus and also
in cell extracts of Arthrobacter and Flavobacterium sp. were only active in the presence
of NADPH and in the presence of at least traces of oxygen (Apajalahti and Salkinoja-
Salonen 1987b, Schenk et al. 1989, Xun and Orser 1991). Furthermore, Schenk et al.
(1990) demonstrated with a control labeling experiments with H,O™ and Q,, that
unlabeled tetrachlorohydroquinone (instead of pentachlorophenol) was labeled after
incubation with the enzyme. Therefore, distinction between an oxygenolytic or a
hydrolytic dehalogenation mechanism of pentachlorophenol using labeling experiment is
not possible. The need for oxygen and NADPH suggests that the first step in the
degradation of pentachlorophenol by pentachlorophenol dehalogenase from Arthrobacter
sp. represents an oxygenolytic mechanism (Schenk et al. 1990).

Most reports on hydrolytic dehalogenation involve the substitution of the halogen by
a hydroxyl group at the para position of benzoate. Chapman (1975) isolated a
Micrococcus sp. able to grow on 4-chlorobenzoate. Degradation of 4-CBA proceeded via
4-hydroxybenzoate and protocatechuate. Studies on the 4-chlorobenzoate dehalogenation
system in cell-free extracts of an Arthrobacter sp. indicated that maximum activity
occurred at low oxygen concentrations (Marks et al. 1984a). This observation did not
favour dehalogenation catalyzed by an oxygenase. Conclusive evidence that 4-CBA is
converted to 4-HBA by a hydrolytic dehalogenase was obtained by two groups of
researchers studying different bacteria. Labeling experiments using '*O were performed
to determine the source of the hydroxyl group substituted onto the aromatic ring, during
the dehalogenation of 4-chlorobenzoate. Marks et al. (1984b) for an Arthrobacter sp. and
Miiller et al. (1984) for Pseudomonas sp. CBS3 showed that the oxygen atom incorporated
in the hydroxyl-group of 4-HBA is derived from water rather than from molecular oxygen.
Another line of evidence consistent with the mechanism of hydrolytic dehalogenation is
the observation that in cell extracts of an Arthrobacter sp. 4-CBA was converted to 4-HBA
under anaerobic canditions (Shimao et al. 1989). The same degradative pathway has also
been reported for other 4-CBA degrading bacteria: an Arthrobacter sp. (Ruisinger et al.
1976), a Nocardia sp. (Klages and Lingens 1979), a Pseudomonas sp. (Klages and Lingens
1980), an Arthrobacter globiformis (Zaitsev and Karasevich 1981a,b), an Acinetobacter sp.
(Adriaens et al. 1989, 1991) and a coryneform bacterium (van den Tweel et al. 1986,
1987a,b). Most bacteria which are capable of 4-CBA dehalogenation also dehalogenated
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4-bromobenzoate and 4-iodobenzoate but not 4-fluorobenzoate. In coatrast to this general
rule Aureobacterium sp. RH025 dehalogenated 4-fluorobenzoate but not 4-CBA
(Oltmanns et al. 1989). Recently, in Acinetobacter sp. 4CB1 it was found that both 4-CBA
and 3,4-diCBA were dehalogenated by a hydrolytic dehalogenase (Adriaens et al. 1991).

Despite the conclusive reports by Marks et al. (1984b) and Miiller et al. (1984) on the
origin of the hydroxyl group replacing the halogen it was not possible to detect the
hydrolytic dehalogenases in cell extracts of other 4-CBA degrading strains (Zaitsev et al.
1981, van den Tweel et al. 1987a, Adriaens et al. 1989). Purification of any 4-CBA -
dehalogenase observed in crude extracts resnlted in considerable losses of activity (Marks
et al. 1984a, Miiller et al. 1988). Consequently, the characterization of the 4-CBA
dehalogenase and elucidation of the mechanism involved, has not been so far reported.

In view of the (presumably) hydrolytic nature of the 4-CBA dehalogenation an
unexpected observation was reported by van den Tweel et al. (1987a). In the absence of
oxygen whole cells of the coryneform bacterium NTB-1 did not form 4-HBA. Only under
low and controlled oxygen concentrations an almost quantitative conversion of 4-CBA to
4-HBA was demonstrated.

In a different approach to unravel the mechanism of the 4-CBA dehalogenase,
molecular-genetic work was undertaken by three groups of researchers. Savard et al
(1986) cloned the genes specifying the dehalogenation of 4-CBA from a Sau3A-generated
gene bank of Pseudomonas sp. strain CBS3 (Savard et al. 1986). The gene bank was
examined in a Pseudomonas putida strain capable of metabolizing 4-hydroxybenzoate.
One clone designated B389 was able to grow on mineral medium containing 4-CBA as
the sole carbon and energy source. The hybrid plasmid (pPSA843) was purified from
Pseudomonas putida B389 and further characterized. pPSA843 did not confer on a
Pseudomonas putida mutant unable to grow on 4-HBA the ability ta use 4-FIBA. Hybrid-
ization analysis of pPSA843 was carried out with a plasmid of 108 kbp detected in
Pseudomonas sp. strain CBS3 and total DNA of this strain. No homologous sequences
were detected between pPSA843 and the plasmid, whereas pPSA843 did hybridize with
a 9-kbp fragment of the total DNA, demonstrating the genes specifying 4-CBA
dehalogenation are located on the chromosome.

Interestingly also the 2.4,5-trichlorophenoxyacetic acid degradative gene that encodes
for the enzyme metabolizing the intermediate, 5-chloro-1,2 4-trihydroxybenzene, is located
on the chromosome (Sangodkar et al. 1988). In contrast other genes specifying
degradation of halogenated aromatic compounds, e.g. 3-chlorobenzoate and 1,2-
dichlorobenzene are located on plasmid rather than on the chromosome (Chatterjee and
Chakrabarty 1981, Don and Pemberton 1981, van der Meer et al. 1991). However,
recently, several plasmids isolated from strains capable of degrading 4-chlorobiphenyl
(4CB) were characterized (Layton et al. 1992). Alcaligenes sp strain A5 (containing
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pSS50) upon repeated subculturing lost the ability to mineralize 4-chlorobiphenyl to CO2,
but retained the ability to produce the metabolite 4-CBA. The loss in ability to mineralize
4-CB was associated with a change in ptasmid size from 50Mdal to 35Mdal. Furthermore,
another 4-CB degrading strain ALP83 containing a plasmid (pSS70) similar to pSS50 with
an additional 13 kb was studied and evidence was presented that the 4-CBA
dehalogenase activity was correlated with a 10 kb fragment carried on plasmid pSS70
(Layton et al. 1992).

Elsner et al. (1991a) showed that the 4-CBA dehalogenase from Pseudomonas sp.
CBS3 consists of three components. Apart from two stable proteins with molecular
weights of about 86,000 and 92,000, also a third component appeared to be necessary for
4-CBA dehalogenation. This component was highly unstable and had a molecular weight
of about 3,000. The involvement of this unstable component might explain why the
attempts to purify the 4-CBA-dehalogenase, so far, failed. After subcloning the genes
encoding for both proteins from pPSA843 separately into Escherichia coli both proteins
were expressed constitutively in Escherichia coli. The activity of 4-CBA dehalogenase was
only detectable in a mixture of the cell extracts of both clones. These two protein
components were partly purified from Escherichia coli and were identical to the
components purified earlier from Pseudomonas sp. CBS3 (Elsner et al. 1991b). The
nature of the low molecular weight component was elucidated, and revealed a mixture
of ATP, Coenzyme A and Mg?*, since addition of these compounds restored activity in
dialyzed extracts from Pseudomonas sp. CBS83 and Escherichia coli clones (Loffler et al.
1991a, Elsner et al. 1991b). Subsequent to these findings the mechanism of the
dehalogenation reaction was partly elucidated. It was demonstrated that the Coenzyme
A ester of 4-CBA is an intermediate in the dehalogenation of 4-CBA by 4-CBA
dehalogenase of Pseudomonas sp. CBS3 (Loffler and Miller 1991b). Furthermore, after
synthesis of 4-CBA:CoA with Component I (4-CBA:CoA ligase), the 4-CBA dehalogenase
component Il converted the 4-chlorobenzoyl CoA ester to 4-HBA and CoA in the
absence of cofactors. Since it had been demonstrated previously that the chlorine was
substituted by a hydroxyl derived from water, this second enzyme involved in the
degradation of 4-CBA was identified as a hydrolase (Loffler and Miiller 1991b).

From these data it can be concluded that before conversion of 4-CBA to 4-HBA, 4-
CBA first has to be activated to the CoA derivative by a ligase as reported also for other
aromatic compounds (Schennen et al. 1985, Harwood et al. 1986, Ziegler et al. 1989).
The involvement of 4-CBA:CoA in the degradative pathway of 4-CBA was also
demonstrated in anather 4-CBA degrading bacterium. Addition of ATP, Coenzyme A to
cell-free extracts of the coryneform bacterium NTB-1 also resulted in a pronounced
stimulation of the 4-CBA dehalogenase activity (Groenewegen et al. 1992a). The
conversion of this 4-chlorobenzoyl CoA ester (chemically synthesized) to 4-
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hydroxybenzoate and CoA was shown in cell-free extracts of the coryneform bacterium
NTB-1 (Groenewegen et al. 1992a).

ATP
ooH 417 (OSCoh 5 COOH
: HEl i
cl CoA _
Laftler and Miiller 1991b
Mg
COOH ?J;’ C0SCoA (0SCoA COOH

P Qe T Qe Q

Scholten et al. 1991

AmP
MgPPi

Fig. 4 Proposed mechanisms for 4-chlorobenzoate dehalogenation catalyzed by 4-CBA-dehalogenase
from Pseudomonas sp. CBS3
(1) 4-CBA:CoA ligase
(2) 4-CBA:CoA dehalogenase
(3) 4-HBA:CoA thioesterase
(4) 4-CBA:CoA hydratase]

Another mechanism for the dehalogenation of 4-CBA was proposed by Scholten et al.
(1991). After subcloning pPSA843 from Pseudomonas sp. CBS3, three ORF's (open
reading frames) were detected encoding for a 30 kD, 57 kD and a 19.4 kD polypeptide.
All three polypeptide subclones were required for dehalogenase activity. The
dehalogenase activity was separated into two components: component I; 80 kD revealed
to be a dimer of the 57 and 30 kD polypeptides, and component II; a 65 kD (a 4
tetramer). Component I catalyzed the cleavage of ATP to AMP an PPi coupled with the
formation of 4-HBA:CoA, Component II catalyzed the hydrolysis of 4-HBA:CoA to 4-
HBA and CoA. From these results it was concluded that dehalogenase activity was the
sum of a 4-CBA:CoA ligase, 4-CBA:CoA dehalogenase and 4-HBA:CoA thioesterase.

The mechanism of 4-CBA dehalogenation proposed by Scholten et al is different with
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respect to function of components 1 an I of 4-CBA dehalogenase proposed by Loffler
and Miiller (1991b) (Fig. 4). Since both groups used the same DNA fragment from the
same organism, the two components of the 4-CBA dehalogenase purified must be similar.
Liffler and Miiller (1991b) demonstrated the first component catalyzed the formation of
4-CBA:CoA from 4-CBA and CoA. In contrast Scholten et al. (1991) concluded from
their results (not shown) the formation of 4-HBA:CoA. As a result of these different
findings the second component must be either a 4-CBA:CoA hydrolase or a 4-HBA:CoA
thioesterase. Although Scholten et al. (1991) reported component II hydrolyzed 4-
HBA:CoA unfortunately no data were presented and no attention was given to the
possibility (shown by Loffler and Miiller 1991b) that component 1l in fact hydrolyses 4-
CBA:CoA.

Reductive displacement of halogen by a hydrogen group

Anaerobic reductive dehalogenation involves the replacement of a halogen by a
hydrogen. Many halo-aromatic compounds such as 3-chlorobenzoate, 24,5-
trichlorophenoxyacetic acid, chlorophenols and 1,2.4-trichlorobenzene are reductively
dehalogenated by bacteria under anaerobic conditions as an initial step in their
degradation (Reineke and Knackmuss 1988). Partial metabolism was observed in many
cases, with only one chlorine ion being removed and lesser-chlorinated metabolites being
accumulated (Engesser and Fischer 1991, Fathepure et al. 1988).

However, the involvement of reductive dechlorination in the complete degradation of
halo-aromatics by pure cultures has been described in only a few cases. Polyhalophenols
are metabolized by both hydrolytic and reductive processes. A cell-free extract of a
Rhodococcus sp. (Higgblom et al. 1989) was found to catalyze formation of 1,2,4-
trihydroxybenzene from 2,3,5,6-tetrachlorohydroquinone, following a reductive
mechanism. This same mechanism seems to operate in the degradation of
polychlorophenols by a Flavobacterium sp. isolated with pentachlorophenol as selection
substrate (Steiert et al. 1987). In addition, in the degradation of 2,4-dichlorobenzoate by
the coryneform bacterium NTB-1 a reductive dechlorination 2,4-dichlorobenzoate to 4-
chlorobenzoate was demonstrated (van den Tweel et al. 1987a).

Halogenated aromatic compounds utilized as electron acceptor

Many reductive dehalogenation reactions have been described in the degradation of
halo-aromatics by mixed cultures (Engesser and Fischer, 1991). However, despite many
examples of the involvement of reductive dehalogenation little is known about bacteria
catalyzing this process and about the exact mechanism of reductive dechlorination. The
crucial question is whether the microorganisms can derive energy from the
dehalogenation reaction.
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The best studied model system is the dehalogenation of 3-halo-substituted benzoates
(Sheiton and Tiedje 1984). Dolfing and Tiedje (1987) described the reductive dehalogena-
tion of 3-chlorobenzoate by a defined methanogenic bacterial consortium. The key
organisms from this consortium were characterized. Apart from the dechlorinating
organism Desulformonile tiedjei DCB-1, a benzoate degrader (BZ-1) and a lithotrophic
methanogen (Methanospirillum strain PM-1) were isolated from enrichment on 3-
chlorobenzoate. Desulfomonile tiedjei DCB-1, a strict anaerobe, dechlorinated meta-
chlorobenzoates replacing the chlorine on 3-CBA by hydrogen yielding benzoate and
chlorine. (Dolfing and Tiedje 1987, Deweerd et al. 1991). This strain apparently conserves
energy from this reaction since dechlorination supported formation of a proton-motive
force which in turn supports ATP synthesis via a proton-driven ATPase (Dolfing and
Tiedje 1987, Mohn and Tiedje 1990, Dolfing 1990 and Mohn and Tiedje 1991). As
terminal electronacceptor for this form of respiration protons transferred to
chlorobenzoate were derived from water and not from the initial electron donor acetate.
Whole cells of strain DCB-1 converted 2,5-dichlorobenzoate into 2-chlorobenzoate in
buffer containing D,O and replacement of the position § proton with deuterium was
demonstrated (Griffith et al. 1992). Similarly Nies and Vogel (1991) showed that protons
from water were the source of hydrogen atoms added to the aromatic ring in the
reductive dechlorination of 2,3,4,5.6-pentachlorobiphenyl to 2,3,4,6-tetrachlorobiphenyl.

Bacterial degradation of nitro-aromatic compounds

Aerobic metabolism of homocyclic nitro-aromatics seemingly fallows the general
degradation pattern of homocyclic aromatics. The nitro compounds are converted into
hydroxylated aromatics, either in an initial oxygenation reaction also yielding nitrite, or
" in a sequence of reactions yielding ammonium rather than nitrite (Zeyer 1988).

Oxygenolytic degradation of nitro-aromatic compounds

Direct removal of the nitro group from the aromatic nucleus with the liberation of
nitrite was demonstrated in the degradation of various nitro aromatic compounds, and
enzymes catalyzing this reaction have been identified. Simpson and Evans (1953)
suggested an oxidative removal of the nitro group of 2-nitrophenol by a Pseudomonas
spp.. The 2-nitrophenol oxygenase from Pseudomonas putida was NADPH-dependent and
catalyzed the conversion of 2-nitrophenol to catechol and nitrite. Subsequently, catechol
is converted by a catechol 1,2-dioxygenase to cis,cis-muconate (Zeyer et al. 1986). Zeyer
and Kocher (1988) reported the purification of 2-nitrophenol oxygenase and
demonstrated that the enzyme exhibited a broad substrate specificity. Spain et al. (1979)
demonstrated that 4-nitrophenol is converted to hydroquinone in cell-free extract of a
Moraxella sp. Although 1,4-benzoquinone was not detected, this compound was proposed
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as intermediate and a possible role of 1,2,4 benzenetriol was ruled out (Spain and Gibson
1991). In contrast Raymond and Alexander (1971) suggested that a Flavobacterium sp.
converted 4-nitrophenal to 4-nitrocatechol as a first step in the degradation. Also the
degradation of 2,6-dinitrophenol yielded nitrite as an end-product (Bruhn et al. 1987).

Recently, also the oxidation of apolar nitro-aromatic compounds was demonstrated.
Nitrobenzene (Haigler and Spain 1991), 1,3-dinitrobenzene (Dickel and Knackmuss 1991)
and 24-dinitrotoluene (Spanggord et al. 1991) were all degraded via oxygenolytic
reactions. A general scheme for oxygenolytic degradation of nitro-aromatic compounds
is given in Figure 5.

0,

| w00 |~

NO; OH | ND, OH

ND,

Fig. 5 General scheme for oxygenolytic degradation of nitro-aromatic compounds

Reductive degradation of mitro-aromatic compounds

The involvement of nitroreductases in the complete degradative pathways of nitro-
aromatic compounds has been reported (Durham 1958; Ke et al. 1959; Germanier and
Wuhrman 1963; Cartwright and Cain 1959g,b; Cain 1966; Zeyer and Kearney 1984). In
the aerobic metabolism of 4-nitrobenzoate, reduction of the nitro group via 4-
nitrosobenzoate to 4-hydroxylaminobenzoate was demonstrated. Although Nocardia
ernythropolis produced 4-aminobenzoate from 4-nitrobenzoate, no evidence was provided
that the amino-aromatic compound is a direct intermediate in the degradative pathway
of 4-nitrobenzoate {Cartwright and Cain 1959.,b, Cain and Cartwright 1960). After
reduction of 4-nitrobenzoate further degradation was suggested to proceed via 3,4-diHBA
(Fig. 6).

A Flavobacterium sp. studied by Ke et al (1959) when grown on 2-nitrobenzoate was
adapted to 2-hydroxylaminabenzoate but not to 2-aminobenzoate. Nocardia opaca (Cain
1966) when growing on 2-aminobenzoate transiently accumulated 2-aminobenzoate under
oxygen-limited conditions, but not under fully aerobic conditions. The organism was only
adapted to 2-aminobenzoate during growth on 2-nitrobenzoate under conditions allowing
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accumulation of 2-aminobenzoate. It was consequently concluded that the amino
compound was not an intermediate of the pathway of 2-nitrobenzoate metabolism in the
organism (Cain 1966). Furthermore, also in the reductive degradation of 3-nitrophenol
it was not possible to show an involvement of 3-aminophenol (Zeyer and Kearney 1984).

C0OH NADPH CaoH NADPH {00K NADPH COOH 0, COOH
NADP NADP NADP NH Ok
NO; NO HNO NH, 3 OH

Fig. 6 Degradative pathway of 4-nitrobenzoate by reductive displacement of the nitro-group

In chapter 4 and 5 the degradation of 4-nitrobenzoate by Comamonas acidovorans
NBA-10 is described. In this strain a novel degradative pathway of 4-nitrobenzoate was
detected. 4-Nitrosobenzoate and 4-hydroxylaminobenzoate (4-HABA) were identified as
intermediates. Furthermore, evidence was obtained that 4-HABA, also in the absence of
oxygen, was further degraded via 3,4-dihydroxybenzoate (3,4-diHBA). The degradative
pathway for 4-NBA consequently does not follow the general pattern of aerobic metabo-
lism of homocyclic aromatic compounds since no involvement of molecular oxygen was
implied in the formation of 3,4-diHBA (Groenewegen et al. 1992b,¢).

Degradation of nitro-aromatic compounds has also been demonstrated in fungi. Under
ligninolytic conditions, Phanerochaete chiysosporium mineralizes 2,4-dinitrotoluene. The
multistep pathway involves the initial reduction to 2-amino-4-nitrotoluene, which was
further oxidized to 4-nitro-1,2-benzoquinone (Valli et al. 1992).

Nitro-aromatic compounds utilized as electron acceptor

In various bacterial strains, lacking the capability to mineralize nitro-aromatics,
reduction of nitro-aromatic compounds has been demonstrated. The nitroreductases
involved were constitutively expressed in these organisms. Nitroreductases from these
organism seemed to have a wide spectrum of substrates, in contrast to the reductases
detected in organisms capable of utilizing nitro-aromatic compounds as sole carbon and
energy source (Rafii et al. 1991, Kitamura et al. 1983). Schackman and Miiller (1991)
demonstrated that resting cells of Pseudomonas sp. CBS3 also reduced a range of
nitroaromatic compounds to the corresponding amines. The conversion rates with 1-




INTRODUCTION 17

chloro-2,4-dinitrabenzenes were higher than with the nitrobenzoates and nitrophenols,
and dinitro-aromatics were better substrates than mononitro-aromatics. These results
suggest that the rate of reduction increases with electron withdrawing substituents.

Anaerobic bacteria commonly associated with the gastrointestinal tract also reduce
nitro polycyclic aromatic to the corresponding amines (Rafii et al. 1991, Kitamura et al.
1983). Kinouchi and Cnishi (1983} have purified four reductases from Bacteroides fragilis
that convert l-nitropyrene to l-aminopyrene, The ability of bacteria isolated from the
human intestinal flora to reduce these nitroaromatic compounds decreases the
mutagenicity of nitro polycyclic aromatic compounds.

Recently, Oren et al. (1991) demonstrated that the anaerobes Haloanaerobicum
praevalens and Sporohalobacter marismortui reduced a wide variety of nitosubstituted
aromatics. Compounds reduced to the corresponding amines included nitrobenzene,
nitrophenols and nitroanilines.

OQutline of this thesis

The biotechnological production of hydroxylated aromatic compounds is of interest
since chemical syntheses of these compounds is rather difficult. Formation of
hydroxylated aromatic compounds might be achieved by replacement of a substituent on
the aromatic ring by a hydroxyl group.

Two different groups of substituted aromatic compounds have been studied
halogenated and nitro-aromatic compounds, as starting material for bioformation of
hydroxylated aromatic compounds. Both these classes of compounds are readily obtained
by chemical methods. Organisms capable of degrading these substituted aromatic
compounds were isolated and enzymes involved in the conversion of these compounds
to hydroxy-aromatics were studied.

In this thesis the research concentrated on the characterization of the enzymes
catalyzing the replacement the substituent by a hydroxyl group. Furthermore, the
potential of the enzymatic conversion was studied in more detail and conditions for the
formation of the hydroxy-aromatic compound were optimized. The investigation of the
degradative pathways of two model substrates yielding hydroxylated aromatic compounds
resulted in the discovery of several novel enzymes.

In the first part of this thesis the conversion of 4-chlorobenzoate to 4-hydroxybenzoate
catalyzed by the coryneform bacterium NTB-1 is described. In chapter 2 the involvement
of an energy-dependent uptake system for 4-chlorobenzoate in this bacterium is
described. Conditions for the formation of 4-hydroxybenzoate from 4-chlorobenzoate by
resting cells were optimized. Some attention was given to the enzymatic mechanism of
the 4-chlorobenzoate dehalogenation, and a novel mechanism of dehalogenation of this
halogenated aromatic compound is proposed. Evidence is provided for the involvement
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of 4-chlorobenzoyl CoA, which is formed in the presence of ATP, as intermediate in the
conversion of 4-chlorobenzoate to 4-hydroxybenzoate (chapter 3)

In the second part of this thesis a novel degradative pathway in Comamonas
acidovorans of 4-nitrobenzoate is proposed. In chapter 4 the initial steps of 4-
nitrobenzoate degradation are described and evidence is pravided for an incomplete
reduction of the nitro-substituent yielding 4-hydroxylaminobenzoate. The 4-nitrobenzoate
reductase was partly purified and some properties are given. Iurthermore, in this
Comamonas sp. a new type of anaerobic enzymatic conversion of 4-
hydroxylaminobenzoate yielding 3.4-dihydroxybenzoate was detected {chapter 5). The
enzyme involved was purified and initially characterized.

Finally in chapter 6 some concluding remarks dealing with the production of
hydroxylated aromatic compounds from halogenated and nitro-aromatic compounds are
presented, and some applied aspects concerning these biocatalysts are discussed.
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