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Abbreviations
ADP adenosine diphosphate
APCI atmospheric pressure chemical ionization
ATCC American type culture collection
BSA bovine serum albumin
BVMO Baeyer-Villiger monooxygenase
DMF dimethyl formamide
DTT dithiothreitol
DIG digoxygenin
EDTA ethylenediaminetetraacetic acid
ES-complex enzyme-substrate complex
ESI-MS electrospray ionization mass spectrometry
E(LUMO) energy of the lowest unoccupied molecular orbital
FAD flavin adenine dinucleotide
FMN flavin mononucleotide
FPLC fast performance liquid chromatography
GC-MS gas chromatography mass spectrometry
HAO 3-hydroxyanthranilate 3,4-dioxygenase
HAPMO 4-hydroxyacetophenone monooxygenase
HbpA 2-hydroxybiphenyl 3-monooxygenase
HF heat of formation
HHQ hydroxyhydroquinone; 1,2,4-trihydroxybenzene
HHQDO hydroxyhydroquinone 1,2-dioxygenase
4-HMSA 4-hydroxymuconic semialdehyde
HPAH 3-hydroxyphenylacetate 6-hydroxylase
HPLC high performance liquid chromatography
HQDO hydroquinone dioxygenase
LB Luria-Bertani
LC-MS liquid chromatography mass spectrometry
Maldi-Tof matrix assisted laser desorption/ionization time of flight
NADH nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NMR nuclear magnetic resonance
ORF open reading frame
PCR polymerase chain reaction
PET positron emission tomography
PHBH p-hydroxybenzoate hydroxylase
PMSF phenylmethylsulfonyl fluoride
ppm parts per million
SDS sodium dodecyl sulfate
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electroforesis
SEC-MS size-exclusion chromatography mass spectrometry
VAO vanillyl-alcohol oxidase
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Chapter 1

General introduction:
OXYGENATING ENZYMES INVOLVED IN THE
CATABOLISM OF 4-HYDROXYACETOPHENONE BY
PSEUDOMONAS FLUORESCENS ACB
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Background and aim of the thesis
This thesis deals with the characterization of the oxidative enzymes involved in the

catabolism of 4-hydroxyacetophenone by the Gram-negative bacterium Pseudomonas
fluorescens ACB. Although many studies have been devoted to the biodegradation of
aromatic compounds, relatively little is known about the oxygenases involved in the
catabolism of acetophenones. More insight into the biocatalytic features of these
enzymes is of importance for the development of more environmentally benign and
clean synthetic methodologies.

The aim of the thesis is twofold. The first aim is to obtain a detailed insight in the
mode of action of 4-hydroxyacetophenone monooxygenase (HAPMO). This enzyme is
known to catalyze the first step in the degradation of 4-hydroxyacetophenone in
P. fluorescens ACB, but has never been purified. The second aim is to elucidate the
biodegradation pathway of 4-hydroxyacetophenone along the ring-cleavage step.
Literature data suggest that 4-hydroxyacetophenone is metabolized through the
formation of hydroquinone.[75] However, the enzyme(s) involved in the further
degradation of hydroquinone are unknown.

In this introductory chapter, first an outline is given about the microbial degradation
of acetophenones and hydroquinones. Then, some information is presented about the
usefulness of organofluorine compounds in biotransformation studies. Next, attention is
given to the different types of oxygenases discussed in this thesis. Finally, it is
explained why the newly described enzymes might be useful for biocatalytic
applications.

Microbial degradation of 4-hydroxyacetophenone
Acetophenones are aromatic compounds widely found in the environment as

degradation products of industrial chemical compounds. Ring-chlorinated
acetophenones originate from the microbial degradation of insecticides,[19-21]

PCBs[12,14,15] and chloroxanthones.[301] Non-chlorinated acetophenones have been
identified as intermediates in the microbial degradation of ethylbenzene,[50,305]

1-phenylethanol,[53] 4-ethylphenol[154] and the flame-retardant tetrabromobisphenol
A.[185,250]

Several aerobic microorganisms are capable of utilizing acetophenones for their
growth.[52,53,55,127,133,135] 4-Hydroxyacetophenone was shown to be metabolized through
different pathways (Scheme 1). 4-Hydroxyacetophenone can be converted in two
different ways to 4-hydroxybenzoate (pathway 1 and 2 in Scheme 1).[115,135,164]

4-Hydroxybenzoate then enters the β-ketoadipate pathway via the formation of
protocatechuate (3,4-dihydroxybenzoate) as ring fission substrate.[153]

4-Hydroxyacetophenone may also be converted to hydroquinone (pathway 3 in Scheme
1).[55]

The β-ketoadipate pathway, leading from an aromatic compound to β-ketoadipate, is
widely distributed among taxonomically diverse eubacteria and fungi. It is almost
always chromosomally encoded and plays a central role in the processing and
degradation of naturally-occurring aromatic compounds derived from lignin and other
plant components, as well as in the degradation of some environmental pollutants.
Enzyme studies and amino acid sequence data indicate that the pathway is highly
conserved in diverse bacteria.[126] Two additional steps accomplish the conversion of



General introduction

11

β-ketoadipate to tricarboxylic acid cycle intermediates (acetyl-CoA and succinyl-
CoA).[126]

Scheme 1. Pathways for the microbial degradation of 4-hydroxyacetophenone.
1 Alcaligenes sp.;[135] 2 Pseudomonas fluorescens A.3.12;[115] Bacterium NCIB 8250;[164]

3 Pseudomonas putida JD1;[55] Aspergillus fumigatus ATCC 28282;[154] Pseudomonas
fluorescens ACB.[133]

Degradation of 4-hydroxyacetophenone by Pseudomonas
fluorescens ACB

Pseudomonas fluorescens ACB originally was isolated from activated sewage
sludge by enrichment and serial transfer with 4-hydroxyacetophenone.[133] The strain
was able to grow on 4-hydroxyacetophenone, 4-hydroxypropiophenone,
(4-hydroxy)benzoate, 4-hydroxybenzaldehyde, hydroquinone and phenyl acetate.
P. fluorescens ACB was used to investigate the microbial metabolism of halogenated
acetophenones. The bacterium was capable of converting 2-halo- and
4-haloacetophenones as well as 3-fluoroacetophenone.[133]

The initial steps of 4-hydroxyacetophenone mineralization were shown to comprise
a Baeyer-Villiger oxidation to 4-hydroxyphenyl acetate and subsequent ester hydrolysis
to hydroquinone (Scheme 2).[133] However, the further degradation of hydroquinone by
P. fluorescens ACB remained elusive.
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Scheme 2. Degradation of 4-hydroxyacetophenone to hydroquinone by P. fluorescens ACB
by a monooxygenase and an esterase

Microbial degradation of hydroquinone
Hydroquinone can be degraded by aerobic microorganisms through two different

pathways (Scheme 3). The first pathway involves the initial hydroxylation of
hydroquinone to hydroxyhydroquinone (HHQ; 1,2,4-trihydroxybenzene).[88,313] For the
ascomycetous yeast Candida parapsilosis it was shown that this reaction is catalyzed by
a flavin-dependent phenol hydroxylase.[88,313] The HHQ product is then ring-splitted and
converted to maleylacetate by the action of an intradiol HHQ 1,2-dioxygenase
(HHQDO).[149,178,245,313] The second pathway of hydroquinone degradation is more
uncommon. In this pathway, hydroquinone serves as ring fission substrate and
4-hydroxymuconic semialdehyde (4-HMSA) is produced. The enzyme responsible for
this ring-cleavage reaction is hydroquinone dioxygenase (HQDO).[33,55,207,274]

Scheme 3. Proposed routes for the microbial degradation of hydroquinone. Hydroquinone
hydroxylase [EC 1.14.13.7] is present in Candida parapsilosis,[88] Trichosporon cutaneum,[156]

Brevibacterium fuscum,[219] Pseudomonas sp. CF600,[222] Acinetobacter calcoaceticus,[348] and
Pseudomonas pickettii;[175] HHQ 1,2-dioxygenase [EC 1.13.11.37] is present in Arthrobacter sp.,[149]

Azotobacter sp.,[178] Sphingomonas sp. RW1,[8] Arxula adeninivorans,[201] Nocardioides simplex 3E,[17]

Pseudomonas putida,[39] Burkholderia cepacia AC1100,[57] Streptomyces rochei 303,[112] Rhodococcus
chlorophenolicus PCP-1,[304] Phanerochaete chrysosporium,[245] Trichosporon cutaneum,[289] Bacillus
spaericus JS905,[155] and Candida parapsilosis;[313] hydroquinone dioxygenase is present in Pseudomonas
putida JD1,[55] Moraxella sp.,[274] Arthrobacter protophormiae RKJ100,[239] Burkholderia cepacia
RKJ200,[40] Sphingomonas chlorophenolica ATCC 39723,[346] and Sphingomonas paucimobilis UT26;[207]

4-Hydroxymuconic semialdehyde dehydrogenase is present in Moraxella sp.[274]
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Biodegradation of organofluorine compounds
Fluorine is the thirteenth most abundant element in the earth�s crust and the most

abundant halogen,[227] However, fluoride concentrations in surface water are low and
fluorinated metabolites are extremely rare.[65,226,347] How organofluorine compounds are
biosynthesized remains a mystery.[227] There is only one fluorinating enzyme identified,
namely 5'-fluoro-5'-deoxyadenosine synthase.[65,227] Nevertheless, fluorinated chemicals
are growing in industrial importance, with applications in pharmaceuticals,
agrochemicals and material products.[65,142,192,255] 18F-containing compounds, for
instance, are used in positron emission tomography (PET) studies.[45]

In this thesis, fluorinated compounds have been used for biotransformation studies
with whole cells, cell extracts and purified enzymes. Fluorinated compounds are very
useful in such studies because they can be identified and quantified by 19F nuclear
magnetic resonance (NMR) spectroscopy without the need of purification
steps.[22,25,246,334] The natural abundance of the 19F isotope is 100% and biological
systems do not contain fluorinated endogenous compounds. The 19F nucleus has also a
broad chemical shift range of about 500 ppm and the chemical shift of a 19F nucleus is
highly sensitive to its molecular surroundings. Also the intrinsic sensitivity of the 19F
nucleus is high, which is of particular importance in the detection of unstable
intermediates.

Baeyer-Villiger monooxygenases
The Baeyer-Villiger reaction is a valuable tool for the chemical synthesis of esters

and lactones. In this reaction, as first described by Adolf Baeyer and Victor Villiger in
1899,[10] a (cyclic) ketone is attacked by a nucleophilic peroxy acid to form a so-called
�Criegee intermediate�[51] (Scheme 4). This species undergoes a rearrangement via
expulsion of a carboxylate ion and migration of a carbon-carbon bond, yielding the ester
(or lactone) and the acid. One century after its discovery, the Baeyer-Villiger reaction
still receives much attention in oxidation chemistry.[16,243] This is due to the fact that the
rate of rearrangement and migration preference can be directed by the type of reactants
and the reaction conditions.[243]

Scheme 4. Baeyer-Villiger oxidation reaction mechanism

The first enzymatic Baeyer-Villiger reaction was reported about 55 years ago and
involved the biotransformation of steroids by fungi.[303] Then, several Baeyer-Villiger
monooxygenase (BVMO) enzymes (E.C. 1.14.13.x) were discovered.[158] All of these
BVMOs are flavoenzymes that stabilize a peroxyflavin intermediate[268] which acts as
the oxygenating nucleophile in substrate attack.[193,267]
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Willets has classified two types of BVMO, based on biochemical data. Type I
BVMOs such as cyclohexanone monooxygenase,[224] cyclopentanone
monooxygenase,[113] 2-tridecanone monooxygenase,[31] 2-oxo-∆3-4,5,5-
trimethylcyclopentenyl-acetyl-coA monooxygenase,[232] and progesterone/steroid
monooxygenase[145] all contain FAD, consist of one type of subunit and use NADPH as
external electron donor.[343] The best studied type I BVMO is cyclohexanone
monooxygenase.[42,66] This enzyme has a very broad substrate specificity[331] and is
widely used for synthetic applications.[4,202,281,282] Sequence comparisons have shown
that type I BVMOs can be identified using a specific protein sequence motif.[103]

Type II BVMOs consist of only a few members, including 2,5-diketocamphane
1,2-monooxygenase and 3,6-diketocamphane 1,6-monooxygenase.[152,295] These
enzymes contain FMN as flavin cofactor, are composed of two types of subunits, and
use NADH as source of electrons. Also several luciferases were classified as type II
BVMOs,[343] catalyzing a reaction similar to the Baeyer-Villiger oxidation.[72]

4-Hydroxyacetophenone monooxygenase
In 1990, Higson and Focht described that a BVMO is involved in the degradation of

4-hydroxyacetophenone in P. fluorescens ACB.[133] A similar 4-hydroxyacetophenone
monooxygenase (HAPMO) then was found in Aspergillus fumigatus ATCC 28282[154]

and P. putida JD1.[55,294] Acetophenone monooxygenases were reported to be present in
Arthrobacter sp.,[52] Nocardia T5,[53] and Alcaligenes sp. ACA,[133] whereas a
chloroacetophenone monooxygenase was detected in Arthrobacter sp.[127] Although it
was noticed that HAPMO is specific for NADPH,[133,154] at the start of this thesis work,
no BVMO acting on aromatic compounds was ever purified and characterized in detail.

The chemical Baeyer-Villiger oxidation makes use of environmentally unfriendly
peroxides. Therefore, much interest exists in the development of BVMO biocatalysts,
which use molecular oxygen as cheap and clean oxidant. BVMOs are extremely useful
for enantioselective and regioselective oxidations but have also some drawbacks. A
main disadvantage of type I BVMOs is their need of expensive NADPH. This can be
overcome by engineering the coenzyme specificity[160] or using whole cells.[282] In
P. fluorescens ACB an esterase is present, that converts the produced esters to phenolic
compounds. Performing genetic manipulation to knock out the esterase could produce a
whole cell system that regenerates NADPH and produces interesting acylcatechols.

Ring fission dioxygenases
Ring fission dioxygenases incorporate two atoms of molecular oxygen into the

aromatic substrate, which results in opening of the benzene ring. Most of these enzymes
harbor a non-heme iron in the active site. The non-heme iron-dependent dioxygenases
can be devided in two groups (Scheme 5):
A Intradiol/ortho/ferric (Fe3+) dioxygenases like catechol 1,2-dioxygenase,[30]

protocatechuate 3,4-dioxygenase[153] and hydroxyhydroquinone
(1,2,4-trihydroxybenzene) 1,2-dioxygenase.[245]

B Extradiol/meta/ferrous (Fe2+) dioxygenases like catechol 2,3-dioxygenase,[166]

biphenyl dioxygenase,[119] homoprotocatechuate 2,3-dioxygenase,[204] and
protocatechuate 4,5-dioxygenase.[285]



General introduction

15

Scheme 5. Intra- and extradiol ring splitting by catechol dioxygenases

Hydroquinone dioxygenase
Hydroquinone dioxygenases have been indicated to be involved in the degradation

of 4-ethylphenol,[55] p-nitrophenol,[40,239] 4-nitrocatechol[40,41] and of the insecticide
fenitrothion.[128] However, none of these enzymes have been characterized in much
detail.

Chlorohydroquinone dioxygenases were discovered recently. Chlorohydroquinones
are formed in several microbial degradation pathways of pentachlorophenol,[33]

hexachlorocyclohexane[207] and 2,4,6-trichlorophenol.[187] Sphingobium
chlorophenolicum ATCC 39723 contains a 2,6-dichlorohydroquinone 1,2-dioxygenase
(PcpA) that converts 2,6-dichloro-, 2-chloro- and hydroquinone to the corresponding
4-hydroxymuconic semialdehyde.[229,349] Sphingomonas paucimobilis UT26 contains a
chlorohydroquinone 1,2-dioxygenase (LinE) that converts 2-chlorohydroquinone via the
unstable 6-chloro-4-hydroxymuconic semialdehyde to maleylacetate.[207] LinE can also
catalyze the oxidation of non-chlorinated hydroquinone.

Muconic semialdehydes, the main products of hydroquinone dioxygenases, and
corresponding acids might serve as building blocks for other interesting compounds. For
instance, cis,cis-muconic acids may serve as raw materials in the production of novel
pharmaceuticals, agricultural chemicals and functional resins.[184] 2-Hydroxymuconic
semialdehyde and α-amino-β-carboxymuconic acid-ε-semialdehyde are readily
converted to picolinic acid[197] and quinolinic acid.[35] Picolinic acids are used as
feedstocks for the synthesis of a variety of pharmaceuticals, agricultural chemicals, and
dyes.[275] Quinolinic acid is a building block for the synthesis of NAD.[2]

Outline of the thesis
In this PhD research project we studied two oxygenases involved in the degradation

of 4-hydroxyacetophenone by Pseudomonas fluorescens ACB: the Baeyer-Villiger
enzyme 4-hydroxyacetophenone monooxygenase (HAPMO) and the ring-cleavage
enzyme hydroquinone dioxygenase (HQDO). Furthermore, the gene cluster of the
degradation pathway is described.

In Chapter 2 an overview is given of the oxygenation and oxidation of phenolic
compounds by different types of flavoproteins including BVMOs.
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An extensive study of HAPMO is presented in Chapter 3. The gene cloning,
sequence analysis, purification and biochemical characterization of HAPMO are
reported.

Chapter 4 describes a 19F NMR study on the biological Baeyer-Villiger oxidation of
acetophenones. It is shown that phenyl acetates can be obtained in high yield when
using purified HAPMO and relatively low pH.

Chapter 5 describes the HAPMO-mediated conversion of fluorinated
benzaldehydes. These compounds can be transformed to the corresponding phenols,
which can serve as synthons in the production of pharmaceutical and agrochemical
specialities.

In Chapter 6 the biodegradation pathway of 4-hydroxyacetophenone in
P. fluorescens ACB is described. Also the hap gene cluster, coding for the enzymes of
this degradation pathway, is presented. The involvement in this pathway of an unusual
hydroquinone dioxygenase is established.

Chapter 7 describes the purification, sequence analysis and characterization of the
novel hydroquinone dioxygenase (HQDO). The iron(II)-dependent enzyme is a
heterotetramer and is active with a wide range of hydroquinones. This is the first
described sequence of a dioxygenase that uses hydroquinone as the physiological
substrate.
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Chapter 2

FLAVOENZYME-CATALYZED OXYGENATIONS AND
OXIDATIONS OF PHENOLIC COMPOUNDS

Mariëlle J.H. Moonen, Marco W. Fraaije, Ivonne M.C.M. Rietjens, Colja
Laane and Willem J.H. van Berkel

Advanced Synthesis & Catalysis. 2002. Vol. 344, No. 10, pp.1023-1035

Flavin-dependent monooxygenases and oxidases play an important role in
the mineralization of phenolic compounds. Because of their exquisite
regioselectivity and stereoselectivity, these enzymes are of interest for the
biocatalytic production of fine chemicals and food ingredients. In our group,
we have characterized several flavoenzymes that act on phenolic
compounds, including 4-hydroxybenzoate 3-hydroxylase, 3-hydroxyphenyl-
acetate 6-hydroxylase, 4-hydroxybenzoate 1-hydroxylase (decarboxylating),
hydroquinone hydroxylase, 2-hydroxybiphenyl 3-monooxygenase, phenol
hydroxylase, 4-hydroxyacetophenone monooxygenase and vanillyl-alcohol
oxidase. The catalytic properties of these enzymes are reviewed here,
together with insights obtained from site-directed and random mutagenesis.



Chapter 2

20

1 Introduction
Phenolic compounds constitute one of the largest groups of natural products. Being

synthesized by plants, their microbial degradation forms a substantial part of the
biogeochemical cycle. Besides natural phenols, many anthropogenic (halo)phenolic
derivatives are found in soil. These compounds have been used as building blocks in
chemical and pharmaceutical syntheses and as herbicides and pesticides, sometimes
causing serious local contamination of the environment.

The mineralization of (halo)phenolic compounds by aerobic microorganisms is
initiated by the action of inducible flavoenzymes. These include flavoprotein
monooxygenases, which use electrons from NAD(P)H to activate and cleave a molecule
of oxygen, enabling incorporation of an oxygen atom into the substrate, as well as
flavoprotein oxidases which react with their substrates without the need of external
cofactors using only molecular oxygen.

Flavoprotein monooxygenases that are active with phenolic compounds usually
contain FAD as prosthetic group. They activate molecular oxygen through the formation
of a reactive flavin (hydro)peroxide which can attack the substrate by an electrophilic or
nucleophilic process depending on the protonation state of the flavin (hydro)peroxide
and the nature and protonation state of the substrate. In aromatic hydroxylation
reactions, the flavin hydroperoxide acts as an electrophile. However, in Baeyer-Villiger
monooxygenation reactions, the flavin peroxide is active as a nucleophile.[193]

Flavoprotein monooxygenases are of interest for biocatalytic applications, since they
are able to perform regioselective and stereoselective oxidations under mild and
environmentally friendly conditions.[90] Aspects relevant for biotechnological
application of flavoprotein monooxygenases are the substrate and cofactor specificity,
the regioselectivity and stereoselectivity of the conversions and the efficiency of the
reactions including chances of unwanted side reactions and products. Clearly, these
important characteristics are highly dependent on the structure-activity characteristics
dictated by the active site of the enzymes. So far, relatively little is known about the
structure-function relationship of flavoprotein monooxygenases. Except for
p-hydroxybenzoate hydroxylase (PHBH) from Pseudomonas fluorescens[262] and phenol
hydroxylase from Trichosporon cutaneum,[76] no structural information is available at
the atomic level. Furthermore, with the aromatic hydroxylases of known structure it is
unclear how the protein interacts with the pyridine nucleotide coenzyme.[84,333]

Based on sequence homology, FAD-dependent monooxygenases belong to the
following subclasses:[157,193]

i) Aromatic hydroxylases. These enzymes share a typical dinucleotide binding domain
for FAD binding, but lack a common NAD(P) binding fold.[83] PHBH is the
prototype of this subclass.

ii) Baeyer-Villiger monooxygenases and N-hydroxylating enzymes. Many of these
flavoproteins, like cyclohexanone monooxygenase and dimethylaniline
monooxygenase, contain two dinucleotide binding motifs (βαβ-folds), one for FAD
binding and one for NAD(P) binding.[103]

There are also aromatic hydroxylases that use FAD or FMN only as a coenzyme. With
these enzymes, the reduced flavin is supplied by a flavin reductase at the expense of
NAD(P)H. The protein partners of these aromatic hydroxylases do not tightly interact
and contain no common dinucleotide binding motifs. Representatives of these two-
component aromatic hydroxylases are pyrrole-2-carboxylate monooxygenase[13] and
4-hydroxyphenylacetate 3-hydroxylase.[108]
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In addition to flavoprotein monooxygenases, also flavoprotein oxidases form an
important group of flavin-dependent biocatalysts. Flavoprotein oxidases are attractive
for synthetic applications because they constitute a group of enzymes that use molecular
oxygen as a clean and cheap oxidant and do not require expensive cofactors. The best
characterized flavoprotein oxidase which acts on phenolic compounds is vanillyl-
alcohol oxidase (VAO).[100] Unlike other flavoprotein oxidases such as glucose oxidase
and D-amino acid oxidase,[101,196] VAO is structurally not related to the flavoprotein
aromatic hydroxylases.[99]

In this review we discuss the different classes of flavin-dependent monooxygenases
and oxidases that are active with phenolic compounds. For each class, a model enzyme
is discussed to illustrate the catalytic potential as well as the limits and opportunities
defined by their active site characteristics and mechanism of catalysis. For the
flavoprotein aromatic hydroxylases, which form the largest subclass of flavin-dependent
monooxygenases, a few other family members are discussed as well.

2 Flavoprotein Aromatic Hydroxylases
Flavoprotein aromatic hydroxylases have many catalytic properties in common and

their substrate specificity is consistent with an electrophilic aromatic substitution
mechanism.[214] To illustrate the mechanism of action of flavoprotein aromatic
hydroxylases and their catalytic potential and limitations, we start this review with a
detailed overview of the properties of PHBH from P. fluorescens. This enzyme is the
most well-studied member of this class of flavoenzymes and its catalytic mechanism is
representative for the whole family.

4-Hydroxybenzoate 3-hydroxylase
PHBH from P. fluorescens is a homodimer of about 88 kDa with each subunit

containing a non-covalently bound FAD.[214] PHBH catalyses the conversion of
4-hydroxybenzoate into 3,4-dihydroxybenzoate (Scheme 1), a common intermediate
step in the biodegradation of aromatic compounds in soil. The enzyme from
P. fluorescens is strictly NADPH dependent.[136] However, some PHBH enzymes from
other strains prefer NADH as electron donor.[147,266]

PHBH is one of the first flavoenzymes with known three-dimensional structure.[340]

Figure 1 presents a ribbon structure of the enzyme-substrate complex as refined at 1.9 Å
resolution.[262] The folding topology of PHBH is shared by several other oxidative
flavoenzymes, including cholesterol oxidase,[330] glucose oxidase,[130] D-amino acid
oxidase,[194] and phenol hydroxylase.[76] Crystal structures have also been obtained of
PHBH in complex with substrate analogs and of a number of mutant enzymes.[81,84-

86,109,176,263,314,333] The PHBH structure can be divided in three domains:[262] the FAD
binding domain (residues 1-175), the substrate binding domain (residues 176-290) and
the interface domain (residues 291-394). However, in recent structural classifications,
the FAD binding domain and interface domain are regarded as a single domain, leaving
PHBH as a two-domain protein.[196]

The substrate binding site of PHBH is deeply buried in the protein.[262]

Crystallographic studies with substrate and flavin analogs have indicated that the flavin
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Scheme 1. Reactions catalyzed by flavoprotein monooxygenases and oxidases described in
this review. (A) ortho-hydroxylation of 4-hydroxybenzoate, (B) para-hydroxylation of
3-hydroxyphenylacetate, (C) oxidative decarboxylation of 4-hydroxybenzoate, (D) ortho-
hydroxylation of hydroquinone, (E) ortho-hydroxylation of 2-hydroxybiphenyl, (F) Baeyer-
Villiger oxidation of 4-hydroxyacetophenone, (G) oxidation of vanillyl-alcohol, (H)
VAO-mediated hydroxylation of eugenol and (I) VAO-mediated hydroxylation of
4-ethylphenol.
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ring moves out of the active site to allow substrate binding and product
release.[109,263,314]

Fig. 1. Ribbon diagram of the crystal structure of the enzyme-substrate complex of
p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens.[262] The isoalloxazine ring
of the FAD is located close to the aromatic substrate in the interior position in the active site.

Figure 2 presents a close up of the substrate binding site. Arg214 forms a
indispensable ionic interaction with the carboxyl group of the substrate.[312] Ser212 and
Tyr222 are also involved in binding the carboxylic moiety of 4-hydroxybenzoate.
Substrate hydroxylation is facilitated by deprotonation of the phenol.[244,270,309,325] The
hydroxyl group of the substrate is at hydrogen bonding distance of Tyr201 that contacts
Tyr385. Selective Phe replacements of these tyrosine residues strongly hamper substrate
deprotonation and flavin reduction.[79,89]

Fig. 2. The active site of the enzyme-substrate complex of p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens.[262] The FAD is gray, the aromatic substrate is white, and the
protein residues are black. The si face of the flavin is the back of the page in this view; the re
side is the front, as seen with the substrate phenol pointing out of the page.

Pro293 is another important active site residue and is located in a highly conserved
loop. The peptide carbonyl oxygen of Pro293 is within hydrogen bonding distance of
the phenolic oxygen of bound substrate. It has been inferred from site-directed
mutagenesis that the backbone rigidity at residue 293 is important for controlling the
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conformation of the flavin that is central to coordinating the complexities of
catalysis.[235]

The catalytic mechanism of PHBH has been studied by stopped-flow absorbance
spectroscopy.[77,78,140] The overall reaction can be divided into two half reactions, the
reductive half reaction and the oxidative half reaction, each consisting of several
reaction steps (Scheme 2). The reductive half reaction, which can be studied under
anaerobic conditions, involves ternary complex formation. Only in the presence of
substrate fast reduction of the FAD cofactor by NADPH is observed.[136,221] In the
absence of substrate, a binary complex between NADPH and the enzyme results in a
reduction rate that is 105 times slower. Thus, the substrate is an essential component in
the reduction reaction because it stimulates the rate of flavin reduction, without being
converted itself.

Scheme 2. Catalytic cycle of flavoprotein aromatic hydroxylases.[77,78,140] EFloxS, oxidized
enzyme-substrate complex; EFlredS, reduced enzyme-substrate complex; EFlHOOH-S, flavin
C(4a)-hydroperoxide enzyme-substrate complex (intermediate I); EFlHOH-P*, flavin C(4a)-
hydroxide enzyme-hydroxycylcohexanedione product complex (intermediate II); EFlHOH-P,
flavin C(4a)-hydroxide enzyme-product complex (intermediate III); S, substrate; P, product.

Only a few substrate analogs can stimulate the rate of flavin reduction.[89,276] Some
benzoate derivatives bind to the enzyme and elicit its reduction but are not converted,
and are therefore called effectors. The potential substrate 4-aminobenzoate binds to the
enzyme in a similar way as 4-hydroxybenzoate,[263] but the reduction reaction in the
presence of 4-aminobenzoate is very slow,[77] indicating a fine-tuning of the mechanism
by which the substrate exerts its effector action. The rate of reduction does not correlate
with the orientation of the flavin ring observed in the crystal structures, and all evidence
presently available suggests that the effector specificity is linked to the ionic state of the
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substrate and the hydrogen bond network connecting the 4-hydroxyl group with the
protein surface.[234,263]

The fast release of NADP+ from the reduced ternary complex is well
established.[77,81,140] Furthermore, it has been demonstrated that the rate of dissociation
of the substrate from the reduced enzyme-substrate complex is 5000 times slower than
from the binary complex with the flavin in its oxidized state.[77] In addition to the
increased reduction rate induced by substrate binding, the slow rate of substrate
dissociation from the reduced enzyme is a second mechanism by which the enzyme
controls the optimal use of valuable reducing equivalents.

The oxidative half reaction includes the reaction steps that lead to the hydroxylation
of the substrate.[77,78] Upon reaction of the reduced enzyme-substrate complex with
molecular oxygen the flavin C(4a)-hydroperoxide intermediate is formed. Several
authors have discussed the actual way in which this reaction occurs, since in principle
the reaction between singlet reduced flavin and triplet molecular oxygen is spin
forbidden.[215] The flavin C(4a)-hydroperoxide species is generally referred to as
intermediate I and has a typical absorption spectrum.[77,78] Protonation of the distal
oxygen of the peroxide moiety increases the electrophilic reactivity of the flavin
peroxide and facilitates its subsequent attack on the nucleophilic carbon centre of the
substrate. In the hydroxylation step, the product 3,4-dihydroxybenzoate is formed
together with the flavin C(4a)-hydroxide (Intermediate III). The aromatic product
initially is formed in its keto isomeric form (Intermediate II)[190,261] which isomerizes to
give the energetically favoured dihydroxy isomer. Evidence for the initial formation of
the quinoid form of the aromatic product comes from experiments with
2,4-dihydroxybenzoate as the substrate.[77,78,336]

In PHBH, the electron density on the C3 reaction centre of the substrate is increased
by deprotonation of the phenol. This is supported by spectroscopic binding
studies,[270,309,310] by molecular orbital calculations on the reactivity of the substrate,[325]

and by reaction pathway calculations.[244] Moreover, the role of Tyr201 and Tyr385 in
substrate activation is well established.[80]

In the presence of non-substrate effectors, the flavin C(4a)-hydroperoxide decays to
oxidized enzyme with release of hydrogen peroxide.[276] Uncoupling can also occur with
true substrates. The extent to which this uncoupling occurs is not only dependent on the
nature and possibilities for activation of the substrate but is also influenced by the
microenvironment of the active site. Other flavin dependent monooxygenases as well as
mutant PHBH enzymes may vary in the efficiency of substrate hydroxylation.[80]

The final steps in the catalytic cycle are the elimination of water from the flavin
C(4a)-hydroxide and product release. Studies with 2-fluoro-4-hydroxybenzoate[141] and
with the related phenol hydroxylase[190,296] have indicated that in this step a dead-end
complex can be formed between the flavin C(4a)-hydroxide form of the enzyme and the
substrate leading to substrate inhibition.

Studies from active-site variants have revealed that the scope of reactions, catalyzed
by PHBH cannot easily be changed by site-directed mutagenesis. Nevertheless,
replacement of Tyr385 by Phe affects the regiospecificity of hydroxylation[79] and turns
the enzyme into a more efficient dehalogenase.[322] Studies with tetrafluoro-
4-hydroxybenzoate revealed that the hydroxylation of this fluorinated substrate is not
restricted to the C3 center of the aromatic ring but rather involves sequential
oxygenation steps. 19F NMR analysis showed that the initial aromatic product
2,5,6-trifluoro-3,4-dihydroxybenzoate is further converted to 5,6-difluoro-
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2,3,4-trihydroxybenzoate and that this reaction is most efficient with mutant Y385F.
The initial dihydroxy product is not bound in a unique regiospecific orientation as also
2,6-difluoro-3,4,5-trihydroxybenzoate is formed. Due to elimination of the halogen
substituent as a fluoride anion and the electron balance of the reaction, hydroxylation of
tetrafluoro-4-hydroxybenzoate involves the formation of quinone intermediates as
primary products of oxygenolytic dehalogenation.[141] Ascorbate competes favorably
with NADPH for the nonenzymatic reduction of these reactive intermediates and
prevents the accumulation of nonspecific oxidation products.[322]

PHBH does not contain a common dinucleotide fold for NADPH binding.[83] Studies
from site-directed PHBH mutants have gained some insight in the mode of coenzyme
recognition. Based on the properties of His162 and Arg269 variants, an interdomain
binding mode for NADPH was proposed, where His162 and Arg269 interact with the
pyrophosphate moiety of NADPH.[84] Furthermore, by changing several amino acid
residues in the solvent exposed helix H2 region, it was possible to switch the PHBH
coenzyme specificity.[87] This is the first coenzyme reversion of a member of a
superfamily of flavoenzymes where the exact binding mode of the cofactor is unknown.
The coenzyme switch suggests that in PHBH, an arginine is important in the recognition
of the 2'-phosphate moiety of NADPH and that an acidic group (Asp/Glu) is required
for the recognition of the 2'-OH group of NADH. This strengthens the idea that in
NAD(P)H-dependent enzymes the main determinants for coenzyme recognition are
conserved[36] and is in keeping with the hypothesis that biological specificity is caused
to some extent by hydrogen bonding but is best mediated by charged residues.[93]

Recently, the first crystal structure of PHBH with NADPH was obtained.[333] In this
structure of the R220Q mutant, the NADPH binds in an extended conformation at the
enzyme surface in a groove that crosses the binding site of FAD. The pyrophosphate
moiety is indeed situated in between the FAD binding domain and substrate binding
domain but especially the nicotinamide moiety is located in a region, not expected to be
relevant for catalysis. Therefore, a role was proposed for protein and ligand dynamics
with multiple movements involving the protein, the two cofactors and the substrate.[333]

However, the R220Q mutation changes the interdomain interaction, possibly
influencing the mode of NADPH binding.

In conclusion, PHBH is an enzyme with a rather narrow substrate specificity.
Besides the natural substrate (Scheme 1), the enzyme can convert
2,4-dihydroxybenzoate and a series of fluorinated 4-hydroxybenzoates. Most substrates
are regioselectively hydroxylated at the C3-postion of the aromatic ring. With some
substrate analogs and certain mutant enzymes, hydroxylation at C2 and C5 is feasible as
well.

3-Hydroxyphenylacetate 6-hydroxylase
3-Hydroxyphenylacetate 6-hydroxylase (HPAH) is an NAD(P)H-dependent FAD-

containing monooxygenase involved in the catabolism of phenylacetate in
Flavobacterium sp. JS-7.[311] The enzyme has a subunit mass of 63 kDa and exists
mainly as a homodimer in solution. HPAH from Flavobacterium is optimally active
around pH 8.3 but is most stable around pH 7.0. Above pH 7.5, the enzyme easily
looses FAD and during purification, the presence of FAD and dithiothreitol are needed
for high recovery of enzyme activity. Like many other flavoprotein monooxygenases,
HPAH is severely inhibited by chloride ions, competitive to the aromatic substrate.
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HPAH has a narrow substrate specificity. Besides 3-hydroxyphenylacetate which is
stoichiometrically converted to 2,5-dihydroxyphenylacetate (Scheme 1), the only
alternative substrate is 3,4-dihydroxyphenylacetate. This compound is exclusively
converted to the (red) quinoid form of 2,4,5-trihydroxyphenylacetate. Due to severe
uncoupling of hydroxylation (formation of hydrogen peroxide), more than two
equivalents of NAD(P)H are needed for the conversion of one equivalent of
3,4-dihydroxyphenylacetate. Therefore, a catalase and glucose-6-phosphate containing
NADPH generating system[238] is recommended to generate this product at a large scale.

4-Hydroxybenzoate 1-hydroxylase
4-Hydroxybenzoate 1-hydroxylase from Candida parapsilosis CBS604 is a

monomeric FAD-dependent monooxygenase of about 50 kDa.[313] This enzyme is
induced when the yeast is grown on either 4-hydroxybenzoate, 2,4-dihydroxybenzoate,
or 3,4-dihydroxybenzoate as the sole carbon source.[201] 4-Hydroxybenzoate
1-hydroxylase is optimally active at pH 8.0 and catalyzes the oxidative decarboxylation
of a wide range of 4-hydroxybenzoate derivatives to the corresponding hydroquinones
with the stoichiometric consumption of NAD(P)H and oxygen (Scheme 1).[82]

Interestingly, nearly no hydroxylation activity is observed with 4-aminobenzoates.
4-Hydroxybenzoate 1-hydroxylase prefers NADH as the electron donor and is inhibited
by chloride ions and by 3,5-dichloro-4-hydroxybenzoate, 4-hydroxy-3,5-dinitrobenzoate
and 4-hydroxyisophthalate which are competitors of the aromatic substrate. From the
high activity of 4-hydroxybenzoate 1-hydroxylase with tetrafluoro-4-hydroxybenzoate
and 4-hydroxy-3-nitrobenzoate and the molecular orbital characteristics of
4-hydroxybenzoate derivatives it was inferred that the phenolate form of the substrates
is important for catalysis and that substrate hydroxylation involves the electrophilic
attack of the putative flavinhydroperoxide at the C1-atom of the aromatic ring.[82] The
resulting benzoquinone species is subsequently converted to the hydroquinone by
spontaneous release of the carboxyl side chain.[82]

Hydroquinone hydroxylase
Hydroquinone hydroxylase is a homodimeric FAD-dependent monooxygenase of

about 150 kDa, which is also involved in the degradation of 4-hydroxybenzoate in
Candida parapsilosis CBS604.[88] This enzyme is abundantly expressed when the yeast
is grown either on 4-hydroxybenzoate, 2,4-dihydroxybenzoate, 1,3-dihydroxybenzene
or 1,4-dihydroxybenzene as sole carbon source. Hydroquinone hydroxylase catalyzes
the ortho-hydroxylation of a wide range of monocyclic phenols with the stoichiometric
consumption of NADPH and oxygen (Scheme 1). The hydroxylation of
monofluorinated phenols is highly regiospecific with a preference for C6 hydroxylation.
This regiospecificity of hydroxylation resembles that of phenol hydroxylase from
T. cutaneum,[236] but differs from the regiochemistry experienced with whole cells of the
gram-positive bacterium Rhodococcus opacus 1G, where it was found that oxidative
dehalogenation of 2-halogenated phenols is preferred to hydroxylation of the aromatic
ring at a non-halogenated position.[26] It also differs from the transformation of
monofluorophenols in whole cells of R. opacus 1cp, where it was found that the initially
formed catechols are further converted to the corresponding fluoropyrogallols.[94]

During purification it was noted that hydroquinone hydroxylase is sensitive to
limited proteolysis.[88] Proteolytic cleavage does not influence the enzyme dimeric
nature but results in relatively stable protein fragments of 55, 43, 35 and 22 kDa.
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N-terminal peptide sequence analysis revealed the presence of two nick sites and
showed that hydroquinone hydroxylase from C. parapsilosis is structurally related to
phenol hydroxylase from T. cutaneum. The latter enzyme has been overexpressed in E.
coli[156] and its three-dimensional structure was recently solved.[76] From the
crystallographic data it was argued that the severe uncoupling of hydroxylation in
phenol hydroxylase is related to a movement of the flavin ring in concert with a large
conformational change of a flexible protein segment which acts as an active site lid. The
C-terminal part of this flexible segment is closest to the flavin and its amino acid
sequence is not conserved in hydroquinone hydroxylase from C. parapsilosis.[88] This
suggests that the efficient hydroxylation of phenolic substrates in hydroquinone
hydroxylase from C. parapsilosis is related to the performance of the active site lid and
that an effective closure of this lid sequesters the hydroxylation site from solvent,
thereby preventing the unproductive formation of hydrogen peroxide.

2-Hydroxybiphenyl 3-monooxygenase
2-Hydroxybiphenyl 3-monooxygenase (HbpA) is an inducible FAD-dependent

aromatic hydroxylase involved in the degradation of the fungicide 2-hydroxybiphenyl
by the soil bacterium Pseudomonas azelaica HBP1.[287] This strain employs a meta-
cleavage pathway with a broad substrate spectrum for breaking down
2-hydroxybiphenyls.[169] HbpA is a homotetramer of about 250 kDa, is optimally active
around pH 7.5 and prefers NADH as the electron donor. 2,3-Dihydroxybiphenyl, the
product of the reaction with 2-hydroxybiphenyl (Scheme 1) is a non-substrate effector,
strongly facilitating NADH oxidation and hydrogen peroxide formation without being
hydroxylated.

HbpA catalyzes the ortho-hydroxylation of a wide range of 2-substituted phenols.
Besides phenyl rings and aliphatic side chains, halogens are accepted as phenol
substituents.[131] The hbpA gene has been cloned in E. coli[287] and the recombinant
strain was used as a whole cell biocatalyst for the large-scale production of 2-substituted
catechols.[132] The whole cell approach has the advantage of coenzyme recycling but can
be problematic when the substrate and/or product are toxic to the cells. In case of HbpA,
the toxic effects of 2-hydroxybiphenyl are minimized by feeding the substrate to the
reactor at a rate slightly below the maximum biooxidation rate. Furthermore, the
3-phenylcatechol product can be removed by continuous adsorption on a solid resin.[132]

In another biocatalytic process, partially purified recombinant HbpA was used in
combination with a formate/formate dehydrogenase cofactor recycling system for the
preparative regioselective hydroxylation of 2-hydroxybiphenyl.[258] By using
organic/aqueous emulsions, coupled with in situ product recovery, volumetric
productivities of up to 0.45 g l-1 h-1 were obtained.

The catalytic mechanism of HbpA has been investigated at 7ºC by stopped-flow
absorption spectroscopy.[288] The reaction essentially follows the catalytic cycle
depicted in Scheme 2. Binding of 2-hydroxybiphenyl highly stimulates the rate of
enzyme reduction by NADH. During this reaction a transient charge-transfer complex is
formed between the reduced flavin and NAD+. Free reduced HbpA reacts rapidly with
oxygen to form oxidized enzyme with no appearance of intermediates. In the presence
of 2-hydroxybiphenyl (but not in the presence of 3-phenylcatechol), two consecutive
spectral intermediates are observed, representing the flavin C(4a)-hydroperoxide and the
flavin C(4a)-hydroxide, respectively. These data are consistent with a ternary complex
mechanism in which the aromatic substrate has strict control in both the reductive and
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oxidative half-reaction in a way that reactions leading to substrate hydroxylation are
favoured over those leading to the futile formation of hydrogen peroxide.

The catalytic scope and performance of HbpA have been improved by directed
evolution using error-prone PCR.[199] In situ screening of mutant libraries resulted in the
identification of the I244V variant, which has an increased activity towards 2-tert-
butylphenol, 2-methoxyphenol and the natural substrate 2-hydroxybiphenyl. The double
replacement V368A/L417F was found to improve the efficiency of substrate
hydroxylation by reducing the uncoupled oxidation of NADH. Sequence alignments
revealed that the primary structure of HbpA shares 20% identity with phenol
hydroxylase from T. cutaneum. Based on structure homology modeling it was inferred
that Ile244 of HbpA is located in the substrate binding pocket and is involved in
accommodating the phenyl substituent of the phenol. In contrast, Val368 and Leu417
are not close to the active site and would not have been obvious candidates for
modification by rational design. In another study, laboratory evolution of HbpA resulted
in an enzyme variant which hydroxylates indole and indole derivatives, such as
hydroxyindoles or 5-bromoindole.[200] This indigo-producing HbpA variant contains the
amino acid substitutions Asp222Val and Val368Ala. Interestingly, Asp222 is located in
the active site and corresponds to Tyr201 of PHBH and Tyr289 of phenol hydroxylase
from T. cutaneum. Recent results from site-directed mutagenesis have indicated that
Tyr289 in phenol hydroxylase is mainly involved in flavin reduction[345] whereas
Tyr201 in PHBH is also involved in substrate activation.[79,89] In conclusion, these
studies show that directed evolution is a powerful approach for changing the
biocatalytic performance of a flavoenzyme.

Two-component aromatic hydroxylases
Besides from the single-component flavoprotein aromatic hydroxylases, there is also

a group of flavin-dependent aromatic hydroxylases that consist of two protein
components of different size. For 4-hydroxyphenylacetate 3-hydroxylase from
Pseudomonas putida it was shown that the FAD-containing protein component acts as
an NADH oxidase and that the presence of the other non-redox protein component is
required for efficient substrate hydroxylation.[9] So far, this is the only example of a
flavoprotein hydroxylase where binding of another protein component is needed for the
stabilization of the flavin hydroperoxide.

Another family of two-component flavin-dependent aromatic hydroxylases consists
of a relatively small flavin reductase which generates reduced flavin at the expense of
NAD(P)H and a large protein component which is essential for substrate
hydroxylation.[13,108] Besides from hydroxylases, also epoxide forming enzymes such as
styrene monooxygenase[231] and tryptophan 7-halogenase[163] belong to this family. The
exact mechanism by which the reduced flavin in these enzymes is transferred to the
oxygenation site is as yet far from clear but it has been shown that the small reductase
from the wild type strain can be replaced by a flavin reductase from another
bacterium.[108,163] In our group, we have characterized a two-component phenol
hydroxylase from the thermophilic bacterium Bacillus thermoglucosidasius which is
active with a range of simple phenols, including chlorophenols, fluorophenols and
cresols.[165] The large dimeric protein component of the recombinant phenol
hydroxylase as expressed in E. coli is highly unstable in purified form, limiting
structure-function relationship studies. The small dimeric flavin reductase on the other
hand, is very stable in its recombinant form. Interestingly, each subunit of the reductase
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contains a tightly bound FAD molecule which is involved in the NADH-dependent
reduction of free flavins, including FAD, FMN and riboflavin.[338] However, like
tryptophan 7-halogenase,[163] the large oxygenase component of phenol hydroxylase
from B. thermoglucosidasius is specific for FAD.

3 Baeyer-Villiger monooxygenases
Baeyer-Villiger monooxygenases (BVMOs) are NAD(P)H-dependent flavoenzymes

that catalyze Baeyer-Villiger reactions, i.e. the oxidation of ketones to esters or
lactones.[10,331] In the enzymatic Baeyer-Villiger reaction, the protein-bound flavin
peroxide is active in its deprotonated form thereby performing a nucleophilic attack on
the carbon atom of the substrate ketone.[252,265] From rapid reaction studies on
Acinetobacter cyclohexanone monooxygenase, evidence was obtained that the relatively
stable flavin peroxide can undergo acid/base equilibrium.[268] This might explain why
BVMOs are also active with certain electron rich compounds[331] and underlines the
ambivalent character of the flavin (hydro)peroxide oxygenation species.

BVMOs are versatile biocatalysts that have been widely used for the regio- and
stereoselective transformation of aliphatic ketones.[248,331,343] In view of the need of
NAD(P)H-recycling, most of these reactions have been performed with whole microbial
cells.[282] Relatively little is known about BVMOs that are active with aromatic
compounds. However, several aerobic microorganisms are capable of utilizing aryl
ketones for their growth[294] and recently, we succeeded in the purification of a Baeyer-
Villiger type flavoenzyme that catalyzes the first step in the degradation of
4-hydroxyacetophenone in Pseudomonas fluorescens ACB.[157,209] Characterization
revealed that this 4-hydroxyacetophenone monooxygenase (HAPMO) is a homodimer
of about 140 kDa with each subunit containing a tightly non-covalently bound FAD. In
contrast, HAPMO involved in the degradation of 4-ethylphenol in P. putida JD1
purifies as a monomer of 70 kDa.[294]

HAPMO from P. fluorescens catalyzes the strictly NADPH-dependent and
stoichiometric oxidation of 4-hydroxyacetophenone to 4-hydroxyphenyl acetate
(Scheme 1). Besides the natural substrate, HAPMO is active with a wide range of other
aryl ketones.[157] The highest catalytic efficiency is observed with compounds bearing
an electron donating substituent at the para-position of the aromatic ring. HAPMO is
also active with 4-hydroxybenzaldehyde and 4-hydroxypropiophenone.

Ring-substituted phenyl acetates are valuable synthons for the production of fine
chemicals and neuroactive pharmaceuticals.[125] However, the large-scale production of
phenyl acetates by whole cells of P. fluorescens ACB is limited by the presence of a
highly active esterase.[133,209] 19F NMR studies with purified HAPMO at pH 6 and pH 8
showed that the Baeyer-Villiger oxidation of 4-fluoroacetophenones occurs faster at pH
8 but that the fluorophenyl acetates produced are better stabilized at pH 6.[209] Thus, the
large-scale biocatalytic production of ring-substituted phenyl acetates requires carefully
selected conditions and should either be performed by i) using an engineered microbial
strain that lacks esterase activity or ii) by using isolated enzyme coupled with an
efficient cofactor recycling system.[146]

With the above considerations in mind, the DNA of P. fluorescens ACB was
isolated and the gene cluster involved in the degradation of 4-hydroxyacetophenone was
characterized.[157] The fourth gene of this cluster (hapD) codes for 4-hydroxyphenyl
acetate hydrolase whereas the fifth gene (hapE) encodes HAPMO. Sequence analysis
revealed that except for an N-terminal extension of about 135 residues, HAPMO shares
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30% sequence identity with two other characterized BVMOs, cyclohexanone
monooxygenase and steroid monooxygenase, classifying the enzyme as a type I BVMO.
These BVMOs are FAD and NADPH dependent and have identical subunits. Type II
BVMOs on the other hand are FMN and NADH dependent and are composed of α2β
trimers.[343] The role of the N-terminal extension in HAPMO is not clear, but studies of
truncated forms indicate that the N-terminal domain is important for the protein
structural integrity.[157]

Type I BVMOs contain two dinucleotide binding motifs (βαβ-folds), one for FAD
binding and one for NAD(P) binding. Because no crystal structures of these
flavoenzymes are available yet, it was of interest to probe the functional role of these
sequence motifs in further detail. Using newly reported BVMO sequences, a BVMO
identifying-sequence motif: FxGxxxHxxxW(P/D) was uncovered that is critically
involved in catalysis.[103] The important role of the histidine in this fingerprint sequence
was confirmed by the negligible activity of the H296A mutant. The functional role of
another sequence motif was assessed by replacement of the conserved Gly490.[157]

Analysis of the G490A mutant revealed a dramatic effect on the interaction with
NADPH, suggesting that the ATG motif comprising Gly490 is involved in NADPH
binding.

4 Flavoprotein oxidases
Flavoprotein oxidases react with their substrates without the need of external

cofactors. Catalysis involves two half-reactions in which first the flavin cofactor is
reduced by the substrate, and subsequently the reduced flavin is reoxidized by molecular
oxygen.[193] Vanillyl-alcohol oxidase (VAO) from Penicillium simplicissimum is the
prototype flavoprotein oxidase that is active with phenolic compounds. VAO is a
homooctamer of 520 kDa with each subunit containing a covalently bound 8α-(N3-
histidyl)-FAD.[59] VAO catalyzes the conversion of vanillyl alcohol to vanillin in the
presence of molecular oxygen (Scheme 1). Besides from vanillyl alcohol, the enzyme is
active with a wide range of other phenolic compounds.[97,316] As discussed
elsewhere,[320] some of the VAO-mediated reactions are of industrial relevance.

Stopped-flow kinetic studies[98] have indicated that the reaction of VAO with
phenolic substrates involves the initial transfer of a hydride from the Cα-atom of the
substrate to the N5-atom of the flavin, resulting in the formation of a complex between
reduced enzyme and p-quinone methide product intermediate. Next, the reduced flavin
is reoxidized by molecular oxygen, yielding hydrogen peroxide, and the p-quinone
methide intermediate is further converted by water in the enzyme active site. With
eugenol as a substrate, this leads to the stoichiometric formation of coniferyl alcohol
(Scheme 1), whereas with 4-ethylphenol, the hydroxyl group becomes exclusively
inserted at the Cα-atom, resulting in the formation of 1-(4'-hydroxphenyl)ethanol
(Scheme 1). With short-chain 4-alkylphenols, the protein-bound quinone methide is
attacked by water in a stereoselective manner yielding the (R)-enantiomer of the alcohol
product in high enantiomeric excess.[67] However, with long-chain 4-alkylphenols, the
p-quinone methide is no longer attacked by water and rearranges to the alkene.[316] A
similar observation was made when the reaction with 4-propylphenol was performed in
organic solvents,[321] leading to the conclusion that the outcome of products formed
from short-chain and medium-chain 4-alkylphenols is due to variations in the intrinsic
reactivity of the enzyme-bound p-quinone methide, the water accessibility of the
enzyme active site, and the orientation of the alkyl side-chain of the substrate. No
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catalytic activity was observed with 4-alkylphenols when the aliphatic side-chain is
longer than seven carbon atoms.[316] This is in line with structural data which show that
the VAO active site cavity is completely filled when the inhibitor 1-(4'-heptenyl)phenol
is bound.[195]

From the VAO structure,[195] several amino acid residues have been implicated to
play an important role in catalysis. Studies from His61 and His422 mutants established
that the covalent linkage between the C8α atom of the isoalloxazine ring of the flavin
and the N3 atom of His422 raises the redox potential of the FAD cofactor, thereby
increasing the oxidative power of the enzyme.[100,102] Catalysis is also facilitated by
ionization of the phenolic moiety of the substrate as induced by hydrogen bonding to
Tyr108, Tyr503, and Arg504 (Figure 3). Another key residue is Asp170, which is
located close to the N5-atom of the flavin and the reactive methylene group of the
substrate. With vanillyl alcohol, eugenol, and 4-(methoxymethyl)phenol as substrates,
the conserved mutant D170E is up to 100-fold less active than wild type VAO whereas
with other Asp170 variants a more than 1,000-fold decrease in enzyme activity is
observed.[318] As no structural changes were found in the mutant enzymes, this indicates
that Asp170 is crucial for efficient redox catalysis.

Fig. 3. Schematic representation of the active site of the enzyme-isoeugenol complex of
vanillyl-alcohol oxidase from Penicillium simplicissimum.[195] The isoalloxazine ring of FAD
is black, the inhibitor is gray and the protein residues are white. Asp170 is positioned at 0.35 nm
from flavin N5 and the Cα-atom of isoeugenol.

Interestingly, substitution of Asp170 by Ser or Glu strongly influences the
hydroxylation efficiency of VAO with 4-alkylphenols.[319] Whereas the D170A and
D170S mutants favor the hydration of the p-quinone methide intermediate, the D170E
mutant favors the formation of alkenes. This suggests that the efficiency of
hydroxylation of 4-alkylphenols is regulated by the bulkiness of the side-chain of
residue 170 and not by its ionic character.

Studies from site-directed double mutants revealed that the stereochemistry of VAO
with short-chain 4-alkylphenols is also related to the function of Asp170.[317] D170A
and D170S preferentially hydroxylate 4-ethylphenol to the (R)-enantiomer of
1-(4'-hydroxyphenyl)ethanol). However, when the acidic residue is relocated to the
other face of the substrate binding pocket (D170A/T457E and D170S/T457E variants),
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the enzyme exhibits an inverted stereoselectivity with 4-ethylphenol. This high
preference for the (S)-enantiomer is likely explained by the Glu457 activated attack of a
water molecule from the opposite face of the substrate.

5 Conclusion
Flavoprotein monooxygenases and oxidases are useful enzymes for the selective

introduction of oxygen atoms in phenolic compounds. Flavoprotein monooxygenases
work optimally around pH 8 whereas VAO is most active near pH 10. Flavoprotein
aromatic hydroxylases have a unique regiochemistry, allowing the synthesis of a wide
range of catechols and hydroquinones. Most flavoprotein aromatic hydroxylases have a
narrow substrate specificity and can only be used for the synthesis of a selected range of
products. The substrate specificity of PHBH can be broadened by site-directed
mutagenesis, but only to a limited extent. Some flavoprotein aromatic hydroxylases like
e.g. 4-hydroxybenzoate 1-hydroxylase and HbpA, have a relaxed substrate specificity,
allowing the synthesis of a range of ring-substituted hydroquinones and catechols.
Directed evolution has proven to be an attractive method for the improvement of the
efficiency of substrate hydroxylation of HbpA and for the introduction of new activities.

Two-component flavin-dependent monooxygenases represent a newly recognized
family of oxidative enzymes and their biocatalytic performance is unexplored. It is
anticipated that studies from structural and functional genomics[44] will allow a more
thorough characterization of this class of monooxygenases and provide future
possibilities for synthetic applications.

BVMOs are extremely useful for the synthesis of esters and lactones and for
asymmetric oxidations. HAPMO is the first described BVMO that is active with
phenolic compounds. The scope of reactions of HAPMO has not yet been fully explored
but it is clear that this enzyme converts a wide range of acetophenones into the
corresponding phenyl acetates.

Flavoprotein oxidases such as VAO are capable of introducing side chain
modifications in p-substituted phenols. This is useful for the synthesis of flavors and
fragrances and for the production of pure enantiomers. Studies from site-directed
mutants have demonstrated that the stereoselectivity of VAO can be inverted by rational
redesign.

Insight into the structure, mechanism and biochemical properties of oxidative
flavoenzymes is of great help to select for biocatalysts with a high degree of chemo-,
regio- and stereoselectivity. In view of the need of expensive cofactors, it is expected
that NAD(P)H-dependent flavoprotein monooxygenases will be mainly used in whole
cell systems.[132,182,257,271,282,332] Structure-function relationship studies on PHBH and
HAPMO have given some insight why these enzymes are strictly dependent on
NADPH. Such studies are not only useful for the redesign of the coenzyme specificity
but will also teach us more about the evolutionary relationship of flavoenzymes.
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Chapter 3

4-HYDROXYACETOPHENONE MONOOXYGENASE
FROM PSEUDOMONAS FLUORESCENS ACB
A NOVEL FLAVOPROTEIN CATALYZING BAEYER-VILLIGER OXIDATION OF
AROMATIC COMPOUNDS

Nanne M. Kamerbeek, Mariëlle J.H. Moonen, Jos G.M. van der Ven,
Willem J.H. van Berkel, Marco W. Fraaije and Dick B. Janssen

European Journal of Biochemistry. 2001. Vol. 268, No 9, pp. 2547-2557

The novel nucleotide sequence data published here have been submitted to GenBank and are
available under accession number AF355751

A novel flavoprotein, catalyzing the NADPH dependent oxidation of
4-hydroxyacetophenone to 4-hydroxyphenyl acetate, was purified to
homogeneity from Pseudomonas fluorescens ACB. Characterization of the
purified enzyme showed that 4-hydroxyacetophenone monooxygenase
(HAPMO) is a homodimer of about 140 kDa with each subunit containing a
non-covalently bound FAD molecule. HAPMO displays a tight coupling
between NADPH oxidation and substrate oxygenation. Besides
4-hydroxyacetophenone a wide range of other acetophenones are readily
converted via a Baeyer-Villiger rearrangement reaction into the
corresponding phenyl acetates. The P. fluorescens HAPMO gene (hapE) was
characterized. It encoded a 640-amino acid protein with a deduced mass of
71,884 Da. Except for an N-terminal extension of about 135 residues, the
sequence of HAPMO shares significant similarity with two known types of
Baeyer-Villiger monooxygenases: cyclohexanone monooxygenase (27-33%
sequence identity) and steroid monooxygenase (33% sequence identity).
The HAPMO sequence contains several sequence motifs indicative for the
presence of two Rossman fold domains involved in FAD and NADPH binding.
The functional role of a recently identified flavoprotein sequence motif
(ATG) was explored by site directed mutagenesis. Replacement of the
strictly conserved glycine (G490) resulted in a dramatic effect on catalysis.
From a kinetic analysis of the G490A mutant it is concluded that the
observed sequence motif serves a structural function which is of importance
for NADPH binding.
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Introduction
The aerobic degradation of aromatic compounds by soil bacteria depends on the

activity of oxygenases.[122] So far two classes of flavoprotein hydroxylases have been
shown to act as aromatic monooxygenases: the single component aromatic
hydroxylases[287] and two-component hydroxylases.[9,13] The single component aromatic
hydroxylases share a typical dinucleotide binding fold for complexation of the FAD
cofactor while lacking an NAD(P) binding fold.[83] An extensively studied member of
this widespread class of flavoenzymes is p-hydroxybenzoate hydroxylase.[80,87]

Mechanistic studies have shown that the monooxygenation reactions catalyzed by single
component aromatic hydroxylases are preceded by NAD(P)H mediated flavin reduction.
The reduced flavin then reacts with dioxygen to form a reactive electrophilic
hydroperoxyflavin intermediate which is able to introduce a hydroxyl group into an
activated aromatic ring.[77] The two-component hydroxylases typically consist of a
relatively small flavin reductase which generates reduced flavin at the expense of
NAD(P)H. After intermolecular transfer, the reduced flavin is used by the large
oxygenating component to catalyze substrate hydroxylation.[108,350] Although the genes
of several of these two-component hydroxylases have been identified, mechanistic data
on this type of monooxygenases are scarce.

Except for the above mentioned monooxygenation reactions another way of
flavoenzyme mediated oxygenation of aromatic compounds has been suggested in the
literature. For several bacteria it was found that their ability to degrade aromatic
compounds depends on an enzyme-mediated Baeyer-Villiger reaction in which an
oxygen atom is inserted between the aromatic ring and a ketone side-chain (Scheme 1).
These Baeyer-Villiger reactions have been detected during studies on the microbial
degradation of several ring-substituted acetophenones[52,127,133] and 4-ethylphenol.[55,154]

Recently, a Baeyer-Villiger monooxygenase from Pseudomonas putida JD1, involved
in 4-ethylphenol metabolism, was purified and partially characterized.[294] However,
enzymes involved in these atypical metabolic pathways have never been cloned.

Scheme 1. Baeyer-Villiger reaction observed during microbial degradation of aromatic
compounds

All Baeyer-Villiger monooxygenases identified so far were shown to be
flavoproteins.[343] As for the single component hydroxylases, also for these enzymes a
peroxygenated flavin has been proposed as the oxygenating species.[252] However, in the
Baeyer-Villiger reaction this reactive flavin intermediate is supposed to act as a
nucleophile indicating that in these monooxygenases a peroxyflavin anion is involved in
substrate attack.[193,267]

Pseudomonas fluorescens ACB is able to use 4-hydroxyacetophenone as sole carbon
and energy source.[133] Since it was suggested that the microbial degradation of this
phenolic compound is initiated by a Baeyer-Villiger reaction (Scheme 1), we started a
study to identify this atypical aromatic monooxygenase. We here report on the
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purification, gene cloning, sequence analysis and characterization of
4-hydroxyacetophenone monooxygenase (HAPMO). It is shown that the enzyme is a
FAD-dependent Baeyer-Villiger monooxygenase that is active with a wide range of
aromatic ketones. A preliminary report on the purification of HAPMO from
P. fluorescens ACB has been presented elsewhere.[208]

Material and Methods

Chemicals
Restriction enzymes, 7-deaza-dGTP, and isopropyl β-D-thiogalactopyranoside were

obtained from Roche. NADH, NADPH, dithiothreitol (DTT), glucose oxidase (grade II)
and catalase were from Boehringer. Tris, FAD, FMN and riboflavin were from Sigma.
Q-Sepharose Fast Flow, phenyl-Sepharose Fast Flow, Superdex 200 Prep Grade,
Superdex PG200 HR 10/30 and molecular weight markers were from Pharmacia. Bio-
Gel P-6DG and Macro-Prep Ceramic Hydroxyapatite (Type I, particle size 20 µm) were
from Bio-Rad. Acrylamide, bisacrylamide and Coomassie brilliant blue G250 were
from Serva. Aromatic ketones were purchased from Acros, Aldrich, Fluorochem and
Lancaster. Stock ketone solutions were prepared in dimethyl formamide. H2

18O (97
atom % 18O) was obtained from Campro (Elst, The Netherlands). All other chemicals
were of commercially available analytical grade.

Bacterial strains and culture conditions
P. fluorescens ACB was kindly provided by Dr. D.D. Focht (Univ. of California,

Riverside, USA). P. fluorescens ACB was isolated from activated sewage sludge by
enrichment and serial transfer with 4-hydroxyacetophenone as growth substrate.[133]

P. fluorescens ACB was grown in 0.8% Nutrient Broth (Difco) at 30oC or in minimal
medium based on Kröckel and Focht,[172] containing per liter demineralized water: 3.5 g
Na2HPO4, 1.4 g KH2PO4, 0.5 g (NH4)2SO4, 0.2 g MgSO4.7H2O, 10 mg yeast extract and
5 ml of a trace elements solution. The trace elements solution contained per liter: 780
mg Ca(NO3)2.4H2O, 200 mg FeSO4.7H2O, 10 mg ZnSO4.7H2O, 10 mg H3BO3, 11.8 mg
CoSO4.7H2O, 4 mg MnSO4.1H2O, 3 mg Na2MoO4.2H2O, 2 mg NiCl2.6H2O, 10 mg
CuSO4.5H2O and 2 mg Na2WO4.2H2O (adjusted to pH 2 with H2SO4). The final pH of
the medium was 7.0. Cells were grown on 10 mM 4-hydroxyacetophenone at 30°C in 2
l erlenmeyer flasks agitated at 270 rpm on an orbital shaker to provide suitable aeration.
Large-scale growth, with 4-hydroxyacetophenone as the sole carbon and energy source,
was performed batchwise in a 200-l fermentor (Bioengineering AG) at 30°C. During
growth, the medium was stirred at 150 rpm and flushed with 30 liters of air/min and the
pH was kept constant at pH 7.0 with NaOH. The fermentor was inoculated with 2 l of
cell culture, and growth was induced by the addition of 5 mM 4-hydroxyacetophenone,
followed by two portions of 10 mM 4-hydroxyacetophenone at 8-h intervals. The cells
were harvested after 24 h and the cell paste (about 235 g (wet weight)) was frozen and
stored at -80°C. Under these conditions, no significant loss of HAPMO activity
occurred over a period of six months.

E. coli strains HB101, TOP10F� and BL21(DE3) pLysS were grown in Luria-
Bertani medium supplemented with the appropriate antibiotic at 20°C, 30°C or 37°C.
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Enzyme purification from P. fluorescens ACB
HAPMO was purified from P. fluorescens ACB to apparent homogeneity in two

chromatographic steps. All purification steps were performed at 4°C. Cells (200 g wet
weight) were suspended in 21 mM potassium phosphate, pH 7.1, and disrupted through
a precooled Manton Gaulin press. The clarified cell extract was treated with 0.25%(w/v)
protamine sulfate and the supernatant obtained after centrifugation was loaded onto a
Q-Sepharose column (5 by 25 cm), equilibrated in 21 mM potassium phosphate, pH 7.1.
After washing with two volumes of starting buffer, the HAPMO activity was eluted
with a linear gradient of 0 � 0.7 M KCl in starting buffer. Active fractions were
concentrated by ultrafiltration (Amicon YM-30 membrane) and diluted with three
volumes of 10 mM potassium phosphate, pH 7.1. The enzyme solution was then
adjusted to 1 M ammonium sulfate and loaded onto a phenyl Sepharose column (2.5 by
40 cm), equilibrated in 50 mM potassium phosphate, pH 7.1, containing 1 M
ammonium sulfate. After washing with starting buffer, the HAPMO activity was eluted
with a linear descending gradient of 1 � 0 M ammonium sulfate in 50 mM potassium
phosphate, pH 7.1. Active fractions were concentrated by ultrafiltration, dialyzed in 50
mM potassium phosphate, pH 7.1, and stored at -80°C.

The 4-hydroxyphenyl acetate hydrolase was purified from P. fluorescens ACB in
three chromatographic steps. Cell extract was loaded on a DEAE-Sepharose column (6
x 2.5 cm) equilibrated in 21 mM phosphate, pH 7.1. Esterase activity was eluted with a
linear gradient of 0 � 0.7 M KCl in starting buffer. Active fractions were pooled,
dialyzed against 1 mM phosphate, pH 7.1, and loaded on a hydroxyapatite column (7 x
3 cm) equilibrated in 1 mM phosphate, pH 7.1. Esterase activity was eluted with a linear
gradient of 1 � 100 mM phosphate, pH 7.1. Active fractions were pooled, concentrated
and loaded on a Sephacryl S-200 column (34 x 1 cm) running in 21 mM potassium
phosphate, pH 7.1. The fractions with the highest esterase activity were pooled,
resulting in an enzyme preparation which was more than 75% pure. For N-terminal
sequencing, the esterase was isolated from a SDS-polyacrylamide gel.

Preparation of the genomic library
All DNA isolation and cloning procedures were carried out essentially as described

by Sambrook et al.[254] A genomic library of P. fluorescens ACB was constructed in the
cosmid vector pLAFR3 according to the strategy described by Staskawicz et al.[278]

CsCl gradient centrifugation was used to purify pLAFR3 isolated from E. coli HB101.
Constructed vector arms and inserts were ligated and subsequently packaged in vitro
with a DNA-packaging kit (Boehringer). E. coli HB101 cells were infected with the
packaging mix and transducts were selected on LB plates supplemented with
tetracycline. From 10 transducts the plasmids were isolated and checked for insert by
restriction analysis. All contained insert with an estimated average size of 17 kb. A total
number of 2400 colonies were transferred to 96 well microtiter plates containing LB and
tetracycline. After overnight growth, glycerol was added and the library was stored at
-80°C until use.

“Touch down” PCR on total DNA
All PCR amplifications were performed as described by Innis and Gelfand.[143] The

50-µl reaction mixtures contained PCR buffer (Roche), 200 µM of each dNTP, 20-30
pmol of primer, 1 to 5 units of Taq or Pwo polymerase and 10-100 ng template.
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The following degenerated primers were designed on the N-terminal amino acid
sequences of the purified enzymes. For HAPMO: PAMOACB1 (forward)
5� GAAACCATGGCNGCNTTYAAYACNACNYTNCC 3� and PAMOACB2
(reverse) 5� GAAAACCATGGRTCRTCRTCRTARTCNARNGWNGG 3�, for the
esterase (4-hydroxyphenyl acetate hydrolase): PESACB1 (forward)
5� GAAACCATGGCNCTNGAYGTNGARWCNGCNCARCTNCTNGG 3�; and
PESACB2 (reverse) 5� GAAAACCATGGYTCNGCNAGYTGNCCNAGNAGYTG 3�;
(NcoI sites are underlined, the substituted nucleotide in PAMOACB1 is shown in bold).
�Touch-down� PCR was performed on total DNA of strain P. fluorescens ACB.[64]

After initial denaturation for 5 min at 94°C, the cycling program was as follows: 1 min
94°C, 1 min 60°C (2°C decrease after each 2 cycles to 48°C) and elongation at 72°C for
2 min. In addition, 25 cycles were performed at a hybridization temperature of 48°C and
elongation for 1 min at 72°C.

The fragment that was obtained by �touch-down� PCR, using the PESACB1 and
PAPMO2 primers, was ligated into the pCR2.1-TOPO vector and then transformed to
E. coli TOP10F� cells according to the recommendations of the manufacturer
(Invitrogen). Plasmids containing insert were purified from overnight cultures with the
High PureTM plasmid isolation kit (Roche).

Preparation of a DIG-labeled probe
To prepare the probe to screen the genomic library, the hapD gene in pCR2.1 was

amplified with Taq polymerase (Roche) using the primers PESACBf
(5� GAAACCATGGCTCTTGACGTCGAGACGGCACAGCTG 3�) and PESACBr
(5� GAAAGGATCCTAAAAAGGGTTTCAGCCAAGGCTTGAT 3�) during 30 cycles
of 1 min 94°C, 1 min 60°C and 1 min at 72°C. The amplified fragment was isolated
from gel and DIG random-primed labeled according to the method described by the
DIG system user�s guide for filter hybridization (Boehringer) yielding the DIG-labeled
probe HAP2.

Screening of the genomic library
For screening, the constructed library was plated from the frozen stock on LB plates

supplemented with 12.5 µg/ml tetracycline and incubated overnight at 37oC. Colonies
were transferred to cellulose nitrate membranes. The membranes were processed and
subsequently hybridized with the DIG-labeled HAP2 probe at 68°C. Two primers,
designed on the non-degenerated part of the hapD sequence were used to check E. coli
clones which gave a positive signal after blotting: PESACB3
(5� GAAGCCGTTCCATTTCT 3�) and PESACB4 (5� GCCAAGGCTTGATCTGATC
3�). Cycling parameters were as follows: 1 min at 94°C, 1 min at 57°C and 1 min at
72°C. As templates the pLAFR3 cosmids were isolated from the positive clones.

Cloning, expression and purification of recombinant HAPMO
The hapE gene was amplified with Pwo polymerase using the total DNA of

P. fluorescens ACB as template. Therefore, two primers were designed: PAPMO1
(5� CACGGCATATGAGCGCCTTCAATACC 3�, NdeI site is shown underlined) and
PAPMO2 (5� CACGGGGATCCTCAACCTAGTTGGTAATCAGTCGG 3�, BamHI
site is shown underlined). Cycling parameters were as follows: 30 cycles of 1 min at
94°C, 1 min at 56°C and 1 min at 72°C. After amplification, the gene was isolated from
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gel, digested with NdeI and BamHI and ligated behind the T7 promoter of the NdeI /
BamHI digested expression vector pET-5a (Promega) yielding pHAPE1.

E. coli BL21(DE3)pLysS was transformed with this construct and grown in LB-
medium supplemented with 100 µg/ml ampicillin and 35 µg/ml chloramphenicol at a
temperature of 30°C. When the OD600 reached 0.8, 0.4 mM isopropyl
β-D-thiogalactopyranoside was added and the cells were grown for another 12-14 hrs at
20°C. Cells (6 g) were harvested by centrifugation, resuspended in 50 mM potassium
phosphate, pH 7.0, containing 0.1 mM EDTA and 0.1 mM DTT, and sonicated to
prepare cell extract. After ultracentrifugation for 60 min at 110,000 g, the supernatant
was applied onto a ceramic hydroxyapatite column (2.5 x 12 cm), equilibrated with 50
mM potassium phosphate, pH 7.0, and eluted with the same buffer. Fractions containing
HAPMO activity were pooled and loaded onto a Q-Sepharose column (2.5 x 18 cm)
equilibrated with 50 mM potassium phosphate, pH 7.0. After washing with starting
buffer, the enzyme was eluted with a linear gradient of 0 - 1 M KCl in the same buffer.
HAPMO eluted at a concentration of 0.6 M KCl. Active fractions were concentrated by
ultrafiltration, dialyzed in 50 mM potassium phosphate, pH 7.0, and stored at �80°C.

PCR amplification to create truncated HAPMO variants
Two primers were designed to amplify truncated hapE genes. Primer PHAPMO3,

5� CACGGCATATGGCCAGCGGCCGCGACTTCAAGGTGGTG 3� annealed just
upstream the part of the gene encoding the first Rossman fold sequence motif. Val136

was mutated to a methionine to create an NdeI site. Primer PHAPMO8,
5� CACGGCATATGGCCGAAGAAGCCGTGACCGCC 3� was used to create a
mutant lacking the part encoding the first 114 amino acids. Due to the introduction of an
NdeI site, Ile115 was replaced for a methionine (NdeI sites underlined, startcodon shown
in bold, substituted codons shown in italic. PCR with Pwo polymerase, using either
PHAPMO3 or PHAPMO8 in combination with PAPMO2 as the reverse primer, under
the same conditions as described for hapE amplification, yielded fragments which were
cloned NdeI/BamHI in the pET5-a vector yielding pHAPE2 and pHAPE3 respectively.
Successful cloning was confirmed by plasmid sequencing.

Site-directed mutagenesis
The Quickchange site-directed mutagenesis kit from Stratagene was used to

introduce a point mutation into HAPMO changing the glycine at position 490 into an
alanine. Two primers were used, Primer 1 (5� GTGTATGGCACGGCGTTCCATGCC
TCG 3�) and primer 2 (5� CGAGGCATGGAACGCCGTGCCATACAC 3�). The
mutagenic codon is shown in italic. The PCR reaction, with pHAPE1 as template, was
performed under conditions as recommended by the manufacturer. Successful
mutagenesis was confirmed by plasmid sequencing.

Steady-state kinetics
HAPMO activity was determined spectrophotometrically by monitoring the decrease

of NADPH at 370 nm (ε370 = 2.7 mM-1 cm-1). Reaction mixtures (1 ml) typically
contained 50 mM potassium phosphate pH 8.0, 0.25 mM NADPH and 50-100 nM
enzyme. The reaction was started by the addition of 10 µl 0.1 M
4-hydroxyacetophenone in dimethylformamide. Specific activities were corrected for
endogenous NADPH oxidase activity. One unit of HAPMO activity is defined as the
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amount of protein that oxidized 1 µmol of NADPH per minute. All kinetic
measurements were performed at 30°C using air-saturated buffers.

Steady-state kinetic parameters for acetophenone-derivatives were estimated using a
concentration range from 2.0 µM � 5.0 mM and a fixed concentration of 0.25 mM
NADPH. The K'm and V'max for NADPH were estimated using a fixed concentration of
200 µM 4-hydroxyacetophenone and an NADPH concentration range from 30 - 300
µM.

Formation of hydrogen peroxide was measured indirectly by adding a catalytic
amount of catalase after completion of a HAPMO catalyzed conversion. Oxygen
consumption and formation was monitored using an optical oxygen sensor �MOPS-1�
(Prosense, Germany).

4-Hydroxyphenyl acetate hydrolase activity was determined spectrophotometrically
by monitoring the production of p�nitrophenol at 405 nm (ε405 = 7745 M-1 cm-1, as
determined experimentally at pH 7.0). Reaction mixtures contained 1-100 µg protein in
1 ml of a saturated solution of p-nitrophenyl acetate in phosphate buffer (pH 7.0).

Isotope labeling experiment
For 18O incorporation experiments, 150 µl of H2

18O was added to 327.5 µl of 1.0
mM aromatic substrate in 50 mM phosphate buffer, pH 7.0. After addition of HAPMO
(2.5 µl, 200 µM) and NADPH (20 µl, 25 mM) the samples were incubated for 10
minutes and subsequently extracted with 1 ml of diethylether. GC-MS analysis of the
ether extracts was performed on a Hewlett Packard HP 5890 series II gas
chromatograph and a Hewlett Packard HP 5971 mass spectrometer equipped with a
HP-5 column. Samples (1 µl) were injected without derivatization, and the temperature
program was 1 min isothermal at 80ºC followed by an increase to 150ºC at 10ºC min-1

and finally 4 min at this temperature.

Analytical methods
Protein content was determined with Coomassie Brilliant Blue using bovine serum

albumin as the standard. SDS-polyacrylamide gel electrophoresis was carried out with
12.5% slab gels. The Amersham Pharmacia Biotech low molecular mass calibration kit
containing phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa), and
α-lactalbumin (14.4 kDa) served as a reference. Proteins were stained with Coomassie
Brilliant Blue G250. The relative molecular mass of native HAPMO was determined by
FPLC gel filtration using a Superdex 200 HR 10/30 column (Pharmacia Biotech)
running with 50 mM potassium phosphate buffer pH 7.0, containing 150 mM KCl. The
column was calibrated with blue dextran 2000, thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), aldolase (158 kDa), lipoamide dehydrogenase (100 kDa),
p-hydroxybenzoate hydroxylase (88 kDa), bovine serum albumin (67 kDa), ovalbumin
(43 kDa), chymotrypsinogen A (25 kDa), myoglobin (17.8 kDa) and cytochrome c (12.3
kDa).

The flavin prosthetic group of HAPMO was isolated and identified by reverse-phase
HPLC according to the procedure described for 4-hydroxybenzoate 1-hydroxylase.[82]

Absorption spectra were recorded at 25ºC on an Aminco DW-2000
spectrophotometer or a Perkin Elmer Lambda Bio 40 spectrophotometer. Flavin
fluorescence emission spectra were recorded on an SPF-500 spectrofluorimeter
essentially as described elsewhere.[89]
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DNA was cycle-sequenced with the Amersham Thermo Sequenase cycle-
sequencing kit with 7-deaza-dGTP and Cy5 labeled fluorescent primers. Sequencing
reaction mixtures were run on the Pharmacia ALF-Express DNA sequencer. The
N-terminal amino acid sequences of purified HAPMO and 4-hydroxyphenyl acetate
hydrolase were determined by automatic Edman degradation at Eurosequence BV
(Groningen, The Netherlands). The BLAST program[5] at the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov/BLAST/) was used to search for
proteins showing sequence similarity. Multiple sequence alignments were made with
the Clustal W program at the European Bioinformatics Institute
(www.ebi.ac.uk/clustalw).[299]

Results

Purification of HAPMO from P. fluorescens ACB
Purification of HAPMO by anion exchange and hydrophobic chromatography

resulted in a homogeneous enzyme preparation that is free of esterase activity. Table 1
summarizes a typical purification from 200 g of 4-hydroxyacetophenone grown
P. fluorescens ACB cells. The enzyme was purified 25-fold with an overall yield of
nearly 50%. SDS-PAGE revealed the presence of a single polypeptide chain,
corresponding to an apparent molecular mass of about 70 kDa. The purified enzyme
elutes from an analytical Superdex 200 gel filtration column in one symmetrical peak
with an apparent molecular mass of 140 ± 5 kDa. This suggests that native HAPMO
from P. fluorescens ACB occurs as a homodimer in solution.

Table 1. Purification of 4-hydroxyacetophenone monooxygenase from P. fluorescens ACB

Step Volume Protein Activity Specific activity Yield

ml  mg U U mg-1 %

Cell extract    800 30210 6552 0.22   100

Q-Sepharose      35   2610 4959 1.90     76

Phenyl Sepharose      25     569 3129 5.50     48

Spectral properties and identification of prosthetic group
The optical spectrum of HAPMO shows maxima at 382 and 440 nm, indicative of a

flavoprotein (Fig. 1A). The ratio of the absorbance at 280 nm relative to that at 440 nm
was 15.5.

Unfolding of the enzyme revealed that the flavin cofactor is non-covalently bound.
Incubation for 10 min of native HAPMO in the presence of 0.1% SDS leads to a final
spectrum, which corresponds to the absorbance of free FAD (Fig. 1A). The identity of
the flavin prosthetic group was confirmed by HPLC and fluorescence analysis. From the
absorbance difference between free and protein-bound FAD, a value of 12.4 mM�1 cm-1

is estimated for the molar absorption coefficient (ε440) of HAPMO at pH 7.0. Moreover,
from the absorbance at 440 nm and protein content, it is concluded that each HAPMO
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subunit contains one molecule of FAD. The flavin fluorescence in HAPMO is strongly
quenched. Comparison with flavin standards revealed that the relative fluorescence
quantum yield of protein-bound FAD is less than 1% of free FAD (pH 7.0).

Fig. 1. Spectral properties of HAPMO from P. fluorescens ACB. The absorption spectra of
HAPMO were recorded in 50 mM potassium phosphate buffer, pH 7.0. A: Absorption spectra
of native (1) and unfolded HAPMO (2) and of the G490A mutant (3). HAPMO was unfolded by
incubation of the enzyme in 0.1% SDS. B: Spectral properties of oxidized and reduced HAPMO
(3.0 µM). Oxidized HAPMO (1) was fully reduced by addition of 15 µM NADPH (2). Upon
restoring aerobic conditions, the flavin becomes fully reoxidized (3).

Catalytic properties
HAPMO from P. fluorescens ACB catalyzes the FAD-dependent conversion of

4-hydroxyacetophenone to 4-hydroxyphenyl acetate with consumption of stoichiometric
amounts of NADPH and molecular oxygen. Nearly no activity was found with NADH.
The pH and temperature optima for enzyme catalysis are 7.5 and 30ºC, respectively.
The specific activity of the purified enzyme is about 5.5 µmol of NADPH oxidized
min-1 mg�1 under the conditions of the standard assay (pH 8.0). Addition of free FAD to
the assay mixture did not stimulate HAPMO activity, indicating that the flavin cofactor
is tightly bound. To assess whether the FAD cofactor is involved in catalysis the
enzyme was titrated with NADPH under anaerobic conditions. It was found that the
flavin is readily reduced by NADPH (Fig. 1B). The full two-electron reduction of the
FAD cofactor, as evidenced by the absorption decrease in the region of 400-500 nm,
indicates that all cofactor molecules participate in the reduction reaction. Upon restoring
aerobic conditions by flushing the enzyme solution with air, the FAD cofactor is
reoxidized within 5 min showing the ability of molecular oxygen to reoxidize the flavin
cofactor. Oxygen consumption experiments performed in the absence or presence of
catalase confirmed that in the absence of substrate the enzyme could act as an NADPH
oxidase, forming hydrogen peroxide. Such an uncoupling reaction has also been
observed for other flavin dependent monooxygenases.[80,288] To determine the rate of the
observed oxidase activity, consumption of NADPH was monitored in the absence of
aromatic substrate revealing a low reactivity (k'cat = 0.11 s-1, K'm(NADPH) = 5.0 µM).
Furthermore, analysis of the amount of hydrogen peroxide produced during conversion
of 4-hydroxyacetophenone or acetophenone showed that in the presence of these
aromatic substrates the uncoupling reaction does not occur as no hydrogen peroxide
could be detected.
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Substrate specificity
HAPMO catalyzes the conversion of a wide range of acetophenone derivatives. The

highest catalytic efficiency is observed with compounds bearing an electron donating
substituent at the para position of the aromatic ring (Table 2). The apparent kinetic
parameters listed in Table 2 indicate that the preference for these compounds is not only
related to the rate of substrate conversion but also to substrate affinity. Table 2 also
shows that the enzyme is rather active with the substrate analogs
4-hydroxybenzaldehyde and 4-hydroxypropiophenone. Cyclohexanone and
cyclopentanone, which are substrates for some known Baeyer-Villiger
monooxygenases,[343] are not converted by HAPMO.

Table 2 Steady-state kinetic parameters of 4-hydroxyacetophenone monooxygenase. All
experiments were performed at 30°C in air-saturated 50 mM potassium phosphate buffer pH
8.0. Apparent turnover rates (k'cat) and apparent Michaelis constants (K'm) were determined at
fixed concentrations of either NADPH (250 µM) or 4-hydroxyacetophenone (200 µM).

Substrate K'm k'cat k'cat/K'm
µM s-1 103 s-1M-1

NADPH          64 ± 14     9.3 ± 0.7         145
4-hydroxyacetophenone          39 ± 9.0   10.1 ± 1.1         259
4-aminoacetophenone         3.0 ± 1.0   12.3 ± 0.7       4100
4-methylacetophenone        161 ± 36     6.3 ± 0.5           39
4-methoxyacetophenone        541 ± 119     1.7 ± 0.2             3.1
4-fluoroacetophenone      1040 ± 301     0.6 ± 0.1             0.6
acetophenone      2270 ± 873     4.5 ± 1.2             2.0
4-hydroxy-3-methylacetophenone        380 ± 27     5.4 ± 0.1           14
4-hydroxypropiophenone          12 ± 0.5   10.6 ± 0.4         883
4-hydroxybenzaldehyde        101 ± 16     7.6 ± 0.3           75

Isotope labelling experiments
To confirm the Baeyer-Villiger monooxygenation reaction and the formation of

ester product, the enzymatic conversion was carried out with acetophenone and
4-hydroxyacetophenone as substrates in the presence of 30% (v/v) H2

18O. After
extraction of the reaction mixture with diethylether, samples were analyzed by gas
chromatography-mass spectrometry. As product from acetophenone conversion, phenyl
acetate was identified giving a M+ of m/z 136 and a base peak of m/z 94. The
fragmentation pattern of the phenyl acetate spectrum was identical to that obtained after
performing the enzymatic reaction with acetophenone in non-labeled H2O. This
excludes the possibility that the inserted oxygen atom is derived from water and
confirms the nature of the enzymatic Baeyer-Villiger monooxygenation reaction.
Incubation with 4-hydroxyacetophenone only showed the formation of non-labeled
hydroquinone. This observation is attributed to the instability of the formed
4-hydroxyphenyl acetate.
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Cloning strategy
During growth of P. fluorescens ACB on minimal medium with

4-hydroxyacetophenone as sole source of carbon and energy, it was observed that
production of HAPMO coincided with an increase in esterase activity, causing
hydrolysis of the formed 4-hydroxyphenyl acetate (data not shown). As both enzymes
are metabolically coupled,[133] it was expected that the corresponding genes might be
located in one operon. Therefore, both enzymes were purified and the N-terminal amino
acid sequences were determined. For HAPMO, 20 residues were identified (Ser-Ala-
Phe-Asn-Thr-Thr-Leu-Pro-Ser-Leu-Asp-Tyr-Asp-Asp-Asp-Thr-Leu-Arg-Glu-His)
while for the esterase 21 residues (Thr-Leu-Asp-Val-Glu-Ser-Ala-Gln-Leu-Leu-Gly-
Gln-Leu-Ala-Glu-Arg-Gly-Ala-Lys-Pro-Phe) were identified.

Four degenerated primers based on the N-terminal amino acid sequences were
designed; one forward primer and one reverse primer for each terminus. �Touch-down�
PCR on total DNA of P. fluorescens ACB with the four logical primer combinations
resulted in a fragment of 1035 bp, designated HAP1, when the primers PESACB1 and
PAPMO2 were used. Taken the orientation of the primers into account it could be
concluded that the esterase gene had been amplified. Analysis of the nucleotide
sequence, after cloning HAP1 in the pCR2.1 TOPO vector, revealed an ORF of which
the deduced amino acid sequence indeed showed high similarity with that of various
lipases and esterases. Furthermore, the calculated molecular weight of about 33 kDa and
the N-terminal amino acid residues confirmed that the ORF encoded the esterase.
Downstream of the esterase gene, a partial ORF was identified that encodes a peptide
fully consistent with the determined N-terminal peptide sequence of HAPMO. These
findings prompted us to use the esterase gene, designated hapD, as a probe to screen a
genomic library.

Genomic library screening and sequence of the hapE gene
A genomic library of P. fluorescens ACB was constructed using the cosmid vector

pLAFR3 as described under �Materials and Methods�. The hapD gene was amplified
from pCR2.1, DIG-labeled and used as a probe. Screening of 1440 clones yielded two
positive clones. PCR analysis confirmed that the hapD sequence was present on both
plasmids and therefore the flanking regions of the esterase gene were sequenced.
Sequencing of a fragment of a total of 14 kb revealed that the gene encoding HAPMO is
the fifth open reading frame of an operon encoding genes involved in the degradation of
4-hydroxyacetophenone (data not shown). We therefore designated it hapE. The
sequence has been deposited in the GenBank. The hapE gene encodes a protein of 640
amino acids with a deduced molecular mass of 71,884 Da, which is in line with the
subunit molecular mass determined for the native enzyme.

Protein sequence comparison
Alignment with the known Baeyer-Villiger monooxygenases showed that HAPMO

possesses 33% and 27% sequence identity with steroid monooxygenase from
Rhodococcus rhodochrous and cyclohexanone monooxygenase from Acinetobacter sp.
NCIB 9871, respectively. Sequence identities with the two newly identified
cyclohexanone monooxygenases from a Brevibacterium isolate were 31% for CHMO2
and 26% for CHMO3 (Fig. 2). Intriguingly, HAPMO has an extension of about 135
residues at the N-terminus that is not found in the other Baeyer-Villiger monooxygenase
sequences. Furthermore, relatively high degrees of sequence identity
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                                 **********                        **
Pseu  121 TAEEDLRAPRWHKDHVASGRDFKVVIIGAGESGMIAALRFK-QAGVPFVIYEKGNDVGGTWRENTYPGCR
Acin    1 ---------------MSQKMDFDAIVIGGGFGGLYAVKKLRDELELKVQAFDKATDVAGTWYWNRYPGAL
Rhod    1 MNGQHPRSVVTAPDATTGTTSYDVVVVGAGIAGLYAIHRFR-SQGLTVRAFEAASGVGGVWYWNRYPGAR
Bre1    1 -------------MPITQQLDHDAIVIGAGFSGLAILHHLR-EIGLDTQIVEATDGIGGTWWINRYPGVR
Bre2    1 -MTSTMPAPTAAQANADETEVLDALIVGGGFSGPVSVDRLR-EDGFKVKVWDAAGGFGGIWWWNCYPGAR
                                     GxGxxG                        GG

Pseu  190 VDINSFWYSFSF-----ARGIWDDCFAPAPQVFAYMQAVAREHGLYEHIRFNTEVSDAHWDESTQRWQLL
Acin   56 TDTETHLYCYSWDKELLQSLEIKKKYVQGPDVRKYLQQVAEKHDLKKSYQFNTAVQSAHYNEADALWEVT
Rhod   70 CDVESIDYSYSFSPELEQEWNWSEKYATQPEILAYLEHVADRFDLRRDIRFDTRVTSAVLDEEGLRWTVR
Bre1   57 TDSEFHYYSFSFSKEVRDEWTWTQRYPDGEEVCAYLNFIADRLDLRKDIQLNSRVNTARWNETEKYWDVI
Bre2   69 TDSTGQIYQFQY-KDLWKDFDFKELYPDFNGVREYFEYVDSQLDLSRDVTFNTFAESCTWDDAAKEWTVR

                     *********                                     oooooooooo
Pseu  255 YRDSEGQTQVDSNVVVFAVGQLNRPMIPAIPGIETFKGPMFHSAQWDHD-VDWSGKRVGVIGTGASATQF
Acin  126 TEYGD---KYTARFLITALGLLSAPNLPNIKGINQFKGELHHTSRWPDD-VSFEGKRVGVIGTGSTGVQV
Rhod  140 TDRGD---EVSARFLVVAAGPLSNANTPAFDGLDRFTGDIVHTARWPHDGVDFTGKRVGVIGTGSSGIQS
Bre1  127 FEDGS---SKRARFLISAMGALSQAIFPAIDGIDEFNGAKYHTAAWPADGVDFTGKKVGVIGVGASGIQI
Bre2  138 SSEGR---EQRARAVIVATGFGAKPLYPNIEGLDSFEGECHHTARWPQGGLDMTGKRVVVMGTGASGIQV
                           ATG                                         GxGxxG
                         o
Pseu  324 IPQLAQTAAELKVFARTTNWLLPTP--------DLHEKISDSCKWLLAHVPHYSLWYRVAMAMPQSVGFL
Acin  192 ITAVAPLAKHLTVFQRSAQYSVPIGNDPLSEEDVKKIKDNYDKIWDGVWNSALAFGLNESTVPAMSVSAE
Rhod  207 IPIIAEQAEQLFVFQRSANYSIPAGNVPLDDATRAEQKANYAERRRLSRESGGGSPHRPHPKSALEVSEE
Bre1  194 IPELAKLAGELFVFQRTPNYVVESNNDKVDAEWMQYVRDNYDEIFERASKHPFGVDMEYPTDSAVEVSEE
Bre2  205 IQEAAAVAEHLTVFQRTPNLALPMRQQRLSADDNDRYRENIEDRFQIRDNSFAGFDFYFIPQNAADTPED

Pseu  386 EDVMVDVG--Y----------PPTELAVSARNDRLRQDISAWMEPQFADRPDLREVLIPDSP---VGGKR
Acin  262 ERKAVFEKAWQTGGGFRFMFETFGDIATNMEANIEAQNFIKGKIAEIVKDPAIAQKLMPQD----LYAKR
Rhod  277 ERRAVYEERWK-LGGVLFS-KAFPDQLTDPAANDTARAFWEEKIRAVVDDPAVAELLTPKDH--AIGAKR
Bre1  264 ERKRVFESKWE-EGGFHFANECFTDLGTSPEASELASEFIRSKIREVVKDPATADLLCPKSY--SFNGKR
Bre2  275 ERTAIYEKMWD-EGGFPLWLGNFQGLLTDEAANHTFYNFWRSKVHDRVKDPKTAEMLAPATPPHPFGVKR

                                                       ooooooooo
Pseu  441 IVRDNGTWISTLKRDNVSMIR---QPIEVITPKGICCVDGTEHEFDLIVYGTGFHAS-KFLMPINVTGRD
Acin  328 PLCDSG-YYNTFNRDNVRLEDVKANPIVEITENGVKLENGDFVELDMLICATGFDAVDGNYVRMDIQGKN
Rhod  343 IVTDSG-YYETYNRDNVELVDLRSTPIVGMDETGIVTT-GAHYDLDMIVLATGFDAMTGSLDKLEIVGRG
Bre1  331 VPTGHG-YYETFNRTNVHLLDARGTPITRISSKGIVHG-DTEYELDAIVFATGFDAMTGTLTNIDIVGRD
Bre2  344 PSLEQN-YFDVYNQDNVDLIDSNATPITRVLPNGVETP-DGVVECDVLVLATGFDNNSGGINAIDIKAG-
                                                            ATG

Pseu  507 GVALHDVWKGDDARAYLGMTVPQFPNMFCMYGPNTGLVVYSTVIQFSEMTASYIVDAVRLLLEGGHQSME
Acin  397 GLAMKDYWKEG-PSSYMGVTVNNYPNMFMVLGPNGP---FTNLPPSIESQVEWISDTIQYTVENNVESIE
Rhod  411 GRTLKETWAAG-PRTYLGLGIDGFPNFFNLTGPGSPSV-LANMVLHSELHVDWVADAIAYLDARGAAGIE
Bre1  399 GVILRDKWAQDGLRTNIGLTVNGFPNFLMSLGPQTP---YSNLVVPIQLGAQWMQRFLKFIQERGIEVFE
Bre2  411 GQLLRDKWATG-VDTYMGLSTHGFPNLMFLYGPQSPSG-FCNGTDFGGAPGDMVADFLIWLKDNGISRFE

Pseu  577 VKTPVFESYNQRVDEGNALRAWGFS--KVNSWYKNS----KGRVTQNFPFTAVEFWQRTHSVEPTDYQLG
Acin  463 ATKEAEEQWTQTCANIAEMTLFPK----AQSWIFGANIPGKKNTVYFYLGGLKEYRSALANCKNHAYEGF
Rhod  479 GTPEAVADWVEECRNRAEASLLNS----ANSWYLGANIPGRPRVFMPFLGGFGVYREIITEVAESGYKGF
Bre1  466 SSREAEEIWNAETIRGAESTVMSIEGPKAGAWFIGGNIPGKSREYQVYMGGGQVYQDWCREAEESDYATF
Bre2  479 STEEVEREWRAHVDDIFVNSLFPK----AKSWYWGANVPGKPAQMLNYSEASPHI---------------

Pseu  641 ------------------
Acin  529 DIQLQRSDIKQPANA---
Rhod  545 AILEG-------------
Bre1  536 LNADSIDGEKVRESAGMK
Bre2      ------------------

Fig. 2. Multiple sequence alignment of HAPMO from P. fluorescens ACB with other
Baeyer-Villiger monooxygenases. The N-terminal truncated HAPMO sequence is aligned with
cyclohexanone monooxygenase from Acinetobacter sp. NCIB 9871 (Acin, P12015),[42] steroid
monooxygenase from Rhodococcus rhodochrous (Rhod, BAA24454)[212] and two
cyclohexanone monooxygenases from a Brevibacterium isolate.[32] The regions indicative for
FAD and NADPH binding are marked with asterisks and circles, respectively.[307]
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were found for ORFs from P. fluorescens (38%), Streptomyces coelicolor (33%),
Mycobacterium tuberculosis (33%), and a Rhizobium sp. (32%). This suggests that
Baeyer-Villiger monooxygenases are widespread throughout the eubacterial kingdom.
Lower degrees of sequence identity (20-25%) were found with the eukaryotic flavin
containing monooxygenases (FMOs). The most conserved regions, located at the
N-terminal half of the homologous sequences, contain two typical GXGXX(G/A)
Rossman fold fingerprints (Fig. 2). These two sequence motifs are indicative of the
presence of two βαβ dinucleotide binding folds[342] binding the adenylate parts of the
FAD and NAD(P)H cofactors.

Expression and purification of recombinant HAPMO
For expression in E. coli, the hapE gene was placed under control of a T7 promoter

in the expression vector pET5-a. When expression of HAPMO was induced in cells
grown at 30°C, part of the enzyme was produced as inclusion bodies as evidenced by
SDS-PAGE analysis of whole cells. By lowering the temperature to 20°C, formation of
inclusion bodies could be prevented while yielding reasonable expression of soluble and
active enzyme. Recombinant HAPMO was purified from E. coli BL21(DE3)pLysS
harboring pHAPE1 in a two-column procedure (Fig. 3). From a 1 liter culture, 30 mg
enzyme could be purified with a yield of 70%. The A280/A440 ratio of purified
recombinant HAPMO was 15.6, which is similar to the value found for the enzyme
isolated from P. fluorescens ACB. Moreover, the hydrodynamic properties and catalytic
features of the recombinant enzyme are identical when compared with HAPMO purified
from the wild-type strain.

Fig. 3. SDS-PAGE of purification steps of recombinant 4-hydroxyacetophenone
monooxygenase from E. coli BL21(DE3)pLysS. Lane 1 and 6, marker proteins; lane 2
and 3, cell extract at two concentrations; lane 4, hydroxyapatite fraction; lane 5 and 7,
Q-Sepharose fraction at two concentrations.
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Truncation of HAPMO
Since the N-terminal region of HAPMO does not show any similarity with known

protein sequences it was anticipated that this part of the protein might not be essential
for catalysis. To test this hypothesis, two mutant constructs were created pHAPE2 and
pHAPE3, lacking the coding region for the first 135 and 114 N-terminal amino acid
residues, respectively. However, SDS-PAGE analysis of cell extracts and whole cells,
transformed with these constructs, showed that there was no visible expression of the
truncated proteins at an induction temperature of 20°C. Upon raising the induction
temperature to 30°C, formation of inclusion bodies was observed. At both induction
temperatures no activity was detected in the cell extracts. Apparently, the N-terminal
part of HAPMO is of importance for the structural integrity of the enzyme.

Properties of the G490A mutant
Recently, an ATG sequence motif was described to be common for FAD and

NAD(P)H binding proteins.[279,307] Since this sequence motif is also found in HAPMO
(Fig. 2) and its function is still unclear, we decided to mutate the strictly conserved
glycine490 into an alanine. The mutant was overexpressed and purified according to the
protocol for wild-type HAPMO. Gel filtration showed that the mutant enzyme was
purified as a dimer. The ratio of the absorbance at 280 nm relative to that at 440 nm was
17.5, indicating that the enzyme is saturated with FAD. However, the shape of the flavin
spectrum of the Gly490Ala mutant significantly differs from that of the wild-type
enzyme (Fig. 1A). The oxidase activity of this mutant is significantly higher than that of
the wild-type enzyme (k'cat = 0.4 s-1) but the Michaelis constant for NADPH is rather
high (K'm(NADPH) = 700 µM). In contrast to the wild-type enzyme, addition of
4-hydroxyacetophenone did not stimulate the rate of NADPH oxidation. However, GC-
MS analysis revealed that the Gly490Ala mutant is still able to catalyze the Baeyer-
Villiger oxidation of the aromatic substrate.

Discussion
This paper describes the purification, characterization and cloning of HAPMO, a

novel FAD-dependent Baeyer-Villiger monooxygenase which is induced when
P. fluorescens ACB is grown on 4-hydroxyacetophenone. HAPMO catalyzes the first
step in the degradation of 4-hydroxyacetophenone by inserting an oxygen atom in
between the aromatic ring and the ketone side chain, yielding 4-hydroxyphenyl acetate.
Except for the conversion of 4-hydroxyacetophenone, HAPMO catalyzes the
oxygenation of a wide range of other aromatic ketones into the corresponding esters. By
this, the enzyme is able to form a range of acylated phenols and catechols. As
acylcatechols are valuable synthons for the fine chemical industry, HAPMO might
develop as a useful biocatalytic tool. Furthermore, HAPMO resembles a recently
isolated Baeyer-Villiger monooxygenase from P. putida JD1, displaying a similar
substrate specificity and subunit molecular mass.[294] From this enzyme, only the N-
terminal amino acid sequence and two internal peptide sequences were determined
which reveal a significant (80%) sequence identity with HAPMO. This indicates that
Baeyer-Villiger monooxygenases acting on aromatic compounds frequently occur in
nature.

Several Baeyer-Villiger monooxygenases acting on non-aromatic compounds have
been identified in bacteria and fungi. All these enzymes were shown to contain a flavin
cofactor.[66,145,206,232,323] On the basis of the available biochemical data, Baeyer-Villiger
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monooxygenases have been divided into two subclasses.[343] Type I Baeyer-Villiger
monooxygenases contain FAD as cofactor, are NADPH dependent and appear as
monomers, homodimers or homotetramers. In contrast, type II Baeyer-Villiger
monooxygenases contain FMN as cofactor, show NADH dependency and consist of two
different subunits organized in a α2β conformation. So far, only two type I Baeyer-
Villiger monooxygenase have been cloned and characterized. These are steroid
monooxygenase from Rhodococcus rhodochrous[212] and cyclohexanone
monooxygenases from Acinetobacter NCIB 9871[42] and a Brevibacterium isolate.[32]

Within their N-termini, the Rossman fold fingerprint motif GxGxxG is found, which is
thought to be involved in binding the ADP part of FAD.[341]

HAPMO from P. fluorescens ACB is strictly dependent on NADPH and was found
to be a homodimer with each 72-kDa subunit containing a non-covalently bound FAD.
This and the significant sequence homology with cyclohexanone monooxygenase and
steroid monooxygenase clearly classifies HAPMO as a type I Baeyer-Villiger
monooxygenase. Besides the substrate specificity, there are some striking structural
features which distinguishes HAPMO from the other type I Baeyer-Villiger
monooxygenases. First, due to an N-terminal extension of about 135 amino acids, the
HAPMO subunit is much larger than that of related enzymes. As a consequence, the
Rossman fold sequence motif indicative for FAD binding is not localized within the
first 30 N-terminal amino acid residues but situated 148 residues from the N-terminus
(Fig. 2). In cyclohexanone monooxygenase, this fingerprint sequence starts at residue 12
and in steroid monooxygenase at residue 27. We constructed truncated forms of
HAPMO to explore the functionality of the N-terminal extension. However, the
truncated HAPMO variants could not be expressed in a soluble form, suggesting that the
N-terminal domain of HAPMO is important for the protein structural integrity. Another
unique feature of HAPMO concerns the absence of a conserved aspartate near the
N-terminal GxGxxG motif proposed to be typical for type I Baeyer-Villiger
monooxygenases.[343] In the HAPMO sequence, a lysine (Lys143) is present at this
position (Fig. 2). From the sequence analysis, we infer that this variance is probably not
unique for type I Baeyer-Villiger monooxygenases as a similar feature is found in
several of the HAPMO-related open reading frames.

Several sequence motifs have been described for proteins that bind both FAD and
NADPH.[73,83,307] Besides the classical Rossman fold sequence motif (GXGXXG/A), a
recently described ATG motif was shown to be indicative for FAD and NAD(P) binding
domains.[307] Furthermore, two other short sequence motifs (GG and GD) have been
identified to be indicative for a Rossman fold domain involved in FAD binding.[73,307]

Upon alignment of the type I Baeyer-Villiger monooxygenase sequences, most of these
sequence motifs could be identified displaying the following arrangement: GXGXXG�
GG�ATG�GXGXXG�ATG (Fig. 2). In the HAPMO sequence, the only variations
within these sequence motifs involve the first ATG motif (T→V) and the second
GXGXXG motif (last G→A). The variation in the first ATG motif has also been
observed in other flavoproteins whereas the alanine substitution in the second
GXGXXG motif suggests that it is part of the NADPH binding domain.[27,211] This is in
line with mutagenesis studies on a sequence related flavin containing monooxygenase
from yeast where a conserved lysine near the second Rossman fold fingerprint was
shown to be involved in binding of NADPH.[286] At this position a strictly conserved
arginine is found in the known type I Baeyer-Villiger monooxygenase sequences
(Arg339 in HAPMO, see Fig. 2) which, in analogy, probably interacts with the
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2'-phosphate moiety of NADPH. The second ATG motif was only recently recognized.
While Stehr et al.[279] have proposed a functional role of this hydrophobic sequence
motif in substrate binding, analysis by Vallon[307] suggested a primary role in NADPH
binding. We have assessed the functional role of this sequence motif by replacing the
strictly conserved glycine residue. Analysis of the Gly490Ala mutant revealed a
dramatic effect on binding and oxidation of NADPH. The NADPH oxidase activity was
increased to some extent while the Michaelis constant for NADPH increased by two
orders of magnitude. The mutant was still able to convert 4-hydroxyacetophenone
indicating that Gly490 is not crucial for substrate recognition. Furthermore, spectral
analysis indicated a perturbation of the flavin microenvironment. These results suggest
that in HAPMO, the second ATG motif serves a structural function which is of
importance for NADPH binding as proposed by Vallon.[307]

The arrangement of sequence motifs in type I Baeyer-Villiger monooxygenases
resembles the sequence organization of the pyridine nucleotide dependent disulfide
reductases[307] (e.g. glutathione reductase and lipoamide dehydrogenase) and the
β subunit of glutamate synthase.[211] However, the Baeyer-Villiger monooxygenase
sequences are lacking the GD motif involved in binding the FMN part of FAD.[73] The
absence of this sequence motif or any other significant sequence similarity in the
C-terminal half might well reflect the unique catalytic properties of Baeyer-Villiger
monooxygenases and mechanistically related N-hydroxylating enzymes.[267,315]

Expression of HAPMO, under control of the T7 promotor,[284] in E. coli
BL21(DE3)pLysS resulted in relatively large amounts of soluble and active enzyme.
This allows us to address in the near future the catalytic mechanism and structure-
function relationship of this novel aromatic Baeyer-Villiger monooxygenase in further
detail.
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Chapter 4

19F NMR STUDY ON THE BIOLOGICAL BAEYER-
VILLIGER OXIDATION OF ACETOPHENONES

Mariëlle J.H. Moonen, Ivonne M.C.M Rietjens, Willem J.H. van Berkel

Journal of Industrial Microbiology and Biotechnology. 2001. Vol. 26, No 1/2, pp. 35-42

The biological Baeyer-Villiger oxidation of acetophenones was studied by 19F
nuclear magnetic resonance (NMR). The 19F NMR method was used to
characterise the time-dependent conversion of various fluorinated
acetophenones in either whole cells of Pseudomonas fluorescens ACB or in
incubations with purified 4'-hydroxyacetophenone monooxygenase
(HAPMO).
Whole cells of P. fluorescens ACB converted 4'-fluoroacetophenone to
4-fluorophenol and 4'-fluoro-2'-hydroxyacetophenone to 4-fluorocatechol
without the accumulation of 4'-fluorophenyl acetates. In contrast to
4-fluorophenol, 4-fluorocatechol was further degraded as evidenced by the
formation of stoichiometric amounts of fluoride anion.
Purified HAPMO catalysed the strictly NADPH-dependent conversion of
fluorinated acetophenones to fluorophenyl acetates. Incubations with
HAPMO at pH 6 and 8 showed that the enzymatic Baeyer-Villiger oxidation
occurred faster at pH 8 but that the produced phenyl acetates were better
stabilised at pH 6. Quantum mechanical characteristics explained why
4'-fluoro-2'-hydroxyphenyl acetate was more sensitive to base-catalysed
hydrolysis than 4'-fluorophenyl acetate. All together, 19F NMR proved to be a
valid method to evaluate the biological conversion of ring-substituted
acetophenones to the corresponding phenyl acetates, which can serve as
valuable synthons for further production of industrially relevant chemicals.
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Introduction
Ring-substituted phenyl acetates are valuable synthons for the production of fine

chemicals and neuroactive pharmaceuticals.[125] These aromatic esters can be produced
from treating the corresponding acetophenones with peroxy acids in a Baeyer-Villiger
type of reaction.[10,51,283] Because of the laborious clean-up methods required and the
danger connected to the use of peroxy acids on a large scale, there is much interest for
the development of more sophisticated procedures for the synthesis of substituted
phenyl acetates. Production of these compounds by biotechnological processes would
provide an attractive environmentally friendly alternative.

Several aerobic microorganisms are capable of utilising acetophenones for their
growth.[52,53,55,127,133,135] Among these species, Alcaligenes sp. strain ACA and
Pseudomonas fluorescens ACB were found to be active with a wide range of substituted
acetophenones.[133] Furthermore, evidence was obtained that in these strains the
mineralization of acetophenones involves the initial action of an NADPH-dependent
monooxygenase that performs a biological Baeyer-Villiger type of reaction.[52,133]

Recently, we succeeded in the purification of this flavoprotein from
4'-hydroxyacetophenone grown cells of Pseudomonas fluorescens ACB and established
that the enzyme is active with a wide range of fluorinated acetophenones.[208] This
prompted us to address in this paper the performance of the purified enzyme and whole-
cell preparations for the production of phenyl acetates from acetophenones by 19F NMR.

Of all nuclear magnetic resonance (NMR)-observable isotopes, 19F is perhaps the
one most convenient for biotransformation studies.[246,334] First, the natural abundance of
the 19F isotope is 100% and there are no background signals, because biological systems
do not contain NMR-visible fluorinated endogenous compounds. Thus all resonances
observed can be ascribed to the fluorinated substrate of interest and its
biotransformation products. Second, the 19F nucleus has a broad chemical shift range of
about 500 ppm. This is large compared to the chemical shift range of 1H resonances of
15 ppm and of 13C of 250 ppm. Thus, the chemical shift of a 19F nucleus is highly
sensitive to its molecular surroundings, resulting in relatively large changes in chemical
shifts as a consequence of substrate conversion and reducing the chances of peak
overlap. Third, the intrinsic sensitivity of the 19F nucleus is high and is almost
comparable to that of 1H. This is an important factor, because in whole-cell conversions,
intermediate products are usually present in relatively low concentrations.

Materials and Methods

Chemicals
FAD was purchased from Sigma and NADPH (grade II) from Merck.

4'-Hydroxyacetophenone was from Aldrich. 2'-Fluoro-, 3'-fluoro-, and
4'-fluoroacetophenone, 2',4'-difluoroacetophenone, 3'-fluoro- and 4'-fluorophenyl
acetate were obtained from Fluorochem and 4'-fluoro- and 5'-fluoro-
2'-hydroxyacetophenone from Lancaster. Fluorinated substrates were more than 95%
pure on the basis of 19F NMR analysis. All other chemicals were from Merck and the
purest grade available.
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Analytical methods
The activity of 4'-hydroxyacetophenone monooxygenase (HAPMO) was routinely

determined spectrophotometrically by monitoring the 4'-hydroxyacetophenone
stimulated oxidation of NADPH at 370 nm (ε370 = 2.7 mM-1cm-1). Activity was
measured at 30°C in air-saturated 50 mM potassium phosphate, pH 8.0, containing 250
µM NADPH, and 1 mM 4'-hydroxyacetophenone.[55] The reaction was started by the
addition of cell extract or purified enzyme. Specific activities were calculated from
initial rate determinations and were corrected for endogenous NADPH oxidase activity.
One unit of HAPMO activity is defined as the amount of enzyme that catalyses the
oxidation of 1 µmol NADPH per minute under the assay conditions at pH 8.

Conversion of fluorinated acetophenones by whole cells of
P. fluorescens ACB

Cells of P. fluorescens ACB were grown in mineral medium with
4'-hydroxyacetophenone as sole carbon source at 30°C.[133] Aliquots of 50 ml were
centrifuged (10 min, 3000 g, 4°C) and the cells were washed three times with mineral
medium.[22,25] To test the biodegradation of 4'-fluoroacetophenone and 4'-fluoro-
2'-hydroxyacetophenone, cells were resuspended in 50 ml mineral medium. The optical
density at 450 nm of this cell suspension was 1.0. The acetophenone derivate to be
tested was added to a final concentration of 1 mM and the cultures were incubated at
30°C on an orbital shaker. To prevent autooxidation of aromatic substrate and products,
1 mM sodium ascorbate (pH 7.0) was added at the start of the incubation. To monitor
the time course of the reaction, 2 ml samples were taken at 0, 0.5, 1, 2, 3 and 4 hours.
After the addition of another 2.5 mM ascorbate, each sample was immediately frozen in
liquid nitrogen and stored at �20°C. Before 19F NMR analysis, samples were thawed
and centrifuged (5 min, 15,000 g, 4°C) to remove any precipitate formed.

Conversion of fluorinated acetophenones by purified HAPMO from
P. fluorescens ACB

4'-Hydroxyacetophenone monooxygenase (HAPMO) from P. fluorescens ACB was
purified by Q-Sepharose and phenyl Sepharose chromatography as described
elsewhere.[208] The enzyme was free of esterase activity and more than 90% pure as
evidenced by SDS-PAGE.[208] The substrate specificity of HAPMO was studied by 19F
NMR product analysis. Tested substrates included 2'-fluoroacetophenone,
3'-fluoroacetophenone, 4'-fluoroacetophenone, 2',4'-difluoroacetophenone, 4'-fluoro-
2'-hydroxyacetophenone and 5'-fluoro-2'-hydroxyacetophenone. Enzymatic incubation
mixtures (2 ml) consisted of 0.5 mM fluorinated aromatic substrate, 0.3 mM NADPH,
10 µM FAD, 1 mM ascorbate in air-saturated 50 mM potassium phosphate pH 8.0.
Reactions were performed at 30°C and started by the addition of 0.05 U/ml HAPMO
unless indicated otherwise. After 1 hour of incubation, the reaction samples were frozen
in liquid nitrogen and stored at -20°C. Before 19F NMR analysis, samples were thawed
and centrifuged (5 min 15,000 g, at 4°C). The pH optimum of the activity of HAPMO
with 4'-fluoro-2'-hydroxyacetophenone was determined in 50 mM potassium phosphate
pH 5.7 to 9.5. 19F NMR measurements at pH 6.0 and 7.0 were performed with an
enzymatic incubation mixture consisting of 1 mM substrate, 1 mM NADPH, 2 mM
ascorbate in air saturated 50 mM potassium phosphate. The reaction was started with
0.38 U/ml HAPMO.



Chapter 4

56

19F NMR product analysis
19F NMR measurements were performed on a Bruker DPX 400 NMR spectrometer,

essentially as described elsewhere.[324] The temperature was 7°C. A dedicated 10 mm
19F NMR probehead was used. The spectral width for the 19F NMR measurements was
50,000 Hz. The number of data points used for data acquisition was 32768. Pulse angles
of 30° were used. Between 1000 and 66,000 scans were recorded, depending on the
concentrations of the fluorine-containing compounds and the signal to noise ratio
required. The detection limit of an overnight run (60,000 scans) is 1 µM. The sample
volume was 1.6 ml, containing 1.4 ml incubation mixture and 200 µl 0.8 M potassium
phosphate pH 7.6 or alternatively, 1.6 ml incubation mixture for pH dependent studies.
For calibration an insert containing D2O and a calibrated amount of 4-fluorobenzoate
was used which also served as deuterium lock for locking the magnetic field.
Concentrations of the various fluorinated compounds were calculated by comparison of
the integrals of their 19F NMR resonances to the integral of the 4-fluorobenzoate
resonance. Chemical shifts are reported relative to CFCl3. 19F NMR chemical shift
values of the various fluorine containing compounds were identified using authentic
fluorinated acetophenones and available fluorophenyl acetates. The resonances of
fluorophenols and fluorocatechols have been reported previously.[236] 1H decoupling
was achieved with a Waltz16 decoupling sequence.

Quantum mechanical calculations
Quantum mechanical molecular orbital calculations were carried out on a Silicon

Graphics Indigo using Spartan (version 5.0)(Wavefunction), using the semiempirical
AM1 method.[61] The AM1 method has previously been shown to be suitable and
accurate for studies on base-catalysed phenyl acetate hydrolysis.[189] The input geometry
was built using the AM1 optimised geometry characteristics reported previously for
phenyl acetate and the most stable conformation of the tetrahedral hydroxyl adduct
intermediate.[189] For all calculations the geometry was fully optimised. The frontier
orbital density for nucleophilic attack was calculated using the equation described by
Fukui et al.[107] The relative heat of formation (∆HF) for the formation of the tetrahedral
intermediate, formed in the rate limiting step in which a hydroxide anion attacks the
carbonyl carbon of the phenyl acetate,[189] is calculated as the heat of formation for the
tetrahedral intermediate minus the heat of formation of the corresponding phenyl
acetate, and presented relative to the lowest ∆HF value. Atomic charges were calculated
on the basis of Mulliken analysis but also from electrostatic potential.

Results

Conversion of fluorinated acetophenones by whole cells of
P. fluorescens ACB

Figures 1A and B present the 19F NMR spectra of a 1 h incubation of whole cells of
P. fluorescens ACB with 4'-fluoroacetophenone and 4'-fluoro-2'-hydroxyacetophenone,
respectively. Both spectra reveal the formation of a single major product with chemical
shift at � 129.1 ppm (Figure 1A) and at - 126.7 ppm (Figure 1B).
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Fig. 1. 19F NMR analysis of the conversion of 4'-fluoroacetophenones by whole cells of
P. fluorescens ACB. (A) 19F NMR spectrum after 1 h of incubation with 4'-fluoroacetophenone.
(B) 19F NMR spectrum after 1 h of incubation with 4'-fluoro-2'-hydroxyacetophenone. The
resonance marked I.S. is from the internal standard 4-fluorobenzoate and * indicates a minor
impurity in the substrate solution.

Based on the chemical shift values of reference compounds (Table 1) these
metabolite peaks reflect the formation of 4-fluorophenol from 4'-fluoroacetophenone
and of 4-fluorocatechol from 4'-fluoro-2'-hydroxyacetophenone. In the 19F NMR
spectrum of the incubation with 4'-fluoro-2'-hydroxyacetophenone an additional signal
at � 122.6 ppm, representing fluoride anion formation, is observed (Figure 1B). This
fluoride anion formation is not observed in incubations with 4'-fluoroacetophenone
(Figure 1A). The time dependent metabolite patterns of 4'-fluoro- and 4'-fluoro-
2'-hydroxyacetophenone, presented in Figure 2A and B corroborate that P. fluorescens
mediated conversion of 4'-fluoroacetophenone and 4'-fluoro-2'-hydroxyacetophenone
shows a differential behaviour with respect to the accumulation of their phenol/catechol-
type product and the fluoride anion formation. For 4'-fluoroacetophenone the amount of
parent compound converted is fully recovered as 4-fluorophenol (Figure 2A). However,
for 4'-fluoro-2'-hydroxyacetophenone formation of 4'-fluorocatechol appears to be a
transient phenomenon (Figure 2B). The amount of parent substrate converted is, on the
basis of fluoride signal intensity, fully recovered as fluoride anions pointing at further
transformation of the 4-fluorocatechol formed. Because the frequent ascorbate addition
to the samples has been shown to effectively block autooxidation of the fluorocatechol
intermediates,[22,25] the conversion of the 4-fluorocatechol is likely to be mediated by
cells of P. fluorescens ACB.
The 19F NMR results presented in Figure 1 and 2 indicate that during the time course of
the reaction with both acetophenone substrates no other fluorinated products can be
detected, pointing at the absence of accumulation of the corresponding 4'-fluorophenyl
acetates. Based on literature,[133] this phenomenon can best be ascribed to the swift
hydrolysis of these 4'-fluorophenyl acetates by an esterase, resulting in formation of
4-fluorophenol and 4-fluorocatechol, the products actually observed. To eliminate this
esterase activity and to provide better possibilities for the biosynthesis of the
4'-fluorophenyl acetates from the 4'-fluoroacetophenones, further studies were
performed using purified HAPMO.
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Fig. 2. Time dependent conversion of fluorinated acetophenones by whole cells of
P. fluorescens ACB. (A) Degradation of 4'-fluoroacetophenone. (● ) 4-fluoroacetophenone;
(■ ) 4-fluorophenol. (B) Degradation of 4'-fluoro-2'-hydroxyacetophenone. (● ) 4-fluoro-
2-hydroxyacetophenone; (■ ) 4-fluorocatechol; (◆ ) fluoride anion.

Conversion of fluorinated acetophenones by purified HAPMO from
P. fluorescens ACB

Figure 3A and B present the 19F NMR spectra of a 1 h incubation of
4'-fluoroacetophenone and 4'-fluoro-2'-hydroxyacetophenone with purified HAPMO at
pH 8. Comparison of these 19F NMR spectra to those obtained for incubations with
whole cells show some marked differences.

In contrast to the results obtained with whole cells the incubation of
4'-fluoroacetophenone with purified HAPMO results in formation of a product with its
19F NMR resonance at �120.9 ppm. This product can be identified as 4'-fluorophenyl
acetate on the basis of comparison of its 19F NMR chemical shift to that of an authentic
standard (Table 1). In these incubations with 4'-fluoroacetophenone and purified
HAPMO, formation of 4-fluorophenol is no longer detected (Figure 3A). This confirms

Fig. 3. 19F NMR spectral analysis of the conversion of fluorinated acetophenones by
4'-hydroxyacetophenone monooxygenase from P. fluorescens ACB. (A) Conversion of
4'-fluoroacetophenone at pH 8.0. (B) Conversion of 4'-fluoro-2'-hydroxyacetophenone at pH
8.0. The resonance marked I.S. is from the internal standard 4-fluorobenzoate.

that in the absence of esterase activity, HAPMO catalysed formation of 4'-fluorophenyl
acetate from 4'-fluoroacetophenone becomes feasible. In contrast, for 4'-fluoro-
2'-hydroxyacetophenone the use of purified HAPMO still results in formation of
4-fluorocatechol as the major product and no accumulation of 4'-fluoro-
2'-hydroxyphenyl acetate is observed (Figure 3B). Of interest to notice is, that in these
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incubations of 4'-fluoro-2'-hydroxyacetophenone with purified HAPMO,
4-fluorocatechol formation is no longer accompanied by fluoride anion formation and
further degradation of 4-fluorocatechol (Figure 3B). This corroborates that the
transformation of 4-fluorocatechol observed in incubations with whole cells is enzyme
dependent and not due to chemical degradation/instability of 4-fluorocatechol.

Table 1. 19F NMR chemical shift values of fluorinated aromatic compounds at pH 7.6

Compound Product of 19F NMR chemical
shift value [ppm]

4-fluorobenzoate a -114.2
2'-fluoroacetophenone -114.5
3'-fluoroacetophenone -117.0
4'-fluoroacetophenone -108.9
2',4'-difluoroacetophenone -105.5 and -109.1
4'-fluoro-2'-hydroxyacetophenone -103.8
5'-fluoro-2'-hydroxyacetophenone -128.1
2'-fluorophenyl acetate b 2'-fluoroacetophenone -134.0
3'-fluorophenyl acetate 3'-fluoroacetophenone -115.6
4'-fluorophenyl acetate 4'-fluoroacetophenone -120.9
2',4'-difluorophenyl acetate b 2',4'-difluoroacetophenone -116.5 and �129.0
4'-fluoro-2'-hydroxyphenyl acetate b 4'-fluoro-2'-hydroxy-acetophenone -118.6
5'-fluoro-2'-hydroxyphenyl acetate b 5'-fluoro-2'-hydroxy-acetophenone -118.6
2-fluorophenol c 2'-fluorophenyl acetate -141.9
3-fluorophenol c 3'-fluorophenyl acetate -116.5
4-fluorophenol c 4'-fluorophenyl acetate -129.1
2,4-difluorophenol 2',4'-difluorophenyl acetate -126.1
4-fluorocatechol c 4'- or 5'-fluoro-2'-hydroxyphenyl

acetate
-126.7

fluoride anion -122.6
a) internal standard
b) not commercially available; estimated on the basis of other products and the known

enzymatic reaction
c) Peelen et al.[236]

The results obtained for the HAPMO-catalysed conversion of other fluorinated
acetophenones were similar to those for 4'-fluoroacetophenone and 4'-fluoro-
2'-hydroxyacetophenone (Table 2). Thus, 2'-fluoroacetophenone, 3'-fluoroacetophenone
and 2',4'-difluoroacetophenone were converted to the corresponding phenyl acetate,
whereas 5'-fluoro-2'-hydroxyacetophenone was mainly converted to 4-fluorocatechol.
The 19F NMR chemical shift values of the fluorinated substrates and their products are
presented in Table 1.
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Table 2 Rates and yields a of the conversion of fluorinated acetophenones by HAPMO

Substrate pH kcat (s-1) Phenyl acetate (%) Phenol/catechol (%)

6 n.d.b 100.0     0.02'-fluoroacetophenone
8 1.1±0.1   89.5   10.5

6 n.d. 100.0     0.03'-fluoroacetophenone
8 1.1±0.0   90.0   10.0

6 n.d. 100.0     0.04'-fluoroacetophenone
8 0.7±0.1   96.3     3.7

6 n.d. 52.1   47.94'-fluoro-2'-hydroxy-
acetophenone 8 2.9±0.3   0.0 100.0

6 n.d. 26.3   73.75'-fluoro-2'-hydroxy-
acetophenone 8 7.3±0.8   0.0 100.0

6 n.d. 88.4   11.62',4'-difluoro-
acetophenone 8 0.5±0.1 64.0   16.0

a after 1 hour of incubation
b n.d. = not determined

pH dependent HAPMO-catalysed conversion of 4'-fluoro-2'-hydroxy-
acetophenone

Figure 4 shows the pH dependent activity of HAPMO with 4'-fluoro-
2'-hydroxyacetophenone, indicating the effect of pH on the activity of the enzyme.
Optimal activity is observed around pH 7, whereas the enzyme is nearly inactive below
pH 6 and above pH 9.5. Figure 5A and B present the 19F NMR spectra of incubations of
4'-fluoro-2'-hydroxyacetophenone with purified HAPMO at pH 7.0 and pH 6.0. These
experiments were performed to investigate whether possible base-catalysed hydrolysis
of the expected 4'-fluoro-2'-hydroxyphenyl acetate may be responsible for its swift
hydrolysis to 4-fluorocatechol at pH 8.0, explaining the absence of its accumulation in
these incubations. The results presented in Figure 5A and B indicate that lowering of the
pH of the HAPMO incubation with 4'-fluoro-2'-hydroxyacetophenone to pH 6 results in
a shift in the nature of the accumulated product, namely a decrease in the amount of
4-fluorocatechol accompanied by an increase in the amount of a fluorinated compound
with its resonance at -118.6 ppm, identified as 4'-fluoro-2'-hydroxyphenyl acetate
(Table 1). Comparison of the results for 4'-fluoro-2'-hydroxyphenyl acetate to those for
4'-fluorophenyl acetate indicate that the presence of the 2'-hydroxy moiety in 4'-fluoro-
2'-hydroxyphenyl acetate makes the compound more sensitive to base-catalysed
hydrolysis.
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Fig. 4. pH-dependent activity of 4'-hydroxyacetophenone monooxygenase from
P. fluorescens ACB with 4'-fluoro-2'-hydroxyacetophenone
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ig. 5. 19F NMR spectral analysis of the pH dependent conversion of 4'-fluoro-
'-hydroxyacetophenone by 4'-hydroxyacetophenone monooxygenase from P. fluorescens
CB at different pH values. (A) pH 7.0. (B) pH 6.0. * Marks an unidentified product.

uantum mechanical characterisation of the sensitivity of
'-fluorophenyl acetate and 4'-fluoro-2'-hydroxyphenyl acetate for
ase-catalysed hydrolysis

In order to obtain some insight in the factors underlying the differential sensitivity of
'-fluorophenyl acetate and 4'-fluoro-2'-hydroxyphenyl acetate for base-catalysed
ydrolysis, quantum mechanical calculations were performed. The hydrolysis appeared
 be dependent on the pH (Figure 3B, 5A and B) and, thus, on the concentration of the

ydroxyl anions. Therefore, especially the intrinsic reactivity of 4'-fluorophenyl acetate
nd 4'-fluoro-2'-hydroxyphenyl acetate for a nucleophilic attack by a hydroxyl anion on
eir carbonyl carbon atom was investigated in more detail. This step is known to be the
te-limiting step in base-catalysed hydrolysis of phenyl acetates.[189] Table 3 shows the
sults obtained. The data indicate that the presence of the hydroxy moiety at C2 in

'-fluoro-2'-hydroxyphenyl acetate, increases the electrophilic reactivity of the carbonyl
arbon as compared to this carbonyl carbon in 4'-fluorophenyl acetate.

(ppm)

-130-125-120-115-110-105

(ppm)

-130-125-120-115-110-105
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Table 3. AM1-calculated quantum mechanical parameters reflecting possible differences
in intrinsic reactivity of 4'-fluorophenyl acetate and 4'-fluoro-2'-hydroxyphenyl acetate for
an electrophilic attack by a hydroxyl anion at their carbonyl carbon centre

Parameter 4'-fluorophenyl
acetate

4'-fluoro-2'-hydroxy-
phenylacetate

E(LUMO) in eV - 0.08  - 0.23
Frontier density for electrophilic attack
at C of C=O    0.043    0.024
Mulliken charge at C of C=O + 0.31 + 0.30
Atomic charge from electrostatic potential
at C of C=O + 0.80 + 0.76
Relative ∆HF for formation of the OH-adduct
at C of C=O in kcal/mol  23.9    0a)

a) Relative ∆HF set to zero

This increased reactivity for an attack by a hydroxyl anion is reflected especially by
a lower energy of the lowest unoccupied molecular orbital (E(LUMO)). The relative
low frontier orbital density for attack by a nucleophilic species at the carbon of the
carbonyl group observed for both phenyl acetates indicates that the attack of the
hydroxyl anion on the carbonyl carbon is not likely to be driven by Frontier orbital
characteristics. This is in line with the fact that the hydroxyl anion is a hard not soft
nucleophile, suggesting its reactivity to be dominated by the Coulomb term.

Fig. 6. Formation of the proposed tetrahedral intermediate upon base-catalyzed hydrolysis
of 4'-fluoro-2'-hydroxyphenyl acetate, representing the rate-limiting step of this
process[189]

However, the calculated charges at the carbonyl carbon were only marginally
different between the two 4'-fluorophenyl acetates suggesting that this Coulomb-type
reactivity parameter cannot explain the observed differential sensitivity for base-
catalyzed hydrolysis. The calculated parameter reflecting the differential reactivity of
the two 4'-fluorophenyl acetates most clearly is the calculated relative difference in heat
of formation for formation of the tetrahedral intermediate hydroxyl-adduct of the phenyl
acetate (Figure 6), being relatively about 23.9 kcal/mol more favourable for 4'-fluoro-
2'-hydroxyphenyl acetate than for 4'-fluorophenyl acetate.
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Discussion
Baeyer-Villiger monooxygenases are versatile biocatalysts that have been widely

used for the regio- and stereoselective transformation of aliphatic ketones.[248,331,343]

Relatively little is known about Baeyer-Villiger monooxygenases that are active with
aromatic substrates. Early investigations on the bacterial metabolism of acetophenones
revealed that in certain Arthrobacter, Nocardia, Alcaligenes and Pseudomonas species,
the ketonic side chain is removed by the successive action of a monooxygenase and an
esterase.[52,53,55,127,133,135] Our results from 19F NMR analysis on the conversion of
fluorinated acetophenones by whole cells of P. fluorescens ACB are in agreement with
these findings and show that in this strain, 4'-fluoroacetophenone is rapidly converted to
4-fluorophenol without the accumulation of 4'-fluorophenyl acetate. Moreover,
prolonged incubations with whole cells show that the 4-fluorophenol formed is not
further degraded, suggesting that 4'-hydroxyacetophenone grown cells of P. fluorescens
ACB lack phenol hydroxylase activity. When whole cells of P. fluorescens ACB were
incubated with 4'-fluoro-2'-hydroxyacetophenone, again no formation of phenyl acetate
was observed. However, the 4-fluorocatechol product observed initially was further
degraded as evidenced by the formation of stoichiometric amounts of fluoride anion.
This suggests that 4'-hydroxyacetophenone induced cells of P. fluorescens ACB contain
a dioxygenase that is active with 4-fluorocatechol. Darby et al. showed that in
4'-hydroxyacetophenone induced cells of Pseudomonas putida JD1 hydroquinone
served as a ring-fission substrate and was cleaved by an oxygen requiring system.[55]

Therefore, the question arises whether in P. fluorescens ACB, 4-fluorocatechol and
hydroquinone are converted by a single enzyme. Hydroquinone dioxygenases acting on
haloaromatic substrates have been characterised only recently.[207,229,346] However, in all
cases these enzymes appeared to be poorly active with halocatechols.

To obtain more insight in the possibilities for the production of fluorinated phenyl
acetates from fluorinated acetophenones, studies were performed with purified HAPMO
from P. fluorescens ACB. 19F NMR product analysis clearly established that conversion
of 4'-fluoroacetophenone by purified HAPMO results in the accumulation of the
expected product 4'-fluorophenyl acetate. This, and the fact that P. fluorescens esterase
is optimally active around pH 8,[351] confirmed that the HAPMO preparation is free of
esterase activity. Enzymatic conversion of 4'-fluoro-2'-hydroxyacetophenone at pH 8.0
did not lead to the accumulation of the expected product 4'-fluoro-2'-hydroxyphenyl
acetate, but instead resulted in the formation of 4-fluorocatechol. pH-dependent studies
indicate that this was due to the base-catalysed non-enzymatic hydrolysis of 4'-fluoro-
2'-hydroxyphenyl acetate. Optimal conditions for the accumulation of this compound
over catechol formation were found at pH 6.0. However, at this pH value, the rate of
ester formation was about 6 times slower than at pH 7, the pH optimum for the
HAPMO-catalysed conversion of 4'-fluoro-2'-hydroxyacetophenone.

Quantum mechanical calculations provide some insight in the reason underlying this
difference in sensitivity of 4'-fluoro- and 4'-fluoro-2'-hydroxyphenyl acetate for base-
catalysed hydrolysis. This analysis was based on a mechanism for base-catalysed phenyl
acetate hydrolysis as previously described.[189] This mechanism includes a rate-
determining step in which the hydroxyl anion performs a nucleophilic attack on the
carbonyl carbon of the phenyl acetate resulting in formation of a tetrahedral reaction
pathway intermediate (Figure 6). Especially calculation of the relative heat of formation
for this reaction step for 4'-fluorophenyl acetate and 4'-fluoro-2'-hydroxyphenyl acetate
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reveals that this rate limiting reaction step proceeds with a relative heat of formation
that is about 23.9 kcal/mol more favourable for 4'-fluoro-2'-hydroxyphenyl acetate than
for 4'-fluorophenyl acetate. It is important to note that this calculated heat of formation
should be considered as a relative rather than an absolute value for the reaction
enthalpy. Nevertheless this higher relative ∆HF explains the increased sensitivity of
4'-fluoro-2'-hydroxyphenyl acetate for base catalysed hydrolysis, and, thus, its reduced
stability at pH 8 as observed in the present study. Interestingly, the parameters
characterising the intrinsic reactivity of the phenyl acetate itself do not reflect such
marked differences in reactivity of the parent 4'-fluorophenyl acetates. Thus, the
Frontier orbital type characteristics quantifying the relative electrophilicity of the phenyl
acetate, the E(LUMO) and the frontier orbital density for electrophilic attack at the
carbonyl carbon, vary only slightly. And the Coulomb parameter, i.e. the atomic charge
at the carbonyl carbon, known to be of importance for reactions including hard
nucleophiles such as the hydroxyl anion,[95] does not vary between 4'-fluorophenyl
acetate and 4'-fluoro-2'-hydroxyphenyl acetate. This suggests that the difference in heat
of formation reflecting the higher reactivity of 4'-fluoro-2'-hydroxyphenyl acetate than
of 4'-fluorophenyl acetate for base catalysed hydrolysis may especially originate from
an extra stabilising factor in the tetrahedral intermediate as a result of the 2'-hydroxyl
substituent. Clearly additional stabilisation of the tetrahedral reaction intermediate by an
intramolecular hydrogen bond between the oxygen of the carbonyl moiety which
becomes negatively charged in the tetrahedral reaction intermediate and the proton of
the 2'-hydroxy moiety of the benzene ring may explain this stabilising effect of the
hydroxyl substituent. The observation that in the optimised geometry of the tetrahedral
intermediate the atomic distance between the carbonyl oxygen and the proton of the
2'-hydroxy group amounts to only 0.97 Å supports the formation of this hydrogen bond.

In conclusion, the studies presented here have yielded valuable information on the
possibilities for the biocatalytic environmentally friendly production of substituted
phenyl acetates from substituted acetophenones. Our studies show that the whole-cell
approach for this type of biotransformations is only feasible with microbial preparations
that lack esterase activity. This might be achieved by the inclusion of a suitable esterase
inhibitor or in a more sophisticated way by metabolic engineering. Our studies also
show that the use of purified enzyme preparations provide a good alternative. However,
several bottlenecks remain to be solved to make such an approach economically
attractive. These bottlenecks include amongst others the costs of the reduced pyridine
nucleotide coenzyme and the stabilisation of the aromatic ester of interest.

In this study 19F NMR proved to be a valid method to evaluate the environmental-
friendly biological conversion of ring-substituted acetophenones to the corresponding
phenyl acetates, which can serve as valuable synthons for further biotechnological
production of industrially relevant chemicals.
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Chapter 5

ENZYMATIC BAEYER-VILLIGER OXIDATION OF
BENZALDEHYDES

Mariëlle J.H. Moonen, Adrie H. Westphal, Ivonne M.C.M. Rietjens,
Willem J.H. van Berkel

Advanced Synthesis & Catalysis. 2005. In press

The selectivity of the chemical Baeyer-Villiger oxidation of benzaldehydes
depends on steric and electronic factors, the type of oxidizing agent and the
reaction conditions. Here we report on the enzymatic Baeyer-Villiger
oxidation of  fluorobenzaldehydes as catalyzed by the flavoprotein
4-hydroxyacetophenone monooxygenase (HAPMO).
HAPMO was most active with 4-amino- and 4-hydroxybenzaldehydes. With
these compounds significant substrate inhibition occurred. Monofluoro- and
difluorobenzaldehydes were readily oxidized by HAPMO without substrate
inhibition.
19F NMR analysis revealed that 4-fluoro-, 2,6-difluoro-, 3,4-difluoro-,
2-fluoro-4-hydroxy- and 3-fluoro-4-hydroxybenzaldehyde were
quantitatively converted by HAPMO to the corresponding fluorophenyl
formates. These products spontaneously hydrolyzed to fluorophenols. The
HAPMO-mediated conversion of 2-fluoro-, 3-fluoro-, 2,3-difluoro- and 2,4-
difluorobenzaldehyde yielded, besides fluorophenols, also minor amounts of
fluorobenzoic acids.
The high preference of HAPMO for the production of fluorophenols is in
disagreement with the rule derived from chemical studies that electron-poor
benzaldehydes form mainly benzoic acids. This suggests that interactions of
the benzaldehyde substrates with amino acids and/or the flavin cofactor in
the enzyme active site influence the selection of the migratory group in
favor of the phenyl ring.
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1. Introduction
Fluorinated chemicals are gaining in industrial importance, with applications in
pharmaceuticals, agrochemicals and material products.[65] Among these fluorinated
chemicals, fluorophenols have attracted much attention due to their ability to modify the
biological activity of molecules. Fluorophenols can serve as synthons for the production
of drugs, including enzyme inhibitors[249,293] and receptor antagonists.[144]

Catecholamines and amino acids with a radiolabelled [18F]-fluorophenol moiety have
found applications for the in vivo imaging of amino acid metabolism[171] and protein
synthesis[306] using positron emission tomography (PET).[45]

Chemical methods to produce fluorophenols include diazotization/Sandmeyer
decomposition with fluoroanilines, diazotization/thermal decomposition with
aminophenols, alkaline hydrolysis with substituted fluorobenzene and F2/N2 gas/liquid
phase conversion with phenol. All these methods display both economic or
technological benefits and disadvantages, and none of them seem to be entirely
satisfactory for the industrial production of fluorophenols.[46]

Newer methods for the chemical synthesis of fluorophenols make use of the Baeyer-
Villiger oxidation of aromatic ketones and benzaldehydes.[46,49,74,188] In these reactions a
nucleophilic peroxy moiety is incorporated into the starting compound yielding a
tetrahedral �Criegee� intermediate.[51,243] This unstable species undergoes a
rearrangement involving migration of one of the substituents of the carbonyl carbon and
subsequent heterolytic cleavage of the peroxidic bond, yielding either the ester or
benzoic acid (Scheme 1). By using an aqueous base, the ester is hydrolyzed to give the
desired phenol.

Scheme 1. Baeyer-Villiger oxidation of benzaldehydes.

In general, the migration preference of the Baeyer-Villiger rearrangement depends
on the steric and electronic properties of the groups attached to the carbonyl carbon
atom. The migration ability is also influenced by the type of oxidizing agent and the
reaction conditions.[46,48,49,188,225,243,298] Since all groups attached to the carbonyl carbon
of acetophenones migrate in preference to the methyl group, subsituted acetophenones
show a strong preference for ester formation.[105,174] For other aromatic alkyl ketones,
migration of the alkyl group depends on its structure, while the migration of the aryl
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group depends on the electron-donating or electron-withdrawing properties of the
substituents.[46,243] For benzophenones it was established that the product selectivity is
strongly dependent on the type and position of the substituents in the phenyl
rings.[46,62,188] Benzaldehydes with electron donating substitutent(s) in ortho and para
position stimulated migration of the phenyl ring and formation of phenyl formates
(upper pathway in Scheme 1). On the other hand, benzaldehydes lacking electron-
donating substituents and/or possessing electron-withdrawing groups yielded benzoic
acids (lower pathway in Scheme 1).[74,188]

Ekaeva et al. reported the Baeyer-Villiger oxidation of [18F]-
fluorobenzaldehydes.[74] Using m-chloroperbenzoic acid in the presence of
trifluoroacetic acid, it was shown that, in contrast to the above rules,
fluorobenzaldehydes can be converted to fluorophenols to a significant extent.

The chemical Baeyer-Villiger reaction requires the use of potentially hazardous
oxidants. Therefore, efforts have been made to replace the traditionally used peracids
with safer oxidants. Most of these strategies rely on the use of transition metal catalysts
or organocatalytic compounds in combination with hydrogen peroxide, peroxy acids or
molecular oxygen.[1,24,49,106,137,174,198,216,283,297,298] However, the most challenging �green
chemistry�� approach for the selective Baeyer-Villiger oxidation of ketones and
aldehydes is offered by enzyme-mediated reactions.[104,158,202]

Fluorobenzaldehydes are the most attractive starting compounds for the synthesis of
fluorophenols because they are available via sustainable pathways. Several white-rot
fungi have a great potential for the biocatalytic production of haloaromatic
aldehydes.[116] Bioconversion experiments with whole cells of Bjerkandera adusta
showed that 2-fluoro-, 3-fluoro- and 4-fluorobenzoic acid and 2-fluoro- and
4-fluorocinnamic acid were reduced to the corresponding fluorobenzaldehydes.[180]

Fluorobenzaldehydes can also be obtained from the corresponding alcohols through the
biooxidative activity of alcohol dehydrogenases[173] and aryl-alcohol oxidases.[92,114,320]

Recently, we described the purification, characterization and heterologous
expression of 4-hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas
fluorescens ACB.[157,208] This homodimeric flavoenzyme is a type I Baeyer-Villiger
monooxygenase[158] that is active with a wide range of aromatic ketones.[157,159]

HAPMO also catalyzes the conversion of aliphatic ketones to lactones[104,159,202] and the
oxidation of aryl sulfides to chiral sulfoxides.[159] Being highly active with aromatic
compounds, HAPMO can be discriminated from the extensively studied cyclohexanone
monooxygenase from Acinetobacter sp. NICMB 9871.[4,202,241,242,331]

Relatively little is known about the reactivity of HAPMO with benzaldehydes.
Preliminary experiments revealed that, in line with the chemical Baeyer-Villiger
reaction, 4-hydroxybenzaldehyde is converted to 4-hydroxyphenyl formate, which after
hydrolysis yields hydroquinone.[159] To study in more detail the selectivity of the
enzyme-mediated Baeyer-Villiger oxidation of aromatic compounds we addressed in
this paper the reactivity and product specificity of HAPMO with fluorinated
benzaldehydes. Unlike most chemical procedures, the enzymatic approach gives high
yield and selectivity towards the sustainable production of fluorophenols.
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2. Experimental section

2.1 Materials
4-Fluorobenzaldehyde, 3-fluorobenzoic acid and 4-hydroxyacetophenone were

purchased from Aldrich. 2-Fluorophenol, 3-fluorophenol and 4-fluorophenol were from
Across. 2-Fluoro-4-hydroxybenzaldehyde was synthesized as described earlier.[313] All
other fluorinated aromatic compounds were obtained from Fluorochem.
Dimethylformamide (DMF) and potassium phosphate were from Merck. Glucose
6-phosphate, yeast glucose 6-phosphate dehydrogenase (grade I), NADPH and NADP+

were from Roche.

2.2 Enzyme purification
HAPMO was purified from Pseudomonas fluorescens ACB as described earlier.[157]

2.3 Analytical methods
The activity of 4-hydroxyacetophenone monooxygenase (HAPMO) was routinely

determined spectrophotometrically by monitoring the aromatic substrate-stimulated
oxidation of NADPH at 370 nm (ε370 = 2.7 mM-1cm-1). The standard enzyme activity
was measured at 25°C in 1.0 ml air-saturated 50 mM potassium phosphate, pH 8.0,
containing 250 µM NADPH, and 200 µM 4-hydroxyacetophenone.[157] The reaction
was started by the addition of 10 µg HAPMO. Specific activities were calculated from
initial rate determinations and were corrected for endogenous NADPH oxidase activity.
One unit of HAPMO activity is defined as the amount of enzyme that catalyzes the
oxidation of 1 µmol NADPH per minute under the standard assay conditions. Steady-
state kinetics were performed under the above conditions with 250 µM NADPH as the
fixed substrate and varying concentrations (1 µM � 20 mM) of aromatic substrate. With
slow substrates, the enzyme concentration was increased ten-fold. The kinetic
parameters K'm and k'cat were determined from non-linear regression analysis using the
Michaelis Menten equation. In case of substrate inhibition, the kinetic data were treated
according to:

where k'obs is the apparent initial rate observed, k'cat is the apparent maximal rate at
saturating substrate concentration, K'm is the apparent Michaelis constant for the
aromatic substrate at fixed values of the other substrates (NADPH and O2) and K's is the
apparent secondary-binding inhibition constant for the aromatic substrate.[308]

2.4 Reactions with fluorinated benzaldehydes
Stock solutions of aromatic substrates (100 mM) were prepared in DMF. Enzymatic

incubation mixtures (2.0 ml) contained 0.6 mM fluorinated benzaldehyde, 6 mM
sodium ascorbate, and 0.4 - 1.0 mM NADPH in 50 mM potassium phosphate pH 8.0.
Ascorbate was added to prevent autooxidation of aromatic substrates and products.
Reactions were performed for 1 h at 30°C. At 10 min intervals, the reaction mixtures
were saturated with air. Reactions were started by the addition of 10-100 µg HAPMO
and stopped by freezing the samples in liquid nitrogen.
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The enzymatic conversion of 2-fluorobenzaldehyde was studied at pH 6.0, 7.0 and
8.0 at 30°C. The incubation mixture (2.0 ml) contained 0.5 mM 2-fluorobenzaldehyde,
0.6 mM NADPH in 50 mM potassium phosphate. Reactions were started by the
addition of 0.7 mg HAPMO. Incubation mixtures were exposed to air to have maximal
conversion. Recording of 19F NMR spectra at 7°C was initiated after 10 min of
incubation.

2-Fluorobenzaldehyde was also converted by HAPMO using an NADPH generating
system. To that end, 5 mM 2-fluorobenzaldehyde was incubated for 2 h at 30°C in 50
mM potassium phosphate pH 8.0 with 0.9 mg HAPMO, 0.25 mM NADP+, 10 mM
glucose 6-phosphate, and 7.5 mM ascorbate. The reaction (2.0 ml) was started by the
addition of 0.5 mg glucose 6-phosphate dehydrogenase. At 10 min intervals, the
reaction mixture was saturated with air.

2.5 19F NMR product analysis
19F NMR experiments were performed on a Bruker DPX 400 NMR spectrometer,

essentially as described elsewhere.[324] The temperature was 7°C. A dedicated 10 mm
19F NMR probehead was used. The spectral width for the 19F NMR measurements was
50,000 Hz. The number of data points used for data acquisition was 32768. Pulse angles
of 30° were used. Between 1000 and 66,000 scans were recorded, depending on the
concentrations of the fluorine-containing compounds and the signal to noise ratio
required. The detection limit for an overnight run (60,000 scans) is 1 µM. 1H decoupling
was achieved with a Waltz16 decoupling sequence.

The sample volume was 1.6 ml. For calibration, an insert containing D2O and a
calibrated amount of 4-fluorobenzoate was used which also served as deuterium lock for
locking the magnetic field. For the enzymatic conversion of 4-fluorobenzaldehyde, a
1625 µl sample with addition of 100 µl D2O was used without the insert. Concentrations
of the various fluorinated compounds were calculated by comparison of the integrals of
their 19F NMR resonances with the integral of the 4-fluorobenzoate resonance.
Chemical shifts are reported relative to CFCl3. 19F NMR chemical shift values of the
various fluorine containing compounds were identified using authentic fluorinated
benzaldehydes, benzoic acids and phenols or previously reported resonances. The 19F
NMR spectral data were corrected for impurities (< 5%) of fluorobenzoic acids and
fluorophenols present in some substrate solutions.

3. Results

3.1 Substrate specificity
Kinetic studies revealed that HAPMO is active with a wide range of substituted

benzaldehydes. 4-Aminobenzaldehyde appeared to be the best HAPMO aldehyde
substrate (Table 1). However, with this compound significant substrate inhibition
occurred (Fig. 1A). 4-Hydroxybenzaldehydes were also good HAPMO substrates. With
these compounds, weak substrate inhibition was observed (Table 1). The kinetic
parameters estimated with 4-hydroxybenzaldehyde slightly deviate from previous data
where substrate inhibition was not taken into account.[157]
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Fig. 1. Michaelis-Menten kinetics of the HAPMO-mediated conversion of substituted
benzaldehydes. (A) 4-aminobenzaldehyde; (B) 2-fluorobenzaldehyde.

The HAPMO-mediated oxidation of fluorinated benzaldehydes was not sensitive to
substrate inhibition (Table 1, Fig. 1B). As found for the corresponding acetophenones
(Table 1), introduction of fluoro substituents in the benzaldehyde ring slightly decreased
the reaction rate and increased the Michaelis constant to some extent. 3-Bromo-
4-fluorobenzaldehyde was not a substrate for HAPMO.

Table 1. Kinetic parameters of the conversion of substituted benzaldehydes and
acetophenones by 4-hydroxyacetophenone monooxygenase from P. fluorescens ACB

Benzaldehyde Acetophenone

Substitution
K'm
mM

k'cat
s-1

K's
mM

K'm
mM

k'cat
s-1

K's
mM

Parent compound     3.4±0.5   5.2±0.3 -     2.0±0.8    4.6±1.2 -
2-fluoro-     3.0±0.4   3.9±0.1 -     1.6±0.2    1.0±0.1a -
3-fluoro-     4.8±0.4   4.0±0.1 -     0.7±0.1    1.0±0.1a -
4-fluoro-     4.0±0.1   2.6±0.0 -     1.0±0.3b    0.7±0.1a -
2-fluoro-4-hydroxy-     0.8±0.6   3.2±1.6 1.5±1.2     2.0±0.2  12.4±0.8 3.7±0.4
3-fluoro-4-hydroxy-     3.4±0.3   7.0±0.3 -     1.8±2.0  14.2±10.2 4.8±5.6
2,3-difluoro-   14.7±1.4   0.7±0.0 - ND ND ND
2,4-difluoro-     5.7±0.7   2.3±0.1 -     1.7±0.5    0.5±0.1a -
2,6-difluoro-     4.7±0.8   2.4±0.1 - ND ND ND
3,4-difluoro-     7.9±1.0   0.7±0.0 - ND ND ND
4-hydroxy-   0.27±0.02 12.5±0.4 4.8±0.4 0.006±0.001  8.3±0.3 0.9±0.1
4-amino- 0.014±0.004 15.9±2.4  0.07±0.02 0.006±0.003 20.4±3.4 0.3±0.2

a From ref.[209]; b From ref.[157]; ND = not determined
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3.2 Product analysis of the conversion of fluorinated benzaldehydes
by HAPMO

The aromatic products formed in the reactions of HAPMO with fluorinated
benzaldehydes were analyzed by 19F NMR. Fig. 2A presents, as an example, the 19F
NMR spectrum recorded after incubation of 2-fluorobenzaldehyde (-124.7 ppm) with a
limiting amount of NADPH. From this spectrum it is clear that two products are formed.
On the basis of reference compounds, the main product (95%) was assigned to
2-fluorophenol (-142.0 ppm), whereas the minor product (5%) was assigned to
2-fluorobenzoic acid (-120.3 ppm). Under the conditions applied, no ester formation
was observed.

Fig. 2. 19F NMR analysis of the enzymatic conversion of 2-fluorobenzaldehyde by
4-hydroxyacetophenone monooxygenase. A) Reaction at pH 8.0 with a limiting amount of
NADPH to have about 50% substrate left at the end of the incubation (50,000 scans) B)
Reaction at pH 6.0 with excess NADPH (5,000 scans). I.S. is the internal standard
(4-fluorobenzoic acid, -114.2 ppm ). See Experimental Section for further details.

Enzymatic incubations with other fluorinated benzaldehydes mainly resulted in the
production of fluorinated phenols (Table 2). With 2-fluoro-, 3-fluoro-, 2,3-difluoro- and
2,4-difluorobenzaldehyde, some fluorinated benzoic acid was also formed. The
enzymatic conversions of 2-fluoro-4-hydroxybenzaldehyde and 3-fluoro-
4-hydroxybenzaldehyde both resulted in the exclusive formation of
2-fluorohydroquinone (Table 2). The chemical shift values of fluorinated benzaldehydes
and their products obtained after conversion by HAPMO are listed in Table 3.
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Table 2. Product ratio and yield of the conversion of fluorinated benzaldehydes by
4-hydroxyacetophenone monooxygenase from P. fluorescens ACB as determined by
19F NMR. The mean standard error in the concentrations of fluorinated compounds was about
3%.

Product

Substrate Yielda phenol benzoic acid

% % %

2-fluorobenzaldehyde 88   95    5
3-fluorobenzaldehyde 83   82  18
4-fluorobenzaldehyde 75 100    0
2-fluoro-4-hydroxybenzaldehyde 86 100    0
3-fluoro-4-hydroxybenzaldehyde 91 100    0
2,3-difluorobenzaldehyde 25   73  27
2,4-difluorobenzaldehyde 64   95    5
2,6-difluorobenzaldehyde 70 100    0
3,4-difluorobenzaldehyde 31 100    0

a total yield of phenol and benzoic acid in incubations with stoichiometric amounts of
benzaldehyde and NADPH (see Experimental Section for further details).

Table 3. 19F NMR chemical shifts of fluorinated benzaldehydes and their products after
conversion by 4-hydroxyacetophenone monooxygenase from P. fluorescens ACB

Benzaldehyde Benzoic acid PhenolSubstitution
ppm ppm ppm

2-fluoro- -124.7 -120.3 -142.0a

3-fluoro- -116.7 -117.9 -116.6a

4-fluoro- -106.3 -114.2 -129.2a

2-fluoro-4-hydroxy- -121.8 -116.4 -138.8
3-fluoro-4-hydroxy- -141.3 ND -138.6

2,3-difluoro- -142.2(F3) and
-150.1(F2)

-142.8(F3) and
-146.4(F2)

-143.1(F3) and
-167.1(F2)

2,4-difluoro- -101.8(F4) and
-119.8(F2)

-111.5(F4) and
-115.1(F2)

-126.3(F4) and
-137.3(F2)

2,6-difluoro- -119.6 -120.1 -139.3

3,4-difluoro- -131.2(F4) and
-140.7(F3)

-139.0(F4) and
-142.6(F3)

-140.9(F3) and
-154.3(F4)a

a See ref.[236]

3.3 Factors governing product yield
The product yield of the HAPMO-mediated conversion of fluorinated benzaldehydes

was dependent on the type of substrate, the reaction conditions and the amount of
enzyme used. With all substrates tested, no product inhibition was observed.
Monofluorinated benzaldehydes were completely converted, providing that excess
NADPH and oxygen was supplied. Using a NADPH generating system consisting of
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NADP+, glucose 6-phosphate, glucose 6-phoshate dehydrogenase and air-saturating
conditions, it was possible to convert mg amounts of 2-fluorobenzaldehyde into
2-fluorophenol (95%) and 2-fluorobenzoic acid (5%).

2,3-Difluorobenzaldehyde and 3,4-difluorobenzaldehyde were rather poor substrates
for HAPMO (cf. Table 1). Substantial conversion of these compounds was only
obtained at relatively high enzyme concentrations. Moreover, for high yields large
excess of NADPH and oxygen were needed, because of the competing non-productive
NADPH oxidase activity (k'cat = 0.11 s-1).[157]

Additional studies on factors governing product yield were performed using
2-fluorobenzaldehyde as the model substrate. Absorption spectral analysis of the
enzymatic conversion of 2-fluorobenzaldehyde pointed at the initial formation of a
compound with a low absorption in the 300-400 nm region (not shown). This absorption
disappeared in time, indicative for the non-enzymatic hydrolysis of the intermediate
ester product. Similar transient absorption changes were observed in the enzymatic
conversion of other fluorobenzaldehydes. To get additional insight into ester formation,
the HAPMO-mediated conversion of  2-fluorobenzaldehyde was studied as a function of
pH and at relatively high enzyme concentration (Table 4).

Table 4. Product ratio and yield of the conversion of 2-fluorobenzaldehyde by
4-hydroxyacetophenone monooxygenase from P. fluorescens ACB at different pH values.
19F NMR spectra were recorded for 1 h at 7°C. The mean standard error in the concentrations of
fluorinated compounds was about 3%.

pH Product yield Product ratio

2-fluorophenyl 2-fluoro- 2-fluoro-
formate phenol benzoate

% % % %

8.0 100   0 95 5
7.0   95   2 93 5
6.0  57 53 42 5

At pH 6.0, the enzymatic reaction was significantly slower than at pH 8.0, but 19F
NMR product analysis clearly showed the initial formation of 2-fluorophenyl formate
(-133.9 ppm, Fig. 2B). After 10 min incubation, 80% of the total amount of products
was the ester which slowly decayed to yield 2-fluorophenol. After measuring for 1 h at
7°C, nearly half the amount of ester was hydrolyzed to the phenol (Table 4), whereas
after 2 h less than 25% of the ester remained. At pH 7.0, 2-fluorobenzaldehyde was
more readily converted, but almost no formate ester was detected by 19F NMR. Table 4
summarizes the product yields and product ratios of the reactions of HAPMO with 2-
fluorobenzaldehyde at different pH values. At all pH values, formation of about 5% of
2-fluorobenzoate was observed.

4 Discussion
Fluorophenols are attractive building blocks for the synthesis of high-value

fluorinated chemicals. Fluorophenols can be produced by the chemical Baeyer-Villiger
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oxidation of fluorobenzophenones, fluoroacetophenones and fluorobenzaldehydes. With
all these compounds, the amount of fluorophenol produced is dependent on the
substituents in the aromatic ring(s), the type of oxidizing agent and the reaction
conditions.[46,74,188,225] The chemical Baeyer-Villiger oxidation of 3-bromo-4-
fluorobenzaldehyde led to the corresponding fluorobenzoic acid as opposed to the
desired phenol.[1] With monofluorobenzaldehydes, the chemical conversion resulted in
nearly equal amounts of fluorophenols and fluorobenzoic acids with a final yield of
fluorophenols of about 25 %.[74]

In a previous study we reported that 4-fluorophenols can be produced from
4-fluoroacetophenones using HAPMO as biocatalyst.[209] Oxyfunctionalization by
HAPMO at pH 6 resulted in the exclusive production of 4-fluorophenyl acetates. At pH
8.0, the reaction rate increased and the fluorinated phenyl acetate products readily
hydrolyzed to the corresponding fluorophenols.[209] Here we show that HAPMO is
active with a wide range of fluorinated benzaldehydes. Under the conditions applied
(pH 8.0), these reactions mainly resulted in the production of fluorophenols. At pH 6.0,
transient formation of the initial ester product could be observed.

The enzymatic conversion of 4-amino-, 4-hydroxy- and 3-fluoro-4-hydroxy-
benzaldehyde was sensitive to substrate inhibition. Interestingly, there was a clear
correlation between the Michaelis constants of the aromatic substrates (K'm) and the
degree of substrate inhibition (K's). This suggests that the inhibition is directly related to
catalysis and is not caused by binding of the substrate at a secondary site. For the related
cyclohexanone monooxygenase, it was reported that NADP+ remains bound during the
entire reaction cycle and that the interaction between the reduced enzyme and pyridine
nucleotide is needed for the stabilization of the flavin C4a peroxide oxygenation
species.[268] Thus, it is unlikely that the inhibitory substrates are binding at the
NADP(H) binding site. A more plausible explanation for the observed substrate
inhibition is that the aromatic substrate competes with the aromatic product for binding
to (one of) the enzyme intermediates which are formed after substrate oxygenation. A
similar competition between substrate and product binding has been observed with
flavoprotein aromatic hydroxylases.[141,148,296] The HAPMO-mediated Baeyer-Villiger
oxidation of other fluorobenzaldehydes was not sensitive to substrate inhibition. In line
with the above notion, this might be related to a relatively weak binding of these
compounds in the active site.

The HAPMO-mediated conversion of fluorobenzaldehydes mainly resulted in the
production of fluorophenols. The high preference for the formation of phenols is in
disagreement with the rule derived from chemical studies that aromatic substrates with
electron-withdrawing substituents mainly form benzoic acids.[46,188,298] Because the
rearrangement of the tetrahedral Criegee intermediate (Scheme 1) of the enzymatic
reaction is believed to be governed by the same stereoelectronic effects as in the non-
enzymatic Baeyer-Villiger oxidation,[202,264,265] this suggests that interactions of the
benzaldehyde substrates with amino acids or the flavin cofactor in the active site
influence the selection of the migratory group in favor of the phenyl ring. The first
insight into the active site topology of Type I Baeyer-Villiger monooxygenases has
recently come from the crystal structure determination of the uncomplexed form of
phenylacetone monooxygenase.[191] From this structure and sequence comparison it was
deduced that an arginine residue (Arg440) plays a critical role in HAPMO catalysis.
However, a deeper insight into the enzyme-substrate interaction must await the crystal
structure determination of a protein complex.
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In conclusion, we have shown in this paper that HAPMO catalyzes the conversion of
a wide range of benzaldehydes to the corresponding esters. The latter compounds
spontaneously hydrolyze to the corresponding phenols. The enzymatic reactions with
fluorobenzaldehydes show high selectivity and product yield and are not sensitive to
substrate inhibition. A main advantage of the enzymatic Baeyer-Villiger reaction is the
use of a mild oxidant (i.e. the flavin C4a peroxide). Recent studies have shown that
recombinant whole-cells expressing HAPMO can be used for the biooxidation of
prochiral cyclobutanones.[203] Such a whole-cell system is of particular interest from a
preparative point of view because it avoids expensive cofactor recycling.[3,282]

Therefore, with proper upscaling and downstream processing,[4,63,134,160,332] HAPMO
may develop as an environmentally benign alternative for the synthesis of
fluorophenols.
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Chapter 6

BIOCHEMICAL AND GENETIC CHARACTERIZATION
OF THE 4-HYDROXYACETOPHENONE DEGRADATION
PATHWAY IN PSEUDOMONAS FLUORESCENS ACB

Mariëlle J.H. Moonen, Nanne M. Kamerbeek, Adrie H. Westphal, Sjef A.
Boeren, Marco W. Fraaije and Willem J.H. van Berkel

The catabolism of 4-hydroxyacetophenone in Pseudomonas fluorescens ACB
proceeds through the initial formation of 4-hydroxyphenyl acetate and
hydroquinone (1,4-dihydroxybenzene). Here we provide evidence that
hydroquinone is further degraded through 4-hydroxymuconic semialdehyde
and maleylacetate to ββββ-ketoadipate.

The P. fluorescens ACB genes involved in 4-hydroxyacetophenone
utilization were cloned and characterized. Sequence analysis of an 14-kb
DNA fragment showed the presence of 13 genes containing a gene cluster
(hapABCFGDE) of which at least 4 encoded enzymes are involved in
4-hydroxyacetophenone degradation: 4-hydroxyacetophenone
monooxygenase (hapE), 4-hydroxyphenyl acetate hydrolase (hapD),
4-hydroxymuconic semialdehyde dehydrogenase (hapA) and maleylacetate
reductase (hapB). In between hapB and hapD, three genes were found
which encode a putative intradiol dioxygenase (hapC), a protein of the yci1
family (hapF) and a [2Fe-2S] ferredoxin (hapG). Downstream of the hap
genes, 5 open reading frames are situated encoding three putative
regulatory proteins (orf2, orf4 and orf5) and two proteins possibly involved
in a membrane efflux pump (orf3 and orf6). Upstream of the hap genes, one
gene (orf1) with unknown function was found.

Structure homology modeling showed that HapC has the typical domain
architecture and iron(III)-binding active site of a homodimeric intradiol
dioxygenase. This and the high sequence identity with hydroxyhydroquinone
1,2-dioxygenases lead us to propose that HapC is not responsible for the
ring-cleavage of hydroquinone.
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Introduction
Acetophenones are widely found in the environment as degradation products of

industrial chemicals. Ring-chlorinated acetophenones originate from the microbial
degradation of insecticides,[19-21] PCBs[12,14,15] and chloroxanthones.[301] Non-chlorinated
acetophenones have been identified as intermediates in the microbial degradation of
ethylbenzene,[50,305] 1-phenylethanol,[53] 4-ethylphenol[153] and the flame-retardant
tetrabromobisphenol A.[185,250]

Several aerobic microorganisms are capable of utilizing acetophenones for their
growth.[52,53,55,127,133,135] 4-Hydroxyacetophenone can be converted in two different ways
to 4-hydroxybenzoate.[115,135,164] The latter compound then enters the β-ketoadipate
pathway via the formation of the ring cleavage substrate 3,4-dihydroxybenzoate.[153] For
Pseudomonas fluorescens ACB,[133] Pseudomonas putida JD1[55] and Aspergillus
fumigatus ATCC28282[154] it was shown that the initial steps of 4-hydroxyacetophenone
mineralization comprise a Baeyer-Villiger oxidation to 4-hydroxyphenyl acetate and
subsequent ester hydrolysis to hydroquinone (1.4-dihydroxybenzene) (Fig.
1).[55,133,154,157] However, the subsequent degradation of hydroquinone, a potential
human nephrocarcinogen,[179] remained elusive.

Fig. 1. Initial steps of the catabolism of 4-hydroxyacetophenone by P. fluorescens ACB.
Enzymes: HAPMO, 4-hydroxyacetophenone monooxygenase; Esterase, 4-hydroxyphenyl
acetate hydrolase.

The aerobic degradation of hydroquinones may proceed in two different ways (Fig.
2). Hydroquinone can be hydroxylated to hydroxyhydroquinone (HHQ,
1,2,4-trihydroxybenzene),[88,313] followed by ring fission by a intradiol HHQ
1,2-dioxygenase.[149,178,245] Alternatively, direct ring fission of hydroquinone to
4-hydroxymuconic semialdehyde by a hydroquinone 1,2-dioxygenase (HQDO) may
occur,[33,55,207,274] followed by 4-hydroxymuconic semialdehyde dehydrogenase. HQDOs
have been indicated to be involved in the degradation of 4-ethylphenol,[55]

p-nitrophenol,[40,133,239] 4-nitrocatechol[40,41] and the insecticide fenitrothion.[128]

However, none of these enzymes have been characterized in much detail.
19F NMR studies have given some clues about the further degradation of

hydroquinone in P. fluorescens ACB.[208,209] Whole cells converted
4-fluoroacetophenone to 4-fluorophenol. Prolonged incubations showed that
4-fluorophenol is not further degraded, suggesting that 4-hydroxyacetophenone grown
cells of P. fluorescens ACB lack phenol hydroxylase activity.[208,209] Without such
monooxygenase activity, hydroquinone can not be converted to HHQ.[88]
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Fig 2. Proposed microbial degradation pathways of hydroquinone

In this paper we have addressed the further degradation of hydroquinone in the
catabolism of 4-hydroxyacetophenone in P. fluorescens ACB. To that end, we studied
the conversion of (fluorinated) hydroquinones by (dialyzed) cell extracts and cloned the
hap gene cluster involved in 4-hydroxyacetophenone utilization. The biochemical and
genetic characterization of the degradation pathway revealed that hydroquinone is
metabolized through 4-hydroxymuconic semialdehyde and maleylacetate to
β-ketoadipate. However, no gene was found which function could be linked to the
ring-cleavage of hydroquinone.

Material and Methods

Materials
NADH and NAD+ were from Boehringer. Phenylmethylsulfonyl fluoride (PMSF)

was from Merck. N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid (BES), was from
Sigma. All other chemicals were of analytical grade.

2,3-Difluoro-4-hydroxybenzoic acid was synthesized from 2,3-difluorophenol
according to Komiyama and Hirai[170] and purified by straight phase HPLC (Kieselgel
60 µm, Merck) with a 1 to 40% linear gradient of ethanol in petroleum-ether 60-80. The
identity of the product was demonstrated by 1H NMR. Other fluorinated
4-hydroxybenzoic acids were synthesized and purified as described before.[82,148]

Bacterial strains and culture conditions
P. fluorescens ACB[133] was grown on 4-hydroxyacetophenone as reported

before.[157] Cell extract was prepared as described.[157]

Enzymatic synthesis and transformation of difluorohydroquinones
2,3-Difluoro-, 2,5-difluoro- and 3,5-difluorohydroquinone were prepared from the

corresponding difluorinated 4-hydroxybenzoates by incubation with 4-hydroxybenzoate
1-hydroxylase from Candida parapsilosis CBS604.[82] The reaction mixtures contained
50 mM air-saturated potassium phosphate (pH 7.0), 10 µM FAD, 1 mM ascorbate, 0.3
mM difluoro-4-hydroxybenzoate, 0.25 mM NADH and 80 µl 4-hydroxybenzoate
1-hydroxylase in a total volume of 2.0 ml. The reactions were carried out at 25°C. After
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2 hours of incubation, the reaction mixtures were frozen in liquid nitrogen. Completion
of the reactions was checked with 19F NMR. Next, the difluorohydroquinones (1800 µl)
were incubated for two hours at an orbital shaker at 30°C in the presence of 20 µl
P. fluorescens ACB cell extract. Formation of products was followed with 19F NMR.

Analytical methods
Enzyme activity measurements were performed at 25°C using air-saturated buffer.

Oxygen consumption was measured polarographically using a Clark electrode. The
reaction vessel (3.0 ml) contained 20 mM air-saturated BES pH 7.0, 0.5 mM
hydroquinone or HHQ (2.9 ml). Reactions were started with 0.1 ml cell extract.

Absorption spectra were recorded using a Hewlett-Packard 8453 diode array
spectrophotometer.

HQDO activity was routinely determined by monitoring the formation of
4-hydroxymuconic semialdehyde at 320 nm (ε320 = 11.0 mM-1 cm-1).[274] The assay
mixture (1.0 ml) typically contained 50 µl cell extract, 10% (w/v) glycerol in 20 mM
BES, pH 7.0. Reactions were started by the addition of 10 µl 50 mM hydroquinone in
DMF. One unit of HQDO activity is defined as the amount of enzyme that forms 1
µmol of semialdehyde product per minute.

4-Hydroxymuconic semialdehyde dehydrogenase activity was measured by addition
of 1 mM NAD+ to the above produced semialdehyde and following the decrease of
absorbance at 320 nm.[274]

19F NMR measurements were performed on a Bruker DPX 400 NMR spectrometer,
essentially as described elsewhere.[324] The sample temperature and sample volume were
7°C and 1.6 ml, respectively. For calibration an insert containing D2O and a known
amount of 4-fluorobenzoate was used which also served as deuterium lock for locking
the magnetic field. Chemical shifts are reported relative to CFCl3. The resonance of the
4-fluorobenzoate internal standard was set at -114.2 ppm with respect to CFCl3. The
detection limit of an overnight 19F NMR measurement (60,000 scans) is 1 µM. The
sample volume was 1.6 ml. 19F NMR chemical shift values of the various fluorine-
containing compounds were identified on the basis of authentic reference
compounds,[236] or as described in the present study.

High performance liquid chromatography (HPLC) analysis was performed on a
WatersTM 600 controller system equipped with a reversed phase Alltima C18 column
(150 x 4.6 mm) running in 10% (v/v) acetonitrile, containing either 1, 0.1 or 0% acetic
acid. Products were detected with a WatersTM 996 photodiode array detector.

Liquid chromatographic-mass spectrometry (LC-MS) experiments were carried out
on a LCQ "classic" (Thermo-Finnigan, San Jose, CA, USA). Reaction mixtures
containing 20 µl 50 mM hydroquinone and 20 µl desalted cell extract in 940 µl sodium
bicarbonate pH 7.8 were incubated for 7 min at 25°C. Separation was achieved on a 150
x 2 mm Alltima C18 (Alltech, Breda, The Netherlands) column running in 10% (v/v)
acetonitrile. MS analysis was performed in the negative APCI mode using a vaporizer
temperature of 450°C, a discharge voltage of 2 kV and a capillary temperature of 150°C
with nitrogen as sheath gas (20%) and auxiliary gas (5%). MS-MS scans were recorded
in the 'data dependent' mode when a MS base peak signal higher than 106 was obtained
with a normalized collision energy of 35% and a 2 Da isolation width.
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Cloning of the hap gene cluster
The hap gene cluster from P. fluorescens ACB was sequenced from a genomic

cosmid library as described.[157] In brief, using degenerated primers based on the
N-terminal amino acid sequences of 4-hydroxyphenyl acetate esterase (HapD) and
4-hydroxyacetophenone monooxygenase (HAPMO; HapE) a PCR product was obtained
which contained the esterase gene (hapD). This gene was used as a probe to screen the
cosmid library, which yielded two positive clones.[157] Sequencing of these cosmid
clones resulted in a contiguous segment of 13,949 bp consisting of 13 complete open
reading frames (orfs).

Sequence comparison
Protein sequence similarity searches were performed using the BLASTP option at

www.ncbi.nlm.nih.gov. Multiple sequence alignments were made with the Clustal W
program at the European Bioinformatics Institute (www.ebi.ac.uk/clustalw).[299]

BioEdit[117] was used to calculate the pairwise identity and similarity scores (PAM250
matrix) from the aligned sequences and for the display of the alignment.

Structure homology modeling
Model building of HapC was performed with MODELLER[253] using the CVFF

force field.[58] The three-dimensional structure of catechol 1,2-dioxygenase from
Acinetobacter sp. ADP1 in complex with 4-methylcatechol (Protein Data Bank code
1DMH)[324] was used as a template. HHQ was used as aromatic substrate in the HapC
model. The model was verified after several rounds of energy minimization. The
stereochemical quality of the homology model was verified by PROCHECK,[177] and
the protein folding was assessed with PROSAII,[272] which evaluates the compatibility
of each residue with its environment independently.

Nucleotide sequence accession numbers
The nucleotide sequence data reported in this paper will appear in the

DDBJ/EMBL/GenBank nucleotide sequence databases.

Results

Conversion of hydroquinone by desalted cell extract
To study the conversion of hydroquinone in the degradation pathway of

4-hydroxyacetophenone in P. fluorescens ACB, 0.5 mM hydroquinone was incubated
with desalted cell extract in 20 mM BES pH 7.0 at 25°C. Oxygen consumption
experiments pointed at oxygenase activity. A similar incubation with HHQ showed only
5% of the activity compared to hydroquinone. Absorption spectral analysis, performed
in parallel, revealed that hydroquinone with a maximum absorption at 290 nm was
converted into a product with a maximum absorption at 320 nm (Fig 3A).

HPLC analysis of the reaction mixture showed a spectrum (Fig. 3B), indicative for
the formation of 4-hydroxymuconic semialdehyde.[274] HPLC separation of substrate
and product was achieved at neutral pH because acidic mobile phase conditions resulted
in vanishing of the absorbance at 320 nm, a feature observed with maleyl-substituted
ring fission products.[39] The identity of the reaction product of the conversion of
hydroquinone by P. fluorescens ACB was confirmed by LC-MS. The product eluted at
2.65 min and its mass spectrum gave a m/z of 141 in the negative mode (Fig 3C).
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Degradation of difluorinated hydroquinones by P. fluorescens ACB.
To get more information about the degradation of hydroquinones by P. fluorescens

ACB, several difluorinated hydroquinones were prepared from the corresponding
difluorinated 4-hydroxybenzoates by the action of 4-hydroxybenzoate 1-hydroxylase
from Candida parapsilosis CBS604. Table 1 gives an overview of the 19F NMR
chemical shift values of the fluorinated 4-hydroxybenzoates and hydroquinones at pH
8.0. It should be mentioned here that difluorinated hydroquinones were selected for
analysis because the oxidative ring opening of monofluorinated hydroquinones might
result in nonfluorinated products that cannot be detected by 19F NMR.
Fig. 4 shows the 19F NMR spectra of the incubation of 2,3-difluorohydroquinone (1)
with cell extract of P. fluorescens ACB. After 1 h, about 95% of the fluorinated
aromatic substrate was converted (Fig. 4B), whereas all substrate was converted after
2 h of incubation (Fig. 4C). Formation of new signals at -129.0, -129.7, -130.3, -142.1,
154.0 and �154.4 ppm was observed to an extent that accounts for the decrease in the
amount of 2,3-dihydroquinone. The resonance at �123.0 ppm originates from fluoride
anions, indicating that defluorination has occurred. Based on their intensity, the other
six signals could be attributed to the formation of three difluorinated products. The first
product with chemical shift values at -129.7 and �154.4 ppm was assigned to
2,3-difluoro-4-hydroxymuconic semialdehyde (2).

Table 1. 19F NMR chemical shift values of fluorinated substrates and products
Compound Product of Chemical shift

(ppm) pH 8.0
2,3-difluoro-4-hydroxybenzoate -143.9(F2) and �167.4(F3)
2,3-difluorohydroquinone 2,3-difluoro-4-hydroxybenzoate -163.8
2,3-difluoro-4-hydroxymuconic
semialdehyde

2,3-difluorohydroquinone -129.7(F2) and �154.4(F3)

Enol-2,3-difluoromaleylacete 2,3-difluoro-4-hydroxymuconic
semialdehyde

-130.3(F2) and �154.0(F3)

Keto-2,3-difluoromaleylacete 2,3-difluoro-4-hydroxymuconic
semialdehyde

-129.0(F2) and �142.1(F3)

2,5-difluoro-4-hydroxybenzoate -121.4(F2) and �146.9(F5)
2,5-difluorohydroquinone 2,5-difluoro-4-hydroxybenzoate -144.6
2,5-difluoro-4-hydroxymuconic
semialdehyde or
enol-2,5-difluoromaleylacetate

2,5-difluorohydroquinone -110.7(F2) and �174.9(F5)

3,5-difluoro-4-hydroxybenzoate -139.2
3,5-difluorohydroquinone 3,5-difluoro-4-hydroxybenzoate -136.8

This assignment is based on the following considerations. The NMR spectra show
no formation of monofluorinated products. Furthermore, possible hydroxylation by a
HHQ 1,2-dioxygenase (cf. Fig. 2) can be excluded because the chemical shift values of
the newly formed peaks are not consistent with the formation of 5,6-difluoro-
1,2,4-trihydroxybenzene (�162.0 ± 1.2 and �174.8 ± 1.7 ppm).[168]

2,3-Difluorohydroquinone can be splitted by HQDO between C1 and C2 or between C1
and C6. If ring fission would take place between C1 and C2, this would result in the
formation of an acylhalide, as described for the conversion of 2-chlorohydroquinone by
chlorohydroquinone dioxygenase.[33,229,349] The acylfluoride will readily react with water
yielding a monofluorinated maleylacetate.
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Fig. 4. 19F NMR spectra of the conversion of 2,3-difluorohydroquinone by P. fluorescens
ACB. A, before addition of cell extract; B after 1 h of incubation; C after 2 h of incubation.
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From this we conclude that ring fission occurred between C1 and C6 yielding
2,3-difluoro-4-hydroxymuconic semialdehyde. Upon 2,3-difluoro-4-hydroxymuconic
semialdehyde formation, the chemical surrounding of the C3 fluorine atom of
2,3-difluorohydroquinone changes more than that of the C2 fluorine atom.
Thus, the chemical shift of �129.7 ppm is assigned to the 2-fluoro substituent, whereas
the chemical shift of �154.4 ppm is assigned to the 3-fluoro substituent of the
semialdehyde (Table 1).

The second difluorinated product which is already formed after 1 h but most
abundantly present after 2h incubation (Fig. 4C) is assigned to
2,3-difluoromaleylacetate. This assignment is based on the fact that 4-hydroxymuconic
semialdehydes are readily converted by 4-hydroxymuconic semialdehyde
dehydrogenases to the corresponding maleylacetates[274,352] (cf. Fig. 2). Maleylacetates
can exist in the keto and enol form.[260] Conversion of the 2,3-difluoro-
4-hydroxymuconic semialdehyde to enol-2,3-difluoromaleylacetate does not change the
direct environment of the two fluorine atoms, and only small differences in chemical
shift values will occur. Therefore the chemical shift values of -130.3 and -154.0 ppm are
assigned to enol-2,3-difluoromaleylacetate (3). Fig. 4C also shows the formation of a
minor compound with resonances at �129.0 and �142.1 ppm. This compound is
assigned to keto-2,3-difluoromaleylacetate (4). The keto form of the maleylacetate
drastically changes the chemical shift value of the 3-fluoro substituent, whereas the
surrounding of the 2-fluoro substituent does not significantly change. Thus, the
chemical shift value of �129.0 ppm is assigned to the 3-fluoro substituent, whereas the
chemical shift value of �142.1 ppm is assigned to the 2-fluoro substituent of keto-
2,3-difluoromaleylacetate.

Halogenated maleylacetates generally are further degraded by reductive
dehalogenation to β-ketoadipate.[33,161,329] Therefore, the strong increase in fluoride
anion observed in Fig. 4B and 4C most likely results from maleylacetate reductase
activity present in P. fluorescens ACB.

An 2 h incubation of 2,5-difluorohydroquinone with cell extract of P. fluorescens
ACB resulted in the conversion of about 80% of the aromatic substrate (results not
shown). Formation of about 25% fluoride anions (-123.0 ppm) and one main
difluorinated aromatic product with resonances at �110.7 and �174.9 ppm was
observed, showing ring splitting between C1 and C6. This compound is tentatively
assigned to 2,5-difluoro-4-hydroxymuconic semialdehyde or enol-
2,5-difluoromaleylacetate (Table 1).

An 2 h incubation of 3,5-difluorohydroquinone with cell extract of P. fluorescens
ACB did not show accumulation of fluorinated compounds (results not shown). Under
the conditions applied, nearly 100% of the fluorinated aromatic substrate was converted
into fluoride anions.

Cloning and sequencing of the hap gene cluster
As described before, we have sequenced 13,949 bp of the P. fluorescens ACB

genome containing the 4-hydroxyphenyl acetate hydrolase (hapD) gene.[157] Analysis
revealed that the DNA sequence contains 13 complete orfs (Fig. 5 and Table 2). Except
for ORF3, encoding a putative outer membrane channel protein, all orfs have the same
direction. ORF1, coding for a putative protein for which no characterized homolog is
known, is followed by a cluster of genes (7,041 bp) involved in the degradation of
4-hydroxyacetophenone (hapABCFGDE). Downstream of the hap genes, three genes
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encoding putative regulatory proteins (ORF2, ORF4 and ORF5) and two genes coding
for proteins possibly involved in a membrane efflux pump (ORF3 and ORF6) were
found. The sequences of the orfs are presented in the appendix at the end of this chapter.

Fig. 5. The hap gene cluster and surrounding orfs of a 14-kb DNA fragment of
P. fluorescens ACB

The hapE gene product, called HAPMO (E.C. 1.14.13.84), is the first enzyme in the
degradation pathway. HapE converts 4-hydroxyacetophenone to 4-hydroxyphenyl
acetate[157,209] and is active with a wide range of aromatic and aliphatic ketones.[157-159]

HapE shows the highest sequence identity with the characterized steroid
monooxygenase from Rhodococcus rhodochrous[212] (Table 2) and belongs to the family
of FAD-dependent Baeyer-Villiger monooxygenases.[103,191]

HapD is the second enzyme of the 4-hydroxyacetophenone degradation pathway.
This esterase (E.C. 3.1.1.2) was previously purified from P. fluorescens ACB grown on
4-hydroxyacetophenone.[157] The enzyme efficiently converts 4-hydroxyphenyl acetate
to hydroquinone. The determined N-terminal sequence of HapD[157] exactly corresponds
with the amino acid sequence derived from the hapD gene. The HapD sequence shows
significant similarity with several lipases and esterases and contains a consensus motif
GXSXG which includes the conserved active site serine.[29] HapD shares the highest
sequence identity (38%) with a characterized lipase from Pseudomonas sp. B11-1
(Table 2). This hydrolytic enzyme has been shown to be active with a range of
p-nitrophenyl esters.[43]

The hapC gene product shows 43% sequence identity with
6-chlorohydroxyhydroquinone 1,2-dioxygenase (6-chloro-HHQDO) of Wautersia
eutropha JMP134, an intradiol dioxygenase that converts 6-chloroHHQ to
chloromaleylacetate. Because hydroquinone is expected to be converted to
4-hydroxymuconic semialdehyde by an extradiol-type of dioxygenase,[55,274] this raises
the question whether hapC codes for HQDO (see below).

The deduced amino acid sequence of the fourth protein in the degradation pathway
HapA, shows 45% sequence identity with CymC, a p-cumic aldehyde dehydrogenase,
from Pseudomonas putida[70] (Table 2). Based on the hydroquinone degradation
experiments reported above, HapA is assigned to be an NAD+-dependent
dehydrogenase (E.C. 1.2.1.61) that converts 4-hydroxymuconic semialdehyde to
maleylacetate. Interestingly, HapA shows 37-43% sequence identity with
2-hydroxymuconic semialdehyde dehydrogenases, that are involved in the meta-
cleavage pathways of catechol degradation.[223,292] There is no other sequence of a
4-hydroxymuconic semialdehyde dehydrogenase known. However, genome projects
show putative proteins that have up to 80% sequence identity with HapA from P.
fluorescens ACB.

The gene coding for the fifth enzyme of the hap gene cluster (hapB), encodes a
maleylacetate reductase (E.C. 1.3.1.32). HapB shows the highest sequence identity
(56%) with the characterized maleylacetate reductase from Pseudomonas cepacia.[56]
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This enzyme converts maleylacetate to β-ketoadipate, a well-known step in many
degradation pathways, and it is present in the degradation of both hydroquinone and
hydroxyhydroquinone.[162]

In the hap gene cluster of P. fluorescens ACB, there are two genes that are not
directly involved in the degradation of 4-hydroxyacetophenone. HapF codes for a
conserved protein of the yci1 family (pfam03795) but its function is unknown. HapG
encodes a ferredoxin that might be involved in reduction of the iron-metal cofactor of
extradiol dioxygenases.[111,138,139,237,302]

Besides the hap gene cluster, there are six open reading frames present in the 14-kb
DNA fragment of P. fluorescens ACB. Orf1 codes for an unknown protein also found,
next to a HapA-like dehydrogenase, in Burkholderia cepacia R18194 and Photorhabdus
luminescens subsp. laumondii TT01.[68] Sequence similarity searches suggest that orf2,
orf4 and orf5 code for putative regulatory proteins while orf3 encodes a putative outer
membrane channel protein and orf6 codes for a putative efflux pump.

Searching for comparison with other organisms we found that part of the hap gene
cluster of P. fluorescens ACB has properties in common with the pnp gene cluster
involved in the degradation of 4-nitrophenol by P. fluorescens ENV2030.[352] The pnp
gene cluster encodes a HapA (PnpD), HapB (PnpE) and HapC (PnpC)-like protein.

Alignment of HapC with ring fission dioxygenases
Sequence comparison revealed that HapC belongs to the family of iron(III)-

dependent intradiol dioxygenases. The highest sequence identity (up to 40%) was found
with a number of HHQDOs including the HHQDO from Nocardioides simplex 3E (Fig.
6). Significant sequence identity (up to 28%) was also observed with catechol
1,2-dioxygenases and in particular with CatA from Acinetobacter calcoaceticus, for
which a crystal structure is available. From this structure and the data shown in Fig. 6, it
could be inferred that the strictly conserved residues Tyr160, Tyr 194, His 218 and
His220 of HapC (marked with * in Fig. 6) are involved in ligandation of the active site
ferric ion.

HapC showed less than 10% sequence identity with PcpA
(2,6-dichlorohydroquinone dioxygenase) from Sphingomonas chlorophenolica ATCC
39723[33,229,346,349] and LinE (2-chlorohydroquinone dioxygenase) from Sphingobium
chlorophenolicum,[47] Sphingomonas sp. UG30 (GenBank accession number
AAK28351) and Sphingomonas paucimobilis.[207] Interestingly, these iron(II)-dependent
chlorohydroquinone dioxygenases have been reported to also be active with non-
chlorinated hydroquinone.
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Table 2. Open reading frames of a 14-kb DNA fragment of P. fluorescens ACB
ORF Frame Position

in sequence
Gene product
nr. amino acids/weight (Da)

Function

orf1 +1    94-1119 341/38,345 Putative protein

HapA +1 1210-2673 487/52,765 4-Hydroxymuconic semialdehyde
dehydrogenase

HapB +3 2682-3749 355/37,612 Maleylacetate reductase

HapC +1 3793-4668 291/32,159 Hydroxyhydroquinone dioxygenase

HapF +3 4665-4976 103/11,828 Putative protein yciI family

HapG +3 4980-5369 129/13,866 Ferredoxin

HapD +1 5359-6276 305/33,262 4-Hydroxyphenyl acetate esterase

HapE +2 6329-8251 640/71,957 4-Hydroxyacetophenone
monooxygenase

orf2 +3 8352-9284 310/35,222 Putative regulatory protein (LysR
family)

orf3 -3 9356-10816 486/53,006 Putative outer membrane channel
protein

orf4 +2 10964-11572 202/22,221 Putative regulatory protein (TetR
family)

orf5 +3 11640-12431 263/28,189 Putative regulatory protein
(Ic1R family)

orf6 +1 12991-13926 311/34,623 Putative efflux pump (EmrA family)
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Closest characterized and uncharacterized
homologs (GenBank accession number)

Organism Identity (%) Reference

a

putative protein (ZP_00217829) Burkholderia cepacia R18194 78
p-cumic aldehyde dehydrogenase
(AAB62298)
NAD-dependent aldehyde dehydrogenase
(ZP_00217828)

Pseudomonas putida F1

Burkholderia cepacia R18194

45

80

[71]

maleylacetate reductase (Q45072)
alcohol dehydrogenase, class IV
(ZP_00274221)

Burkholderia cepacia AC1100
Ralstonia metallidurans CH34

56
72

[56]

6-chlorohydroxyquinol-1,2-dioxygenase
(AAM55216)
protocatechuate 3,4-dioxygenase beta
subunit (ZP_00274220)

Wautersia eutropha JMP134

Ralstonia metallidurans CH34

43

62

[187]

a

putative protein (ZP_00217826) Burkholderia cepacia R18194 53
chloroplast-type ferredoxin XylT
(P23103)c

putative 4-nitrocatechol monooxygenase
ferredoxin component protein (AAS87589)

Pseudomonas putida

Ralstonia sp. SJ98

17

40

[121]

lipase (AAC38151)
putative lipase (YP_075954)

Pseudomonas sp. B11-1
Symbiobacterium
thermophilum IAM 14863

38
39

[43]

steroid monooxygenase (JC7158)
hypothetical protein (NP_960554)

Rhodococcus rhodochrous
Mycobacterium avium subsp.
paratuberculosis k10

21
35

[212]

HTH-type transcriptional regulator ptxR
(P72131)
transcriptional regulator (ZP_00217831)

Pseudomonas aeruginosa

Burkholderia cepacia R18194

24

59

[118]

outer membrane channel protein ttgF
(CAB72260)
outer membrane protein OprM precursor
(CAB72260)

Pseudomonas putida

Pseudomonas aeruginosa
PA01

53

51

[213]

regulatory protein TtgR (AAK15050)
efflux pump regulator SrpR (AAF16682)

Pseudomonas putida
Pseudomonas putida S12

23
25

[69]

glycerol operon regulatory protein
(P15360)
regulatory protein TtgV (AAK69562)

Streptomyces coelicolor

Pseudomonas putida DOT-
T1E

23

56

[273]

multidrug resistance protein A (P27303)c

putative membrane fusion protein
(AAN66777)

Escherichia coli
Pseudomonas putida KT2440

21
41

[186]

a no significant sequence similarity with a characterized protein
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                       10        20        30        40        50        60        70
              ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
hapC          -----------MSNPEIASEREITDRAVSSFAHTPDARLRFVLQKLVAHLHRFASEVELSDAEWSKAIEF
RalsmetCH34   ----------MEATPHAAAEAALTEQVVARFADTPDPRLRALMQGLVRHLHAYVRECEPTEAEWFAAIQF
Arthrobacter  MTDPAETIINGISAEQAAIEQQLTDTVLASFANTPDPRLRTLMQALVKHLHAFIREVRLTEAEWNAAIGF
Rhodococcus   ----MHTTDTETFEEQFAIEQRLVDSVVASFDSTTDPRLKELMQSLTRHLHAFIREVRLSEDEWSNAIAF
Nocardioides  -------MSTPVSAEQQAREQDLVERVLRSFDATADPRLKQVMQALTRHLHAFLREVRLTEAEWETGIGF
Wautersia     --------------MQEYDQHNLTKAVIARLADTPNARTKQIMTSLVRHLHDFAREVRLTEAEWKQGIDY
Sphinghomonas --MTSEEESAAAPAAGSFDEHNLTQTVLQSVAGAKDPRVKQISEALIRHLHAFIREIEPTEAEWGAAIEF
RalsSJ98      ------------------MNEHLTQSVTDAFGQCADARTKEIVVALVRHLHAFAREVNLTHDEWRRGIEF
cat12Acineto  ---------MEVKIFNTQDVQDFLRVASGLEQEGGNPRVKQIIHRVLSDLYKAIEDLNITSDEYWAGVAY

                       80        90       100       110       120       130       140
              ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
hapC          LTATGQKCDDVVRQEFILLSDVLG~~~~~LSMLVDAIEHRNGVEATESTVFGPFYIAGMPYREYGENMAL
RalsmetCH34   LTDTGKMCDGLVRQEFILLSDTLG~~~~~VSMLVDAINHRQSTGATETTVFGPFYIAGMPDRSAGENMAL
Arthrobacter  LTAAGHITDD-KRQEFILLSDVLG~~~~~ASMQTIAVNNQAVGNATEATVFGPFFTADAPEIPQGGDIAG
Rhodococcus   LTAVGNITDD-RRQEFILLSDVLG~~~~~VSMQTIAVSNPAYEDATESTVFGPFFVEDAPEVTLGGDIAG
Nocardioides  LTDAGHVTNE-RRQEFILLSDVLG~~~~~ASMQTIAMNNEAHGDATEATVFGPFFVEGSPRIESGGDIAG
Wautersia     LTATGQMCDD-KRQEFILLSDVLG~~~~~LSMLTVAMNQEKPEGCTEPTVFGPFHVEGAPHYAHGADVAN
Sphinghomonas LTKTGHMCTD-TRQEFILLSDVLG~~~~~VSMLVDAINHRLPGRATETTVFGPFYVEP-PSFEDGADMRG
RalsSJ98      LTATGKKCDG-IRQEFILLSDTLG~~~~~LSIVLDDINQHHDEAATESSLLGPFYRDGVKESAFGANIAQ
cat12Acineto  LNQLGANQ~~~~~~EAGLLSPGLGFDHYLDMRMDAEDAALGIENATPRTIEGPLYVAGAPESVGYARMDD
                                  ▲                                ▲
                      150       160       170       180       190       200       210
              ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
hapC          VP~~~GSASLITGHVRDAAGNPLPGATLDVWQTAENGQYSGQDITQPHG--NLRGRYRTDELGRYAIRSV
RalsmetCH34   TP~~~GTPALVHGRVFSADGTPLRGAVLDIWQTAENGMYSGQDTAQPTG--NLRGRYRTDDEGDYAIRTI
Arthrobacter  GAH~~GQPCWVEGTVTGTDGNPVPNARIEVWEADEDGFYDVQYADGR---VAGRAHLFTDANGKYAFWGL
Rhodococcusa  GAT~~GQPCWIEGTVTDTAGNPVPEARIEVWQNDEDGFYDVQYSDGR---VSGRAHLFSDAHGRYRFWGM
Nocardioides  GAA~~GEPCWVEGTVTDTDGNPVPDARIEVWEADDDGFYDVQYDDDR---TAARAHLLSGPDGGYAFWAI
Wautersia     GAK~~GEPCMVYGRVTGVDGRPVAGAVVETWQADADGHYDVQYEGLE--VAQGRGVLKSGEDGRFHFRTI
Sphinghomonas YLE~~GVPLYLSGTVRNEAGEPIVGAKVDIWHSNDEGYYDLQKLE-ERSELAGRGRFLSQSDGSFRAWTV
RalsSJ98      S-D~~GEPVFFHGTVGDVNGKPVADALIEVWQTAPNGMYEGQDPDQPEG--NLRGRFRTNADGAYAFHSI
cat12Acineto  GSDPNGHTLILHGTIFDADGKPLPNAKVEIWHANTKGFYSHFDPTGEQQAFNMRRSIITDENGQYRVRTI
                                                    *
                      220       230       240       250       260       270       280
              ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
hapC          VPVSYPIPTDGPVGQLLQAAGRHPWRPAHLHFMLDAPGHRRLVTHVFNDDDPYIES-DAVFGVKDSLRAV
RalsmetCH34   VPVSYPIPTDGPVGQMLTSTRRHPWRPAHLHFMIDASGHRRLVTHLFNQGDPYLDS-DAVFGVKPSLQVA
Arthrobacter  TPTPYPIPHDGPVGKMLEATNRSPVRASHLHFMVTAPGKRTLVTHIFVEGDPQIEIGDSVFGVKDSLIKA
Rhodococcus   TPVPYPIPSDGPVGKMLAATNRSPMRVAHLHFMVTADGLRTLVTHIFVAGDPQLERGDSVFGVKDSLIKD
Nocardioides  TPTPYPIPHDGPVGRMLAATGRSPMRASHLHFMVTAPGRRTLVTHIFVEGDELLDR-DSVFGVKDSLVKS
Wautersia     VAQAYPIPDDGPVGELLRATGRHPWRPAHLHFMIKAPGYETLVTHVFRRGDKYLDS-DAVFGVRTSLIGD
Sphinghomonas RPAAYPIPNDGPVGKMLDAQGRHPFRPEHVHYMITAPGYRRLVTHLFAQGDKYLTS-DVVFGVKSSLIRN
RalsSJ98      KPTSYPIPTDGPVGQMLVATGRHPMRPAHIHFRIDAPGYEPLTTALYSSDDPYVNS-DAVFGVKRSLVIE
cat12Acineto  LPAGYGCPPEGPTQQLLNQLGRHGNRPAHIHYFVSADGHRKLTTQINVAGDPYTYD-DFAYATREGLVVD
                  *                       * *
                      290       300       310       320       330
              ....|....|....|....|....|....|....|....|....|....|.
hapC          YQPCRAGD-PLAEQF~~DIGTDFRHASFDFTLETAA---------------
RalsmetCH34   YEERPADH-PLARRF~~GFDGPFREARYDFVLDPVPKAGD-----------
Arthrobacter  FDRQEPGTPTPDGRD~~LGDRAWDRTRFDIVLAPE---GS-----------
Rhodococcus   FVEQPPGTPTPDGRH~~IGDRNWARCEFDIVLAPE---QI-----------
Nocardioides  FERQPAGAPTPGGRE~~IDG-PWSRVRFDIVLAPA----------------
Wautersia     WVRQT------DGT-~~------YRLDFDFVLNP----TL-----------
Sphinghomonas YEPREGGT-APDGKA~~M-DGKWLELHHDFVLAHVA---------------
RalsSJ98      YVAKEGGY-EVARDF~~TL----------LVKEPA----------------
cat12Acineto  AVEHTDPEAIKANDVEG--P~~FAEMVFDLKLTRLVDGVDNQVVDRPRLAV

Fig. 6. Sequence alignment of HapC with HHQDOs and catechol 1,2-dioxygenase. HapC:
putative intradiol dioxygenase from P. fluorescens ACB; putative HHQDO from Ralstonia metallidurans
CH34 (ZP_00274220); HHQDO from Arthrobacter sp. BA-5-17 (BAA82713);[217] HHQDO from
Rhodococcus opacus SAO101 (BAD30043);[167] HHQDO from Nocardioides simplex 3E
(AAV71144);[91] 6-Cl-HHQDO from Wautersia eutropha JMP134 (AAM55216);[187] HHQDO from
Sphingomonas sp. RW1(CAA51371);[8] putative HHQDO from Ralstonia sp. SJ98 (AAS87586); catechol
1,2-dioxygenase from Acinetobacter sp. ADP1 (P07773). HapC is aligned with catechol 1,2-dioxygenase
on basis of the secondary structure. The iron(III) ligands are marked with an asterisk (*). The amino acids
expected to show interaction with HHQ are marked with a triangle (▲).
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Structure homology model of HapC
The crystal structure of HHQDO from N. simplex 3E has recently been published

but its coordinates are not yet available.[91] Therefore, we used the three-dimensional
structure of dimeric CatA from Acinetobacter calcoaceticus[327] and the sequence
alignment of Fig. 6 to build a model of HapC (Fig. 7). The iron(III) atom and aromatic
substrate were fit in the model at the same position and orientation as CatA.

As found for CatA, each HapC subunit consists of two domains. The catalytic
domain (residues 98-200 and 210-291) exists of 13 sheets and a small helix and harbors
the active site. The interface domain (residues 1-97 and 201-209) exists of 6 helices and
links the subunits to a dimer. As predicted from the sequence alignments, Tyr160, Tyr
194, His 218 and His220 are in perfect position for binding an iron(III) ion. When
substrate and oxygen are absent, two water molecules form then the fifth and sixth
ligand of the metal cofactor.

Fig. 7. Structural model of the ES-complex of HapC. The subunits of the homodimer are
shown in light and dark gray. The iron atom is depicted as a sphere and the substrate and iron
ligands are shown in ball-and-stick.

The three-dimensional models of free and HHQ-bound HapC suggest that Tyr194
has to bend away to let the aromatic substrate enter the active site as has been observed
for other intradiol dioxygenases.[228,326,327] The HapC model also suggests that Asp80
might be involved in binding the 4-hydroxy moiety of HHQ. This aspartate is conserved
in the HHQDO family in the RQEFILLSDxLG motif, but is replaced by a proline or
alanine in the catechol 1,2-dioxygenase family in the LxA/PGLGxxxxLDx motif.
Phe108, conserved in HHQDOs in the ATExTVFGPFx motif, seems to stack with HHQ
and is replaced by a leucine in the xTPRTIEGPLY motif in catechol 1,2-dioxygenases.
The HHQDO family shows another conserved region, xYPIPxDGPVG, that is replaced
by GYGxxPxGxTQ in the catechol 1,2-dioxygenase family. This region forms the link
between the catalytic and the interface domain. The tyrosine within this motif (Tyr194
in HapC) bends away when the substrate enters the active site. The proline rich region
points at a structural function, probably involved in the in-out mechanism of this
tyrosine residue.

Discussion
This paper describes the biochemical and genetic characterization of the

4-hydroxyacetophenone degradation pathway in P. fluorescens ACB. Earlier studies
revealed that the degradation of 4-hydroxyacetophenone is initiated by a Baeyer-
Villiger oxidation to 4-hydroxyphenyl acetate and then proceeds through the formation
of hydroquinone.[133,157] Here we showed that P. fluorescens ACB converts
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hydroquinone to 4-hydroxymuconic semialdehyde and that difluorinated hydroquinones
are converted via difluorinated 4-hydroxymuconic semialdehydes to the corresponding
difluoromaleylacetates in both the enol- and keto-form as also described for a
Pseudomonas sp. HH35 converting methylhydroquinones.[260] Formation of significant
amounts of fluoride anion pointed at the activity of maleylacetate reductase.[161,162,329]

Cloning and sequence analysis of the genes involved in the catabolism of
4-hydroxyacetophenone revealed a gene cluster (hapABCFGDE) of which at least 4
encoded enzymes are directly involved in 4-hydroxyacetophenone degradation:
4-hydroxyacetophenone monooxygenase (hapE); 4-hydroxyphenyl acetate hydrolase
(hapD); 4-hydroxymuconic semialdehyde dehydrogenase (hapA) and maleylacetate
reductase (hapB). From this and the product analysis studies we propose that
P. fluorescens ACB degrades 4-hydroxyacetophenone to β-ketoadipate by the pathway
depicted in Fig. 8.

Fig. 8. Degradation pathway of 4-hydroxyacetophenone by P. fluorescens ACB

In the hapABCFGDE cluster no gene was found which function could be linked to
the conversion of hydroquinone to 4-hydroxymuconic semialdehyde (Fig. 8). This
reaction presumably is catalyzed by an iron(II)-dependent extradiol dioxygenase.[346]
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These enzymes generally contain a His2-Glu triad involved in binding the iron
atom.[166,256,285,300,328] Interestingly, the hapG gene was found to encode a [2Fe-2S]
ferredoxin. In several related microorganisms, this electron transfer protein is required
for the reductive reactivation of catechol 2,3-dioxygenases.[111,138,139,237,302] This leads us
to suggest that in P. fluorescens ACB, HapG might be involved in the reactivation of
the highly unstable HQDO (see Chapter 7).

Structure homology modeling indicated that HapC has many structural properties in
common with the iron(III)-containing HHQDOs and catechol 1,2-dioxygenases. This
strongly suggests that the hapC gene is not coding for HQDO and is not involved in the
degradation pathway of 4-hydroxyacetophenone (Fig. 8). In line with this, HapC might
be responsible for the observed activities of P. fluorescens ACB with
4-fluorocatechol[209] and HHQ (this chapter). The reason why hapC is embedded in the
hap gene cluster is not clear. However, it is interesting to note that there are more
examples of HHQDO-containing organisms where a HQDO serves as a key enzyme in
the degradation pathway of aromatic compounds (see also Chapter 7).[274,352]

The hap gene cluster of P. fluorescens ACB shows similarities with the pnp gene
cluster of P. fluorescens ENV2030 involved in 4-nitrophenol utilization.[352] The
hapABC genes have the same size and orientation as the pnpDEC genes. Bang and
Zylstra reported that pnpD (corresponding to hapA) codes for a 4-hydroxymuconic
semialdehyde dehydrogenase showing homology with both eu- and prokaryotic
aldehyde dehydrogenases and that pnpE (corresponding to hapB) codes for a
maleylacetate reductase.[11] Furthermore, it was concluded that pnpC codes for the
dioxygenase involved in the formation of 4-hydroxymuconic semialdehyde from
hydroquinone.[11] The pnpC gene corresponds to the hapC gene and the amino acid
sequence of the PnpC protein has a high level of sequence similarity with
HHQDOs.[11,352] Thus, also for the 4-nitrophenol pathway of P. fluorescens ENV2030 it
can be questioned whether PnpC is involved in this pathway. So far, no biochemical
evidence has been provided that HapC and PnpC show HQDO activity. With this in
mind, we aim to characterize the HQDO from P. fluorescens ACB by a reverse genetics
approach (see Chapter 7).
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Appendix
Orf1
MAMLEAVETANALSFADDLVTASAPHLVTGYKAFELGSFNLSRDEYFARIEWPAKGEQRSHLIPADAFLR
SVMRDVAWGFFYGWVNFDHVFGTRNHYGKVDMYAGTFNGVLKAAGVDYTEQFETPLIMATFKAILRDWVN
AGFDPFAAPAETGTAFGRKNGENIEAIERFRVATRRMPGLADDSPLRNDLPVNRQFADVVQDEPEVHAAD
GFEGELHAFSLYKYLSRSDVSWNPSVTSVCGASLFCPTTEEFILPIVHGNDRIEWFLQLSDEIIWDIGDK
DDGDPRARITMRAGDICAMPADIRHQGYSTKRSMLLVWENATPNLPQRYESGELKPYPVEF

HapA aldehyde dehydrogenase
MQNQLFIDGQFVPALEGGEIDVVNPASGELITRIAAAKAEDVDRAVAAAKRAFPAWAAMPGAERGRLLLK
LADRIEACTDELARLESLDTGHPLRDSRILDVPRTAACFRYFGGIADKIEGKVIPVDAGFLNYVQRKPIG
VVGQIVPWNFPLMFTSWKMGPALAAGNTVVLKPSELTPLSTLRIAELMKEVGFPNGVVNIVPGYGHTAGQ
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RLAEHPDVGKIAFTGSTATGRRIVEASQGNLKRVQLELGGKGANIVFEDANLEAAVNGAAWAIFHNQGQA
CIAGSRLLLQESIADEFLERFVSLARSIRLGDPLDGTTEMGPLTSALHRDRVLSFVDIARQQGGRILTGG
KAPSDPSLASGFYVEPTIVEASPGDRVAQEEVFGPFVTVLRFKTEEEALAIANGTDYGLGSGLWTRDLQR
AHRLAAQISAGMCWINCYKRVSPGSPFGGLGQSGYGREMGFDAIHDYTEARSVWVNVDAKILPHYPR

HapB maleyl acetate reductase
MNSFIYQGTATRVIFGPGKLASLGDEIQRLGAQRALILTTPEQEELGEQVARLLGDRSAGVYPKAVMHVP
LETAQAAREEALRREADCCVAVGGGSTIGLGKAIAMDSGLPILAVPTTYAGSEMTPIYGLTENRLKKTGR
DPRVLPRTVIYDPQLTLTLPVGLSACSGMNAMAHAIEALYAEDANPVISLMAEESIRALAQSLPKVVDDP
QNVDARGQALQGAWLAGICLGSVGMAIHHKLCHTLGGTFNLPHAQAHAIVLPHAAHYNRDAAAEPLRRVA
RALGGERADEVGPLLYALNRRLGIPLALAEVGFPEHGPKEAARIACANPYYNPRPFEQDAIGDLLARALK
GQAPA

HapC intradiol dioxygenase
MSNPEIASEREITDRAVSSFAHTPDARLRFVLQKLVAHLHRFASEVELSDAEWSKAIEFLTATGQKCDDV
VRQEFILLSDVLGLSMLVDAIEHRNGVEATESTVFGPFYIAGMPYREYGENMALVPGSASLITGHVRDAA
GNPLPGATLDVWQTAENGQYSGQDITQPHGNLRGRYRTDELGRYAIRSVVPVSYPIPTDGPVGQLLQAAG
RHPWRPAHLHFMLDAPGHRRLVTHVFNDDDPYIESDAVFGVKDSLRAVYQPCRAGDPLAEQFDIGTDFRH
ASFDFTLETAA

HapF yci1
MNQFFAIFATDKPDLEILRKQIRPQHRQYLREPHPHRVVVRLGGPTLNSCAQVMNGTLLVVEAGSLHETE
AFFADDPYVRAGLFERVEIRPWSWGLGKPQMEA

HapG ferredoxin
MVAIALCAFEQVPEGGALGVQAMLHGRSTALVAVRRGAQVWVYHNRCPHFSIPLDYQPGTFSTYQGQLLM
CAHHAAMFRFADGHCIDGPCAGAYLDSVAVCERDGQLWLAEVQDGPAGGPSCQEKHHDA

HapD esterase
MTLDVESAQLLGQLAERGAKPFHLLDPAQARELIAGLRPQAHGPAMQHVENMKLGLARLRILRPSASVRG
AILYLHGGGWVVGGLDDFDFFARQLAQRTQCTVVLVDYRLAPEFPFPAALDDVESAAQWLVEHRTELAGA
ADGALIVAGDSAGGNLAAVFSQRAALRGDRHWALQVLIYPATQADLDGPAYRDPQRQLLLSREDMAWFWG
HYIADIDQRQQSDASPLAAKDLGGVPPAVVLTAEFDVLREEGQAYADRLAQAGITVIERCFSGQMHGFVT
LPALRASGDALDWLSDQIKPWLKPF

HapE HAPMO
MSAFNTTLPSLDYDDDTLREHLQGADIPTLLLTVAHLTGDLQILKPNWKPSIAMGVARSGMDLETEAQVR
EFCLQRLIDFRDSGQPAPGRPTSDQLHILGTWLMGPVIEPYLPLIAEEAVTAEEDLRAPRWHKDHVASGR
DFKVVIIGAGESGMIAALRFKQAGVPFVIYEKGNDVGGTWRENTYPGCRVDINSFWYSFSFARGIWDDCF
APAPQVFAYMQAVAREHGLYEHIRFNTEVSDAHWDESTQRWQLLYRDSEGQTQVDSNVVVFAVGQLNRPM
IPAIPGIETFKGPMFHSAQWDHDVDWSGKRVGVIGTGASATQFIPQLAQTAAELKVFARTTNWLLPTPDL
HEKISDSCKWLLAHVPHYSLWYRVAMAMPQSVGFLEDVMVDVGYPPTELAVSARNDRLRQDISAWMEPQF
ADRPDLREVLIPDSPVGGKRIVRDNGTWISTLKRDNVSMIRQPIEVITPKGICCVDGTEHEFDLIVYGTG
FHASKFLMPINVTGRDGVALHDVWKGDDARAYLGMTVPQFPNMFCMYGPNTGLVVYSTVIQFSEMTASYI
VDAVRLLLEGGHQSMEVKTPVFESYNQRVDEGNALRAWGFSKVNSWYKNSKGRVTQNFPFTAVEFWQRTH
SVEPTDYQLG

Orf2
MDRLLITEAFVRVAQTGSFAKAAEQLGVTRSVITHRVQQLETFINSPLFHRSTRHVRLSDIGEAYFQECA
DMVAGFHGLTEKMRHQRSNLTGQLRVQVLQGFAVDHLGPMLAKFTALHPEIEFDVVVNDRVVDPIEEGFD
IAFQMFPPLAERLVVRKLFSVHRVFCASPQYLEERGAPEHPQHLKDHHMALFGGYPSRNRWQFVRGEECI
DLTLHGQVRSSSIHLLRDYALSGAGITCLPTLVASNELITGRLVPILTDYRLSSFDFAAVYPETQRRALR
VRTLIDFLIDHIGEMPHWDQSLHDGGIIIH

Orf3
MTFKTLAIAILLGAGLQGCTLMPAYHRPAAPVDQSWPQGQAYKASSVGAANSAKSIADLHWQQFFRDPAM
RQLIGVALANNRDLRQAALNVDAYRALYRIQRSELTPTVDVSGSGAKQHLAGDLAIPGKTGTYGDYELNV
GVASYELDVFGRIQSLNESALQTYLSTEEVQRSVQVGLIASVANAYLTWRTDQELLKIAQSTSDTYTRGL
NVMQSARAAGTMSDLSVRQARTLVDTARTKILAYTRRVAHDQNALALLLGTDIPRYIPDTDDWTQRMIAS
IPAGLPADILRQRPDVRAAERNLIAANANIGAARAAFYPSISLTANAGVASEQLSHLFAGGQGQWTFVPQ
VNIPIFNGGRLKANLDYAEIQKDIRVVAYEKSIQTAFSEVADGLASAGLYDEQLQAHRDLAQDNNAYLDL
ALNRFRHGVGNFLPVLDAQRNLFAAREELVGNRLLQLQSQVQLYRALGGGWDNTELAGLRDQPHVE
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Orf4
MGRKTVEESEQTRLKLMEAGTRIFAKHGFAYSTLNDIAHFAGLSRGAVYWHFKGKWELLQSIMNAAVLPL
EEFFVASAPTKGLEHLLKALGDTLCVQHHRDLCTILLKDGEIGLLECPVVVRWRVAQENLRVQLKLLLRA
RQPAGMRSQEQLDALAHLIALSITGLITESLHNAQSVEKSISPLVQALRELLGCAGAGVGGH

Orf5
MSDPGEPSEGKQPSIQVIARAAAILRALGSNGGLSLSAIANIVKLPRSTVHRIIVALEEEHLVESIGPSG
GFRLGHALGQLIHETQADIISSVREYLDNLCAQVRESVCLATLAGDKVNVVDCIIIERELRVVFSVGIEA
PAYATAGGKIMLAALREDALQNILPKKLPELTENTLTRAQLIEQLKDIRACAVAVDDQEHLEGVCTFAVA
LETYLGNYSISIIAPSIRAGRYGDSYKAALIDCKRTIEKKIGRMPEGAVAGRK

Orf6
MKRAANMAMTLVLIGAIVICLFYIWDRYMYTPWTRDGRVRADVVNIAPDVSGWVDQLHAENSREVKEGDV
LFTVDRSRYQVAVDLAQAQSDTAKVAWDRASNVYKRRTQMSVEAVSREELDTSRLDMMEKKASFTQSTAV
LNSAKIDLARTVYTSPASGKIINLELEKGDYVNRGVNRLALVKDGSYYVTGYFEETKIPSIRIGDKVEIW
LMAGTVKLDGHVSSIDSGISNSNAEPGTQMLPNVEATFAWVRLAQRIPVNIKIDHVPDGIHLSSGMSATV
KVVVQKATRVISARLYTRWMKSQGDVVAPSI



98



99

Chapter 7

HYDROQUINONE DIOXYGENASE FROM
PSEUDOMONAS FLUORESCENS ACB
A NOVEL MEMBER OF THE FAMILY OF NON-HEME IRON(II)-DEPENDENT
DIOXYGENASES

Mariëlle J.H. Moonen, Willy A.M. van den Berg, Silvia Synowsky,
Robert H.H. van den Heuvel and Willem J.H. van Berkel

Hydroquinone 1,2-dioxygenase (HQDO), an enzyme involved in the
catabolism of 4-hydroxyacetophenone in Pseudomonas fluorescens ACB,
was purified to apparent homogeneity. Ligandation with 4-hydroxybenzoate
prevented the enzyme from irreversible inactivation. HQDO was activated by
iron(II) ions and catalyzed the ring-fission of a wide range of hydroquinones
to the corresponding 4-hydroxymuconic semialdehydes. HQDO was
inactivated by 2,2’-dipyridyl, o-phenanthroline and hydrogen peroxide and
strongly inhibited by phenolic compounds. The inhibition with
4-hydroxybenzoate (Ki = 14 µµµµM) was competitive with hydroquinone.
SDS-PAGE of the purified enzyme showed main protein bands at 18 and 38
kDa. On-line size-exclusion chromatography-mass spectrometry clearly
showed that HQDO is an αααα2ββββ2 heterotetramer of 112.4 kDa, which is
composed of an αααα-subunit of 17.8 kDa and a ββββ-subunit of 38.3 kDa.
N-terminal sequencing and MALDI-ToF-ToF-based peptide mapping and
sequencing revealed that the HQDO subunits are encoded by neighboring
open reading frames (orf0 and orf1) of a gene cluster, implicated to be
involved in 4-hydroxyacetophenone degradation.
The data presented here suggest that HQDO is a novel member of the family
of non-heme iron(II)-dependent dioxygenases. The enzyme shows
insignificant sequence identity with known dioxygenases.



Chapter 7

100

Introduction
The catabolism of 4-hydroxyacetophenone in Pseudomonas fluorescens ACB

proceeds through the initial formation of 4-hydroxyphenyl acetate to
hydroquinone.[133,157,209] In the previous chapter we showed that hydroquinone is further
degraded via 4-hydroxymuconic semialdehyde and maleylacetate to β-ketoadipate:

Fig 1. Degradation pathway of 4-hydroxyacetophenone in Pseudomonas fluorescens ACB

The genes of four enzymes involved in this pathway were found to belong to the
hapABCFGDE gene cluster of P. fluorescens ACB (Chapter 6). However, no gene was
found which function could be linked to the conversion of hydroquinone to
4-hydroxymuconic semialdehyde.

Several ring-cleavage enzymes acting on substituted hydroquinones have been
described. These include intradiol dioxygenases acting on hydroxyhydroquinone
(HHQ),[149,245] and extradiol dioxygenases that are active with (homo-)gentisate[7,123] or
chlorohydroquinone.[34,207,229] However, enzymes that use hydroquinone as the
physiological ring-cleavage substrate have not been characterized. Here we report on
the purification and properties of hydroquinone dioxygenase (HQDO) from
P. fluorescens ACB. It is shown that the heterotetrameric enzyme is a novel member of
the family of non-heme iron(II)-dependent dioxygenases and that the HQDO-encoding
genes are located directly upstream of the hapABCFGDE cluster. The present results
confirm our earlier proposal (Chapter 6) that the hapC gene is not involved in
4-hydroxyacetophenone degradation. This finding has important implications for the
function of related genes involved in the catabolism of other aromatic compounds.
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Materials and Methods

Materials
Phenolic compounds were purchased from Aldrich or Acros. NADPH, NADH, NAD+,
dithiothreitol (DTT), DNAse, and RNAse were from Boehringer. Phenylmethylsulfonyl
fluoride (PMSF) was from Merck. N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid
(BES), bis(2-hydroxyethyl)imino-tris(hydroxymethyl)-methane (BisTris), 3-[cyclohexyl
amino]-1-propanesulfonic acid (CAPS), bovine serum albumin (BSA), 2,2'-dipyridyl
and protamine sulfate were from Sigma. Phenanthroline was from Fluka. All other
chemicals were of analytical grade.

Bacterial strains and enzymes
P. fluorescens ACB[133] was grown on 4-hydroxyacetophenone as described before.[157]

p-Hydroxybenzoate 1-hydroxylase from Candida parapsilosis CBS640,[82]

p-hydroxybenzoate 3-hydroxylase from P. fluorescens,[312] lipoamide dehydrogenase
from A. vinelandii,[337] D-amino acid oxidase from pig kidney,[54] and
4-hydroxyacetophenone monooxygenase (HAPMO) from P. fluorescens ACB[157] were
purified as described.

Purification of HQDO from P. fluorescens ACB
Purification steps were performed at 4ºC, unless stated otherwise. P. fluorescens

ACB cells (5 g wet weight) were suspended in 5 ml 20 mM BisTris-chloride pH 7.0
containing 1 mM 4-hydroxybenzoate, 10% (v/v) glycerol and 0.1 mM PMSF (buffer A).
Immediately after the addition of 1 mM EDTA, 2 mM MgCl2 and 1 mg DNAse, cells
were disrupted three times through a precooled French press at 10,000 psi. After
centrifugation (27,000g, 30 min), the clarified cell extract was adjusted to 25%
ammonium sulfate saturation. The precipitate thus formed was removed by
centrifugation (27,000 g, 30 min) and the supernatant was loaded onto a Phenyl
Sepharose column (1.6 x 11 cm), equilibrated in buffer A, containing 25% ammonium
sulfate. After washing with 3 column volumes of starting buffer, the HQDO activity
was eluted with a 100 ml linear gradient of 25�0% ammonium sulfate in buffer A.
Active fractions were pooled and adjusted to 60% saturation with pulverized ammonium
sulfate. The precipitate was collected by centrifugation (27,000 g, 30 min), dissolved in
1 ml buffer A and eluted over a Superdex 75 PG column (2.6 x 54 cm), equilibrated
with buffer A, containing 50 mM NaCl. Active fractions were pooled and applied onto a
Resource 30Q column (1.6 x 5 cm), equilibrated in buffer A, containing 50 mM NaCl.
After washing with 3 volumes of starting buffer, the HQDO activity was eluted with a
180 ml linear gradient of 50 � 350 mM NaCl in buffer A. Under these conditions,
HQDO eluted at 170 mM NaCl whereas the HAPMO activity eluted at 300 mM NaCl.
Active HQDO fractions were pooled, concentrated by ultrafiltration (Amicon Ultra-4,
10 kDa membrane) and stored at a concentration of 4.6 mg/ml in 20 mM BisTris-Cl,
10% glycerol, 170 mM NaCl, pH 7 at -20ºC. The HAPMO pool served as a reference in
MALDI-ToF peptide mapping (see below).

Enzyme activity and stability studies
Enzyme activity measurements were performed at 25°C using air-saturated buffer.

The activity of HAPMO was determined as described before.[157]
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For activity studies with HQDO, the stock enzyme solution (1 ml) was freshly
incubated for at least 1 min with 100 µM FeSO4 and desalted over a Biogel P-6DG
column (1 x 10 cm), running in 20 mM BisTris pH 7.0, containing 10% glycerol.

HQDO activity was routinely determined spectrophotometrically by monitoring the
formation of 4-hydroxymuconic semialdehyde at 320 nm (ε320 = 11.0 mM-1 cm-1).[274]

The assay mixture (1.0 ml) typically contained 50-200 nM enzyme, 10% (w/v) glycerol
in 20 mM BES, pH 7.0. Reactions were started by the addition of 10 µl 50 mM
hydroquinone in DMF. One unit of HQDO activity is defined as the amount of enzyme
that forms 1 µmol of semialdehyde product per minute.

Potential aromatic substrates (freshly dissolved in DMF) were tested at
concentrations ranging from 10 µM to 10 mM with the total amount DMF never
exceeding 1%. Conversion of 2-fluorohydroquinone was studied by 19F NMR. For this
purpose, 0.3 mM 2-fluoro-4-hydroxybenzaldehyde was incubated with 0.5 mM NADPH
and 0.74 nM HAPMO in 50 mM Tris-HCl pH 7.5 at 30°C. After NADPH consumption
had ceased, the reaction mixture was divided in two parts. One part was incubated for
10 minutes with 1 µM HQDO, whereas the other part was used as a control.
Immediately after the incubation, both samples were frozen in liquid nitrogen and stored
at -20°C.

Potential phenolic inhibitors (freshly dissolved in DMF) were tested at a
concentration of 200 µM with 50 µM hydroquinone. For estimation of steady-state
kinetic parameters and inhibition constants, hydroquinone concentrations were varied
and fixed amounts of inhibitor were used. Experiments with tetrafluorohydroquinone
were performed in the presence of 1 mM ascorbate to suppress autooxidation.

The thermal stability of HQDO was studied by incubating 6 µM of purified enzyme
at 30°C in 20 mM 20 mM BisTris-Cl, 10% glycerol pH 7.0 in the absence or presence
of 1 mM 4-hydroxybenzoate. At time intervals, aliquots were withdrawn from the
incubation mixtures and assayed for standard HQDO activity.

The metal ion specificity of HQDO was determined by measuring the activity of
non-liganded enzyme in the presence of either 0.1 mM FeSO4, 1 mM (NH4)2Fe(SO4)2,
1 mM FeCl3 and 1 mM MnSO4.

Time-dependent inactivation of HQDO was studied by incubating 34 µM of enzyme
at 0°C in 20 mM BisTris-Cl, 10% glycerol pH 7.0 in the absence or presence of
respectively 0.1 and 1 mM 2,2'-dipyridyl, 0.1 mM o-phenanthroline and 0.1 and 1 mM
hydrogen peroxide. At time intervals, aliquots were withdrawn from the incubation
mixtures and assayed for standard HQDO activity.

Analytical methods
19F NMR measurements were performed as described earlier.[210] Absorption spectra

were recorded using a Hewlett-Packard 8453 diode array spectrophotometer. Protein
content was determined with the microbiuret method[110] using bovine serum albumin as
a standard. Desalting or buffer exchange of protein solutions was performed with Biogel
P-6DG columns (Biorad).

SDS-polyacrylamide gel electrophoresis was carried out with 15% Tris-glycine
gels.[335] The Amersham Pharmacia Biotech low molecular mass calibration kit
containing phosphorylase b (94 kDa), bovine serum albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa), and
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α-lactalbumin (14.4 kDa) served as a reference. Proteins were stained with Coomassie
Brilliant Blue G250.

The relative molecular mass of native HQDO was determined by FPLC gel filtration
using a Superdex 200 HR 10/30 column (Amersham Biosciences) running with 20 mM
BisTris-Cl pH 7.0, containing 10% glycerol and 50 mM NaCl. The column was
calibrated with catalase (232 kDa), aldolase (158 kDa), lipoamide dehydrogenase (102
kDa), p-hydroxybenzoate 3-hydroxylase (88 kDa), D-amino acid oxidase (80 kDa)
bovine serum albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa),
RNAse (13.7 kDa) and FMN (480 Da).

Mass spectrometry
For nanoflow electrospray ionization mass spectrometry of HQDO, samples were

prepared in 50 mM ammonium acetate, pH 6.7. Protein samples were introduced into
the nanoflow electrospray ionization source of a Micromass LCT mass spectrometer
(Waters), modified for high mass operation and operating in positive ion mode. Mass
determinations were performed under conditions of increased pressure in the source and
intermediate pressure regions in the mass spectrometer (Pirani gauge readback 7 mbar
and Penning gauge readback 1.2 x 10-6 mbar).[259,290] HQDO was infused in the mass
spectrometer by using in-house pulled and gold-coated borosilicate needles (Kwik-Fil,
World Precision Instruments). Borosilicate capillaries were pulled on a P-97 puller
(Sutter Instruments) to prepare needles with an orifice of about 5 µM and coated with a
thin gold layer (~500 Å) using an Edwards Scancoat six Pirani 501 sputter coater
(Edwards High Vacuum International). Electrospray voltages and source temperature
were optimized for transmission of HQDO (capillary voltage 1500 V, sample cone
voltage 50 V, extraction cone voltage 0 V and capillary temperature 80ºC).

For on-line size-exclusion-electrospray mass spectrometry of HQDO, samples were
prepared in 20 mM BisTris-Cl, containing 10% glycerol and 50 mM NaCl, pH 7.0.
15 µl of a 20 µM enzyme solution was loaded onto a 10 µl sample loop in a 6-port
valve. The enzyme was then injected onto a Superdex 200 H/R size-exclusion column
(3.2 mm x 300 mm; Amersham Biosciences) using a mobile phase of 50 mM
ammonium acetate, pH 6.7 at a rate of 50 µl/min, in the presence or absence of 20 µM
FeSO4 and 15 µM 4-hydroxybenzoate. The post-column eluent was guided into the
electrospray source using a fused silica emitter. In these experiments we did not use the
nanoflow source, as the flow was two orders of magnitude too high to desolvate the
droplets originating from the ionization process. The electrospray source was optimized
for transmission of HQDO (capillary voltage 3,000 V, cone voltage 125 V, extraction
cone voltage 5 V and capillary temperature 250ºC). All other settings were similar with
the experiments with the borosilicate capillaries. Apparent molecular masses were
determined using a calibration curve made with standards from a molecular weight
marker kit (BioRad) containing thyroglobulin (670 kDa), bovine γ-globulin (158 kDa),
chicken ovalbumin (44 kDa), equine myoglobin (17 kDa) and vitamin B12 (1.35 kDa).

MALDI-ToF peptide mapping and MALDI-ToF-ToF peptide mapping
and sequencing

Purified HQDO was subjected to SDS-PAGE. Stained protein bands of interest were
pierced from the gel with a pipette tip. After destaining with 50% acetonitrile in 10 mM
NH4HCO3 pH 8.0, the protein-containing gel slices were incubated with 10 mM DTT in
10 mM NH4HCO3 for 1 h at 56°C, followed by a 1 h incubation with 55 mM
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iodoacetamide at room temperature. The slices were washed three times with 10 mM
NH4HCO3 and after drying in a vacuum centrifuge, treated with trypsin as
described.[251,269] The extracted peptides were co-precipitated with α-cyano-
4-hydroxycinnamic acid using the �dried droplet� method on a Anchorchip plate and
measured on an Ultraflex MALDI-ToF (Bruker Daltonics, Bremen, Germany). Analysis
of mass data was done with Flex Analysis 2.0 (Bruker Daltonics). Peak Erazor 1.50
(Lighthouse Data, Denmark) was used to eliminate the peaks in the blank and peaks of
the matrix, trypsin and keratin. GPMAW 6.10 (Lighthouse Data) was used to compare
the peaks with known sequences.

For peptide sequencing an identical approach was followed, but in these experiments
the MS and MS/MS measurements were performed on a MALDI-ToF-ToF (AB 4700
Proteomics Analyzer, Applied Biosystems) in a reflectron positive ion mode using
delayed extraction. The instrument is equipped with a 200Hz Nd:YAG laser operating at
355 nm. Typically 2,000 shots/spectrum were acquired in the MS-mode and 15,000
shots/spectrum in the MS/MS mode. During MS/MS analysis air was used as the
collision gas. All spectra were calibrated externally using a peptide mixture that consists
of 100 fmol des-Arg Bradykinin, Angiotensin I, GluFib, ACTH 1-17, ACTH 7-38 and
ACTH 18-39. Mass accuracy is within 50 ppm. The data were analyzed using de novo
sequencing by GPS software (Applied Biosystems) and was confirmed by manual
examination.

N-terminal sequencing
The N-terminal sequence of HQDO was determined by Edman degradation. The
contents of a 15% SDS-PAGE gel (140 x 120 x 1.5 mm) loaded with 9.2 and 18.4 µg
purified enzyme were blotted onto a poly(vinylidene difluoride) Immobilon-P support
(Millipore) in 10 mM CAPS pH 11.0, containing 10% ethanol. After staining with 0.1%
Coomassie R-250 in 50% methanol, the main bands corresponding to relative molecular
masses of 38, 32 and 18 kDa were excised. Gas-phase sequencing of the polypeptide on
the Immobilon support was carried out at the sequencing facilty of Leiden University,
The Netherlands.

For sequence alignment studies, a PSI-BLAST[5] search was performed at the
National Centre for Biotechnology Information (NCBI). Multiple sequence alignments
and an unrooted tree were made with the Clustal W program at the European
Bioinformatics Institute (www.ebi.ac.uk/clustalw).[299] BioEdit[117] was used to calculate
the pairwise identity and similarity scores (PAM250 matrix) from the aligned sequences
and for the display of the alignment. Treeview was used for visualization of the
dendrogram.[233]

RESULTS

Purification of HQDO from P. fluorescens ACB
Purification of HQDO was not straightforward. Initial purification attempts,

performed either in the absence or presence of 1 mM dithiothreitol, resulted in rapid loss
of enzyme activity. In these procedures, part of the activity could be restored by
incubation of the partially purified enzyme with iron(II) salts. Addition of ascorbate had
almost no effect. A dramatic improvement in the yield of active enzyme was obtained
after the finding that the enzyme could be stabilized by ligandation with the inhibitor
4-hydroxybenzoate. Table 1 summarizes a typical purification from 5 g of
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4-hydroxyacetophenone-grown cells. Purification by four steps resulted in a yield of
38%, a purification factor of 22.5 and a specific activity of 5.9 U mg-1.

Table 1. Purification scheme for hydroquinone dioxygenase from P. fluorescens ACB
Step Volume Activity Protein Sp. Act. Yield

(ml) (U) (mg) (U mg �1) (%)

Cell extract           7         141      545 0.26        100
Ammonium sulfate           8.5         130      507 0.26          92
Phenyl-Sepharose         91           89      146 0.61          63
Superdex 75 PG         27           74        36.7 2.02          52
Source 30Q         23.5           54    9.2 5.89          38

SDS/PAGE analysis of the purified enzyme revealed the presence of one main
protein band, corresponding to a molecular mass of about 38 kDa, and several minor
bands (Fig. 2). The purified HQDO eluted from an analytical Superdex 200 column in
one symmetrical peak with an apparent molecular mass of 105 ± 5 kDa.

Fig. 2. SDS-PAGE of hydroquinone dioxygenase from P. fluorescens ACB. Lanes: a, marker
proteins; b, cell extract; c, ammonium sulfate fractionation supernatant; d, phenyl-Sepharose
pool; e, Superdex 200PG pool; f, Source 30Q pool.

Spectral properties.
HQDO from P. fluorescens ACB showed a maximum UV absorption at 279 nm

(Fig. 3). In the visible region no clear absorbance band was observed. A similar feature
was described for extradiol dioxygenases.[291,346] For comparison, intradiol dioxygenases
display a maximum in the visible region around 450 nm,[183,220] due to tyrosine
ligandation.[240]
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Fig. 3. Absorption spectrum of hydroquinone dioxygenase of P. fluorescens ACB. UV-VIS
absorbance spectrum (1) and the scale is expanded 10 times (2).

Catalytic properties of HQDO
HQDO from P. fluorescens ACB catalyzed the ring-cleavage of hydroquinone to

4-hydroxymuconic semialdehyde with the consumption of stoichiometric amounts of
molecular oxygen. The pH optimum for catalysis was between pH 7 and pH 8. At 25°C
and pH 7.0, an apparent maximal turnover rate, k'cat = 2.1 ± 0.1 s-1 and an apparent K'm
of 37 ± 3 µM, were estimated.

HQDO from P. fluorescens ACB catalyzed the conversion of a wide range of
hydroquinones. Besides from the parent substrate and the difluorinated hydroquinones
described in Chapter 6, activity was found with methyl-, methoxy- and
chlorohydroquinone and, to a minor extent, with bromohydroquinone (data not shown).
Strong substrate inhibition occurred with methoxyhydroquinone and to a lesser extent
with chloro- and bromohydroquinone. Tetrafluorohydroquinone, hydroxyhydroquinone
(1,2,4-trihydroxybenzene) gentisate (2,5-dihydroxybenzoate), catechol (1,2-dihydroxy-
benzene), resorcinol (1,3-dihydroxybenzene), pyrogallol (1,2,3-trihydroxybenzene) and
phenol were not converted.

The activity of HQDO was strongly inhibited by the substrate analog
4-hydroxybenzoate. Kinetic studies revealed that the inhibition was competitive with
hydroquinone with an inhibition constant, K'i of 14 ± 3 µM. Many other phenolic
compounds served as HQDO inhibitors. The strongest inhibition was observed with
4-hydroxybenzylic compounds, 4-hydroxycinnamates, tetrafluorohydroquinone and
hydroxyhydroquinone (Table 2).

Weak or no inhibition was found with 2-hydroxy-, 3-hydroxy-, 2,3-dihydroxy-,
2,5-dihydroxy-, 2,6-dihydroxy, 3,4-dihydroxy-, 3,4,5-trihydroxy-, 3-chloro-4-hydroxy-,
tetrafluoro-4-hydroxy-, 3-amino-4-hydroxy-, 4-hydroxy-3-methoxy-, 4-amino- and
methyl 4-hydroxybenzoate, 6-hydroxynicotinate, 4-hydroxypropiophenone,
4-hydroxymandelate, 4-hydroxyphenylglycine, 4-hydroxybenzenesulfonic acid,
4-methyl-, 4-methoxy- and 4-aminophenol.



Hydroquinone dioxygenase from Pseudomonas fluorescens ACB

107

Table 2. Phenolic inhibitors of hydroquinone dioxygenase
Inhibitor (I) Activity

  %
[I]

  µM
Inhibitor (I) Activity

  %
[I]

  µM
none 100 ferulic acid   24

  50
  40
  20

4-hydroxybenzoate
2,4-dihydroxybenzoate

  12
  13
    6

200
200
400

4-hydroxycinnamate     0
    0
  77

200
100
  20

2,3,4-trihydroxybenzoate
2,4,6-trihydroxybenzoate

  81
  40

200
200

caffeic acid   59
  68

  80
  40

2- fluoro-4-hydroxybenzoate   12 200
3-fluoro-4-hydroxybenzoate
2-chloro-4-hydroxybenzoate
4-methoxybenzoate
4-hydroxybenzonitrile

  19
  23
  76
    0

200
200
200
200

tetrafluorohydroquinone     0
    9
  35
  64

200
100
  40
  20

    0
    5

  40
    2

hydroxyhydroquinone
phenol

    9
  83

200
200

catechol   86 200
4-hydroxyphenylacetate
4-hydroxybenzylalcohol
4-hydroxybenzaldehyde

    3
    8
  12

200
200
200

4-nitrophenol     0
    9
  32

200
100
  20

4-hydroxybenzylcyanide   24 200
vanillin   33

  61
200
100

isoeugenol
chavicol

  74
  82

200
200

4-hydroxyphenethylalcohol   76 200 eugenol   85 200
vanillylalcohol   78 200
4-hydroxyacetophenone   83 200

Thermal inactivation studies showed that HQDO was rather unstable. At 30°C and
pH 7.0, more than half of the enzyme activity was lost within two hours (Fig. 4).
Binding of the competitive inhibitor 4-hydroxybenzoate strongly increased the stability
of HQDO. Using the same incubation conditions as for the free enzyme, about 90% of
the activity remained (Fig. 4).

Fig. 4. Thermal stability of hydroquinone dioxygenase from P. fluorescens ACB. In
absence(o) and presence(• ) of 1 mM 4-hydroxybenzoate.
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HQDO also lost activity when the enzyme was stored at �20°C in diluted or non-
liganded form. Part of the activity could be restored by the addition of Fe2+ ions (added
as FeSO4 or (NH4)2Fe(SO4)2). Addition of Fe3+ (FeCl3) or Mn2+ (MnSO4) had no effect.
HQDO was inactivated in a time-dependent manner by the iron(II) chelators
2,2'-dipyridyl and o-phenanthroline (Table 3). This suggests that the enzyme contains a
non-heme iron(II) ion in the active site.[38,40,120,274] In line with this, HQDO was
inactivated by the oxidizing agent hydrogen peroxide (Table 3).

Table 3. Time-dependent inactivation of HQDO by iron(II) modifying agents

Inactivation agent Concentration Half time of inactivation at 30°C
(mM) (min)

2,2'-dipyridyl 0.1 60
1.0 20

o-phenanthroline 0.1 40

hydrogen peroxide 0.1      1.5
1.0      3.5

Studies on other dioxygenases have shown that hydrogen peroxide acts on iron(II)-
dependent extradiol dioxygenases and not on Mn(II)- and Mg(II)-dependent extradiol
dioxygenases.[6,23,339,344]

Regioselectivity of dioxygenation
Absorption spectral analysis indicated that the regioselectivity of dioxygenation of

halogenated hydroquinones by HQDO differs with the type and position of the halogen
substituents. Activity measurements with chloro- and bromohydroquinone resulted in an
increase in absorption at 320 nm, pointing at the formation of a halogenated
4-hydroxymuconic semialdehyde product. In contrast, incubation of
fluorohydroquinone with HQDO did not result in an absorption increase at 320 nm.
19F NMR confirmed that in the latter reaction no semialdehyde was formed but that the
fluorohydroquinone substrate was enzymatically defluorinated in a time-dependent
manner compared to no fluoride anion production in the control experiment. This
suggests that the ring cleavage of the fluorinated substrate takes place in between the
hydroxyl and fluorine substituent. Such ring cleavage will result in an unstable
acylhalide which readily reacts with water yielding nonfluorinated maleylacetate and
halide anion, as described for the conversion of chlorohydroquinones by
chlorohydroquinone dioxygenase.[33,229,349] The regioselectivity of the HQDO-
stimulated ring cleavage of fluorohydroquinone is different from that of the
corresponding reaction with difluorinated hydroquinones (Chapter 6). For instance
2,3-difluorohydroquinone undergoes no ring-fission in between a fluoro substituent and
hydroxyl substituent, but in between C1 and C6.

N-terminal sequence analysis
The N-terminus of the protein corresponding to the major band in SDS-PAGE (lane

f in Fig. 2) was determined by Edman degradation (Table 4). The N-terminus of this
38 kDa protein was found to be: AMLEAVETEN. Except for the starting methionine
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and the last glutamic acid (alanine in ORF1 see chapter 6), this sequence corresponds
with the N-terminal part of orf1 of the 14-kb DNA fragment containing the
hapABCFGDE cluster (Chapter 6). The 32 and 18 kDa protein bands observed in lane f
of Fig. 2 were also analyzed by Edman degradation. The 32 kDa band was selected
because its mass corresponds to that of HapC. The 18 kDa band was selected because
during purification it always co-elutes with the 38 kDa protein. The 32 kDa protein
showed the following N-terminal sequence: AAITAALVKE. This sequence is specific
for the translation elongation factor Ts present in many Pseudomonas organisms and
suggests that the 32 kDa protein represents an impurity in the HQDO preparation. The
N-terminus of the 18kDa protein was found to be STQPAFKTVF. This sequence aligns
well with the N-terminal sequences of proteins in Burkholderia cepacia R18194
(Bcepa03000438) and Photorhabdus luminescens subsp. laumondii TT01[68] (plu0141)
that are positioned next to the proteins Bcepa03000437 and plu0141, respectively,
which are neighboring ORF1 of P. fluorescens ACB (see also below).

Table 4. N-terminal sequences of the three most abundant protein bands observed in SDS-
PAGE of purified HQDO (lane f in Fig. 2)
gel band N-terminal sequence Position in

hap gene cluster
Aligns with (%SI)a Function

38 kDa AMLEAVETEN orf1 Burkholderiab ZP_00217829
(78%)
Photorhabdusc NP_927510
(54%)

β-subunit of
HQDO
(see below)

32 kDa AAITAALVKE not present Pseudomonas putida KT2440
NP_743749 (100%)d

the translation
elongation
factor Ts

18 kDa STQPAFKTVF orf0e Burkholderiab ZP_00217830
(73%)f

Photorhabdusc NP_927509
(51%)f

α-subunit of
HQDO
(see below)

a %SI: percentage of sequence identity; b Burkholderia cepacia R18194; c Photorhabdus
luminescens subsp. laumondii TTO1; d on basis of the N-termini; e orf0 is positioned upstream
of orf1 and only the C-terminal sequence is present in the DNA fragment; f sequence identity
based on N- and C-termini of P. fluorescens ACB protein.

Structural characterization of HQDO
Initial analysis of HQDO by size-exclusion chromatography suggested a protein

complex with a size corresponding to a molecular mass of about 105 kDa. This result
either suggested that HQDO is a homotrimer with a molecular mass of 114.6 kDa (3 x
38.2 kDa) or that HQDO is a heterooligomer.

We initially carried out the electrospray mass spectrometry analysis of HQDO in the
absence of FeSO4 and 4-hydroxybenzoate using borosilicate capillaries (Fig. 5). This
figure clearly shows 2 series of protein ions having a different number of charges and
different molecular masses. Mass determination of both ion series revealed masses of
30,295 ± 5 Da and 112,529 ± 50 Da. The 30 kDa protein is likely to be the translation
elongation factor Ts, which was identified already by Edman degradation. The 112 kDa
protein is likely to be the protein that is identified by size-exclusion chromatography as
a protein with a mass of about 105 kDa. However, these analyses did not allow us to
determine the subunit composition of the protein assembly.
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Fig. 5. ESI-MS analysis of HQDO using borosilicate capillaries. This spectrum shows 2
charge distributions. The first ion series at m/z 1,000-3,200 reveals after deconvolution a mass
of 30.3 kDa (★ ) corresponding to the translation elongation factor, Ts, whereas the second
charge envelope (■ 2!2) corresponds with the heterotetrameric HQDO.

These results encouraged us to determine the composition of the protein by coupling
size-exclusion chromatography (SEC) to mass spectrometry (MS) using a Superdex 200
H/R column and a standard ionization source. We initially injected 10 µl of a 20 µM
HQDO solution (without 4-hydroxybenzoate and FeSO4) onto the column using 50 mM
ammonium acetate, pH 6.7 as eluent and we analyzed the ion chromatogram and the
different ion series (Fig 6A and 6B). The ion chromatography clearly shows 2 protein
peaks eluting around 27 (peak 1) and 31 minutes (peak 2). The late-eluting compounds
around 41 minutes (peak 3) are smaller molecules and the peak around 47 minutes (peak
4) corresponds with the total volume of the column. Peak 1 showed multiple ion series
from 1,300 m/z up to 8,500 m/z. The determined molecular masses from these ion peaks
were 17,769 ± 1 Da, 38,288 ± 10 Da, and 94,477 ± 45 Da. As the elution volume of this
peak suggests a hydrodynamic volume corresponding to a mass of about 100 kDa the
observed proteins in the mass spectrum were likely to be fragments of the larger protein
assembly. Intriguingly, the mass of the smaller 18 kDa protein corresponds with the
molecular mass calculated from the lower band in the SDS-polyacrylamide gel of the
purified HQDO preparation, suggesting that this protein is part of the HQDO assembly.
The second eluting peak contained the 30.3 kDa elongation factor (mass spectrum not
shown).
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Fig. 6. On-line SEC-MS analysis of HQDO in the absence of FeSO4 and
4-hydroxybenzoate. (A) Elution ion chromatogram of HQDO and subsequent analysis by ESI-
MS. Peak 1 corresponds to HQDO, peak 2 to a 30 kDa protein, possibly the translation
elongation factor Ts, and peak 3 to small molecules. Peak 4 is consistent with the void volume
of the column. (B) ESI mass spectrum of peak 1 by combining scans from peak 2. This
spectrum shows mainly 2 charge distributions between m/z 1,000 and 3,500. The first charge
envelope (■ ) corresponds to the α-monomer of HQDO with a mass of 17.8 kDa, the second
charge distribution (!), corresponds to the β-monomer with a mass of 38.3 kDa and the third
charge state series corresponds with a molecular mass of 94.4 kDa (■ 1!2).

In the subsequent on-line size-exclusion-mass spectrometry experiment we added
FeSO4 and 4-hydroxybenzoate to the protein sample before injection onto the column
(Fig. 7a). This protein sample yielded a similar elution chromatogram as the experiment
without FeSO4 and 4-hydroxybenzoate. However, the accumulated mass spectra of the
peak around 27 minutes (peak 1) were clearly different (Fig. 7b). Mass determination of
the ion series centered around 5,400 m/z revealed a mass of 112,387 ± 50 Da. This mass
spectrum also showed ion series from which the determined protein mass is 17,769 ± 5
Da and 38,283 ± 10 Da and gas-phase dissociated sub-complexes with masses of 56,050
± 20 Da for dimeric and 94,488 ± 45 Da for trimeric forms of both proteins.

A

B
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Fig. 7. On-line SEC-MS analysis of HQDO in the presence of FeSO4 and
4-hydroxybenzoate. (A) Elution ion chromatogram of HQDO SEC and analyzed by ESI-MS.
Peak 1 corresponds to HQDO, peak 2 to a 30 kDa protein, likely to be the translation elongation
factor Ts, and peak 3 and 4 to small molecules. Peak 5 is the total volume of the column. (B)
ESI mass spectrum of peak 1. This spectrum shows 5 major charge distributions. The first
charge envelope (■ ) ranging from +7 to +14 at m/z 1,000-2,600, corresponds with the
α-monomer of HQDO with a mass of 17.8 kDa. The second charge distribution (!) ranging
from +12 to +14 at m/z 2,700-3,200, refers to the β-monomer with a mass of 38.3 kDa. The
third charge series of +15 to +17 at m/z 3300-3800 is assigned to the dimer �■!� with a mass
of 56.1 kDa. The fourth charge envelope from +20 to +23 at m/z 4800-5700, corresponds to the
tetramer of HQDO (α2β2) with a mass of 112.4 kDa. And the fifth charge distribution from +10
to +15 at m/z 6300 to 9500 refers to the trimer (α1β2) with a mass of 94.4 kDa.

This strongly suggests that these 2 proteins form the heterotetrameric protein assembly
of 112 kDa. Taking into account the additional peaks in the mass spectrum and the mass
of the intact assembly these results unambiguously show that HQDO is composed of 2
α-subunits of 17,8 kDa and 2 β-subunits of 38.3 kDa. The addition of FeSO4 clearly
resulted in new ion peaks near the original ion peaks of the β-subunit. Mass
determination revealed a mass difference of 55 Da, strongly indicating the interaction
between the β-subunit and Fe2+. This interaction is likely to be specific, as we did not

A

B
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observe any interaction between the α-subunit and Fe2+. The mass of the intact
assembly is 313 Da higher as may be expected from the primary sequence, which may
suggest that, under the experimental conditions applied, two 4-hydroxybenzoate
molecules (molecular mass 138 Da) and one molecule of iron(II) are bound to the
complex of HQDO.

Peptide mapping and sequencing
In-gel tryptic digestion of HAPMO (67 kDa band in lane e of Fig. 2) and subsequent

MALDI-ToF analysis yielded 56 peptides. Comparison of these peptides with the
known sequence of HAPMO[157] gave 66% sequence overlap with 42 out of 56 peptides.

MALDI-ToF analysis of the tryptic digests of the 38kDa band of HQDO (lane f of
Fig. 2) revealed 22 peptide fragments (m/z: 1239.6, 1557.7, 1868.7, 1884.8, 1979.8,
1985.8, 2007.2, 2021.8, 2033.9, 2135.9, 2231.9, 2247.9, 2296.9, 2326.9, 2424.9,
2476.9, 2750.6, 2756.3, 3209.0, 3248.1, 3368.1, and 3408.1). Database mass analysis of
these peptides yielded no significant mapping with any protein in the Swissprot
database. However, 14 peptides corresponded with the sequence of ORF1 and covered
55% of the protein sequence.

Analysis of the 18 kDa band showed that this band corresponds to the ORF0 protein.
MALDI-ToF-ToF analysis of tryptic fragments confirmed not only the (partial)
N-terminus of the protein but also revealed the partial primary sequence of the protein
(Table 5). Peptide sequencing yielded 59% of the total sequence by mapping 7 of 16
expected peptides, which could be matched with the conserved stretches in 2
homologous proteins Bcepa03000438 from B. cepacia and plu0141 from P.
luminescens. The number of expected peptides is based on the number of peptides after
theoretical trypsin digestion of the two homologous proteins.

Table 5. MS/MS analysis of peptides of the α-subunit (17.8 kDa protein) of HQDO and
alignment to homologous proteins

Precursor (m/z) Amino acid sequencea Position on basis of alignment
with homologous proteins (Fig. 9)

1214.7 TVFGSLAKYTK aa 8-18
1583.86 AHYAFSNIFEVAAK aa 29-42
1711.97 FSNIFEVAA aa 33-41
1645.06 ANLGYVIETLR aa 53-58
2667.34 ACSHDEFIISVDGSVR aa 72-87
1861.07 FIKLDETPLAGDGTR aa 90-104
1413.78 GHQALLPA aa 126-133

a There is no mass difference observable between I and L and between K and Q (same mass).
The choice between these two amino acid residues is based on the alignment with the two
homologous proteins (see Fig. 9).

Location of hydroquinone dioxygenase genes
Combining the information about the proteins encoded by the 14-kb DNA fragment

of P. fluorescens ACB described in Chapter 6 and the elucidated sequences of the two
subunits of HQDO gives us the hap gene cluster shown in Fig. 7. ORF0 corresponds to
the C-terminal sequence of the small α-subunit of HQDO. Furthermore, the N-terminal
sequence of the HQDO α-subunit, as determined by Edman degradation, aligns with
Bcepa03000438 from B. cepacia and plu0140 from P. luminescens and most probably



Chapter 7

114

Fi
g.

 7
. T

he
 h

ap
 g

en
e 

cl
us

te
r 

of
 P

. f
lu

or
es

ce
ns

 A
C

B
 a

nd
 c

or
re

sp
on

di
ng

 g
en

e 
cl

us
te

rs
 o

f o
th

er
 o

rg
an

is
m

s

Fi
g.

 8
. D

eg
ra

da
tio

n 
pa

th
w

ay
 o

f 4
-h

yd
ro

xy
ac

et
op

he
no

ne
 b

y 
 P

. f
lu

or
es

ec
en

s A
C

B



Hydroquinone dioxygenase from Pseudomonas fluorescens ACB

115

with the open reading frame found downstream of pnpS in Pseudomonas fluorescens
ENV2030 (sequences of this last organism have not been published).[11,352] ORF1
corresponds to the β-subunit of HQDO and aligns with Bcepa0300437 from B. cepacia
and plu0140 from P. luminescens and most probably with the sequence of the protein
encoded by the open reading frame located upstream of pnpD in P. fluorescens
ENV2030. Because of the location of the two HQDO subunits in the hap gene cluster,
orf0 and orf1 are renamed as hapH and hapI and HQDO is also referred to as HapHI as
shown in Fig. 8. Sequence alignments of both subunits of HQDO are shown in Fig. 9.
                         10        20        30        40        50        60        70
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOA PflACB    STQPAFKTVFGSLAKYTK----------AHYAFSNIFEVAAK----------ANLGYVIETLR-------
Burkholderia    MTDTAFHTVFGSLDHYRKGEIEITSGSAQHYAFSNVFEVASKSAPYEKVVAGKNLEYVIEVLRTDGQSPW
Photorhabdus    -MLVQYKTAFASIDNYHKGGIQALVEDPKRYVFSNMYEIAATSAPYDRIVAAINLDYTIEIARAEGTSPW

                         80        90       100       110       120       130       140
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOA PflACB    -ACSHDEFIISVDGSVR--FIKLDET---PLAGDGTR------------------GHQALLPA-------
Burkholderia    FACSHDEFVIQMDGEVRIEFIKLDTP---PQSARGTVSAGMQPAGRKMGYVVLRQGHQALLPAGCAYRFT
Photorhabdus    FACAHDEFVVAMDYDVEVHFVKLTDESVIDEDKDGAVKLNGTPDGQKMGCIYLKRGHQALLPEKVAYRFH

                        150       160
                ....|....|....|....|....|..
HQDOA PflACB    -------------GPLSVEKWADICLK
Burkholderia    ASQPGVALVQTVLGELSVEKWADICLH
Photorhabdus    ADKPATLMIQSILGDVSVQKWADICLN

                         10        20        30        40        50        60        70
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOB PflACB    MAMLEAVETENALSFADDLVTASAPHLVTGYKAFELGSFNLSRDEYFARIEWPAKGEQRSHLIPADAFLR
Burkholderia    MATLDTLDTS--AGFAADLVRSTEADAVTGYRRFQLGAFEFQRDEYFVKICWPAKGQTRTHAMPADAFLR
Ralstonia SJ98  ----------------------------------------------------------------------
Photorhabdus    ---------------MNTNLKCTIDNTETGYQTFTAGHFTFDRCEYFAYISCPTG----EHMIPIDDYLK

                         80        90       100       110       120       130       140
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOB PflACB    SVMRDVAWGFFYGWVNFDHVFGTRNHYGKVDMYAGTFNGVLKAAGVDYTEQFETPLIMATFKAILRDWVN
Burkholderia    AMMRDVAWGFFYGWVNFDHVFGTRNHYGKVDMYAGTFNGILKDAGVDYTETFETPTIMATFKAMLHDWTN
Ralstonia SJ98  ----------------------------------------------------------------------
Photorhabdus    ALMRDIAWGFFYGTVAFDDVLGTTNHYGNVDLYMGSFHKEWTRAGRDYKENFKSDELMAIFKAMISDWTN

                        150       160       170       180       190       200       210
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOB PflACB    AGFDPFAAPAETGTAFGRKNGENIEAIERFRVATRRMPGLADDSPLRND---LPVNRQFADVVQDEPEVH
Burkholderia    EGFDPFAAPEETGTAFGRKHGDNGSAIERTRIATRRMPGLEGDSPLRDD---LPVNRAFVDVAQDEPEVH
Ralstonia SJ98  ----------------------------------------------------------------------
Photorhabdus    TGFDPFAAPQETGVAWGRKNGNEDRLIGRKREVAKRMVGIPGDAPLRSDDNGHPVNRAFMDVNQEQPVVK

                        220       230       240       250       260       270       280
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|
HQDOB PflACB    AADGFEGELHAFSLYKYLSRSDVSWNPSVTSVCGASLFCPTTEEFILPIVHGNDRIEWFLQLSDEIIWDI
Burkholderia    VEPGFEGELHAFNLFKYLSRSDVTWNPSVTSVCGRSLFCPTTEEFILPVFHGNDRVEWFLQLSDEIVWDI
Ralstonia SJ98  -------------------------------------------EFVLPVFHGNDRVEWFLQLSDQIIWDV
Photorhabdus    AEPGFEGELHAFNLFGYLSRSDMTWNPSVVSVVRQSLFCPTTEEFILPIDHGNDRAEWFIQLSDEIAWDI

                        290       300       310       320       330       340
                ....|....|....|....|....|....|....|....|....|....|....|....|....
HQDOB PflACB    GDKDDGDPRARITMRAGDICAMPADIRHQGYSTKRSMLLVWENATPNLPQRYESGELKPYPVEF
Burkholderia    GDKNTGAPRARVTMRAGDICAMPADIRHQGYSTKRSMLLVWENATPNLPQRYESGELAPYPIAF
Ralstonia SJ98  ADKDTGEPRARITMNAGDIAAMPADIRHKGYSQKRSMLLVWENATPDLPRRYESGELPPYPVAF
Photorhabdus    KDGKSSSPLAKVTMRAGDIAAMPGDIRHQGMSPKRSMLLVWENGSPEIMDMIKDGTIPMVPVTF

Fig. 9. Sequence alignments of both subunits of HQDO from P. fluorescens ACB.
Alignment with orthologs of B. cepacia R18194, P. luminescens subsp. laumondii TT01 and
Ralstonia sp. SJ98. The latter shows only a part of an orf encoded by nucleotide 1-276 (acc. nr.
AY574278). For other accession numbers see Table 4.
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For the α-subunit of HQDO (HapH), especially the C-terminus aligns very well with
the B. cepacia and P. luminescens orthologs. Alignment of the β-subunit of HQDO
(HapI) with the B. cepacia protein reveals a sequence similarity of 89%. The α- and
β-subunits of the described HQDOs mutually have 9% sequence similarity in all three
organisms. Probably the two subunits have a different ancestor. HapI shows no
significant sequence identity (6-12%) with known non-heme iron(II)-dependent
dioxygenases. Thus, HQDOs are new members of the family of  the non-heme iron(II)-
dependent extradiol dioxygenases as shown in the dendrogram of intra- and extradiol
dioxygenases (Fig. 10).

Fig. 10. Dendrogram of intra- and extradiol dioxygenases. Catechol12: catechol
1,2-dioxygenases; HHQDO: hydroxyhydroquinone 1,2-dioxygenases; Protocatechuate34a and
34b: α- and β-subunit of protocatechuate 3,4-dioxygenases; Gentisate: gentisate
1,2-dioxygenase;[123] Naphthoate: 1-hydroxy-2-naphthoate dioxygenase; Catechol23: catechol
2,3-dioxygenases;[277] Homoprotocatechuate23: homoprotocatechuate 2,3-dioxygenases;[204]

Toluene oxygenase: 2,4,5-trihydroxytoluene 5,6-dioxygenases;[150] Biphenyl:
2,3-dihydroxybiphenyl 1,2-dioxygenases;[119] Naphthalene: 1,2-dihydroxynaphthalene
dioxygenase;[60] ClHQDO: chlorohydroquinone dioxygenase;[207,229] Aminophenolalpha and
-beta: α- and β-subunit of 2-aminophenol 1,6-dioxygenases;[129] Protocatechuate45a and 45b: α-
and β-subunit of protocatechuate 4,5-dioxygenases;[230] Homogentisate: homogentisate
1,2-dioxygenase;[7] Quercetin: quercetin 2,3-dioxygenase; Anthranilate: 3-hydroxyanthranilate
3,4-dioxygenase; HQDOalpha and -beta: α- and β-subunit of hydroquinone dioxygenase.
Intradiol dioxygenases in dark-gray, extradiol dioxygenases in black and HQDO subunits from
P. fluorescens ACB in light-gray.
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Interestingly, amino acids 258-319 of the β-subunit of HQDO show 35% sequence
identity and 53% sequence similarity with amino acids 48-106 of 3-hydroxyanthranilate
3,4-dioxygenase (HAO) from Xanthomonas campestris (pv. campestris). This
monomeric enzyme, which is involved in the kynurenine pathway,[35] is also an iron(II)-
dependent dioxygenases. HAOs contain two conserved histidines (His48 and His92 in
Xanthomonas), which are thought to be involved in iron ligandation.[218] Selective
replacement of these residues by alanine resulted in no detectable activity.[218] The
conserved histidines of HAO correspond to His258 and His305 in HapI. Therefore,
these histidines might serve as iron ligands in HapI.

DISCUSSION
This paper describes the purification and characterization of HQDO, an unusual

ring-cleavage enzyme involved in the catabolism of 4-hydroxyacetophenone in
P. fluorescens ACB. HQDOs have been described in degradation pathways of
Sphingobium chlorophenolicum,[33] Pseudomonas sp. HH35,[260] Arthrobacter
protophormiae,[40] Burkholderia cepacia,[41] Pseudomonas putida JD1,[55] and
Moraxella.[274] However, for none of these enzymes, purification procedures or amino
acid sequence data were reported.

Binding of the competitive inhibitor 4-hydroxybenzoate increased the stability of
HQDO and allowed, for the first time, to purify this enzyme in active form. Hydrogen
peroxide and the iron chelators 2,2'-dipyridyl and o-phenanthroline inactivated HQDO.
From this and its catalytic features, it is concluded that HQDO belongs to the family of
non-heme iron(II)-dependent dioxygenases.

HQDO from P. fluorescens ACB catalyzed the ring-fission of a wide range of
hydroquinones to the corresponding 4-hydroxymuconic semialdehydes. Substrate
profiling showed that both para-hydroxylgroups of hydroquinone were crucial for
enzyme activity. Hydroquinones with an an electron donating methyl or methoxy group
were readily converted. Hydroquinones containing electron withdrawing substituents
were also converted, albeit at a lower rate. The number and position of fluorine
substituents determined both the reaction rate and the regioselectivity of dioxygenation.
With 2-fluorohydroquinone, ring splitting occurred in between C1-OH and C2-F.
2,3-Difluorohydroquinone was splitted in between C1-OH and C6-H (Chapter 6) and
tetrafluorohydroquinone turned out to be a strong inhibitor. Introduction of a hydroxyl
(HHQ) or carboxyl (gentisate) group at the ortho-position resulted in strong and weak
enzyme inhibition, respectively. These results suggest that the activity of HQDO is
determined by both electronic and steric constrains and that substrates may become
differently oriented in the active site.

HQDO was reversibly inhibited by a large number of phenolic compounds. In
general 4-hydroxybenzylic compounds and 4-hydroxycinnamates were strong
inhibitors. From this and the fact that the inhibition by 4-hydroxybenzoate was found to
be competitive with hydroquinone, it is concluded that the 4-hydroxyl group serves as
the iron ligand and the para-substituent of the phenol is an important determinant for
discriminating between weak and tight binding.

HQDO from P. fluorescens ACB appeared to be a heterotetramer built up by
subunits of 18 and 38 kDa. This is the first example in which on-line size-exclusion
chromatography-mass spectrometry (SEC-MS) is used to elucidate the components and
stoichiometry of a protein assembly. Cavangah et al.[37] used the coupling of size-
exclusion chromatography to establish the oligomeric state of the transition state
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regulator AbrB and the stoichiometry of its interaction with DNA. Here we showed the
application of SEC-MS to heterogeneous protein complexes. The mass of the β-subunit
agrees well with the theoretical mass based on the primary sequence of protein HapI
encoded by the gene hapI (orf1 in Chapter 6). The tenth amino acid of HapI is Ala
according to the DNA sequence (Chapter 6). However, the N-terminal sequence
determination of the large subunit of purified HQDO pointed at a Glu at this position.
The actual presence of a Glu is supported by the determined molecular mass by on-line
SEC-MS combined with simulations of the charge state distributions with either Ala or
Glu at position 10.

Studies with 4-hydroxybenzoate showed that this competitive inhibitor interacts
with the heterotetramer, but an adduct with only one of the two subunits was not found.
Comparison of our dataset with the simulations suggests interaction of one iron
molecule to the β-subunit. The calculated mass based on the primary sequence is
38268.98 without the Met at position 1 and excluding the iron. The observed mass by
on-line SEC-MS is 38288 ± 10 Da in the absence of FeSO4 and 4-hydroxybenzoate. The
primary sequence of the α-subunit is still unknown. By MS/MS analysis stretches of the
α-subunit were sequenced including amino acids of the N-terminus, determined by
Edman degradation. These pieces of amino acid sequence show clearly that the α-
subunit of HQDO has orthologs in B. cepacia and P. luminescens.

The small and large HQDO subunits are encoded by two open reading frames (orf0
and orf1), located upstream of the hapABCFGDE cluster involved in 4-hydroxy-
acetophenone degradation. Therefore, this gene cluster now extends to
hapHIABCFGDE with hapH and hapI coding for the α- and β-subunit of HQDO,
respectively. Genome mining indicated that related HQDOs are present in B. cepacia
R18194, P. luminescens subsp. laumondii TTO1 and Ralstonia sp. SJ98. Moreover,
from gene cluster comparison, we propose that a similar two-subunit HQDO is involved
in the degradation of p-nitrophenol in P. fluorescens ENV2030.[11,352]

The fact that HQDO is encoded by hapH and hapI and not by hapC supports our
proposal (Chapter 6) that HapC might be responsible for the intradiol dioxygenase
activity of P. fluorescens ACB with HHQ and possibly other catechols. The reason why
hapC is embedded in the hap operon is not clear. There are more examples of the
presence of a HHQDO (HapC) in an organism where a HQDO serves as a key enzyme
in the degradation pathway of aromatic compounds. For instance in the 4-nitrophenol
pathways in P. fluorescens ENV2030,[352] and in a Moraxella strain.[274] Also in the
degradation pathway of 2,4-dinitrotoluene in Burkholderia cepacia R34 a HHQDO is
present but another extradiol dioxygenase carries out the ring-fission of
2,4,5-trihydroxytoluene.[151] It seems that there is a progression in the organization of
the pathway genes towards a compact region encoding the entire pathway. In that
progression, remnants from assembly (like hapC) persist. The presence of hapC in the
hap gene cluster might indicate an intermediate point in the evolution of an optimal
system for 4-hydroxyacetophenone degradation.[151] Embedded in the hap gene cluster,
hapC might be available to assist in other degradation pathways for the intradiol
splitting of HHQ or other catechols (vide supra).

With the elucidation of the HQDO genes and the observed instability of the HQDO
protein, it is tempting to speculate on the function of hapG. As shown in Chapter 6,
hapG codes for a ferredoxin. For catechol 2,3-dioxygenases it was described that in
some degradation pathways, these proteins are needed for the reductive reactivation of
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the iron cofactor.[111,138,139,237,302] A similar in vivo protection of HQDO can be
envisioned for HapG.

Except from the orthologs found in B. cepacia R18194, P. luminescens subsp.
laumondii TTO1 and Ralstonia sp. SJ98, HQDO showed no significant sequence
similarity with any other protein. The heterotetrameric character of HQDO clearly
discriminates the enzyme from most other non-heme iron(II)-dependent dioxygenases.
Except for protocatechuate 4,5-dioxygenase and 2-aminophenol 1,6-dioxygenase, they
all consist of one type of subunit.[18,291] From the sequence alignment it appears that
HQDO is most related to 3-hydroxyanthranilate 3,4-dioxygenase, but that HQDO
constitutes a new type of enzyme in the iron(II)-dependent dioxygenase family.

The size and subunit composition of HQDO suggest that the enzyme contains two
active sites per heterotetramer. As for protocatechuate 4,5-dioxygenase[285] and
2-aminophenol 1,6-dioxygenase[181] these active sites are likely positioned in the larger
subunits. On-line SEC-MS analysis indicated that there was one iron atom present in the
heterotetrameric protein and that it was positioned in the β-subunit. This is reminiscent
of other heteromeric extradiol dioxygenases that have one iron atom per α2β2
tetramer,[6,291] although protocatechuate 4,5-dioxygenase from Pseudomonas
pseudoalcaligenes JS45 was shown to contain two iron atoms per α2β2 tetramer.[181]

Probably, native HQDO contains two iron atoms per heterotetramer, but due to the
unstability of the enzyme only one iron is detected in the SEC-MS analysis.

The active site of iron(II)-dependent dioxygenases generally harbors two histidines
and a glutamate that are involved in binding the iron.[256,300] Most of these enzymes use
a catechol as substrate (Fig. 10). When a catecholic substrate binds, the two hydroxyl
groups of the substrate replace two water molecules in iron ligandation.[256] The strong
iron-chelating properties of a catecholic compound are nicely illustrated by the action of
enterochelin, a catecholate siderophore that scavenges iron during bacterial
infections.[96] In case of HQDO, the question arises how the interaction between the
phenolic substrate and the iron cofactor occurs. Here the situation has to be different
because the hydroquinone substrate does not contain an ortho-hydroxyl group. The
same is true for (homo-)gentisate dioxygenases. Based on the crystal structure of
substrate-free human homogentisate dioxygenase[300] and EPR studies,[124] it was
proposed that in this enzyme the carboxylate anion of homogentisate serves as an iron
ligand just like the phenolate group of catechol in catechol dioxygenases. For HQDO,
the active site residues involved in binding the iron could not be simply predicted from
sequence alignments. Based on the partial similarity with HAOs, His258 and His305
could serve as iron ligands in HapI. In addition to the two histidines and an acidic
residue, another residue might be involved in binding the metal cofactor.[28,205,240,247,280]

Another possibility is that upon hydroquinone binding the iron atom remains bound to
one or more water molecules. Without knowledge of the active site constituents, the
catalytic mechanism of HQDO remains speculative. However, based on the assumption
that a His2Glu triad is present, and the properties of other dioxygenases,[124,240,256,280,328]

the following hypothesis can be made (Fig. 11). Upon binding to the iron, the
hydroquinone substrate becomes activated via deprotonation of the C4OH group.
Molecular oxygen, bound to the iron, will then attack the C1 atom of hydroquinone in a
radical type of reaction. After lactone formation, the remaining iron-liganded oxygen
atom will attack the C1 atom resulting in the semialdehyde product. In this reaction
mechanism, both oxygen atoms from molecular oxygen are built in into the substrate.
However, it cannot be excluded that the oxygen atom built in in the final step is derived
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from the water molecule that remains bound to the iron during the entire reaction cycle.
Reactions with 18O2 might clarify this point.

Fig. 11. Proposed mechanism of ring cleavage of hydroquinone by the iron(II) dependent
hydroquinone 1,2-dioxygenase of P. fluorescens ACB.

In summary, this chapter describes the first purification and characterization of a
HQDO. This enzyme is a heterotetramer composed of 18 and 38 kDa subunits and is the
prototype of a novel subclass of the family of iron(II)-dependent dioxygenases.
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Summary
This thesis deals with the oxidative enzymes involved in the degradation of

4-hydroxyacetophenone in the bacterium Pseudomonas fluorescens ACB.
Acetophenones are aromatic compounds appearing in the environment as degradation
products of industrial compounds as for instance the flame-retardant
tetrabromobisphenol A. There is not much known about the properties of the oxidative
enzymes involved in the degradation of acetophenones. For P. fluorescens ACB it was
reported that 4-hydroxyacetophenone is converted via a Baeyer-Villiger type of reaction
to hydroquinone. However, the enzyme(s) involved in this reaction and the further
degradation of hydroquinone remained elusive.

The PhD-project described in this thesis was part of the NWO-program
�Procesvernieuwing voor een Schoner Milieu� (�Improvement of Processes for a
Cleaner Environment�). The first aim of the research was to develop a biocatalyst for
the Baeyer-Villiger oxidation of aromatic compounds. The Baeyer-Villiger reaction
converts ketones to esters or lactones and offers many interesting possibilities for the
production of valuable fine chemicals and pharmaceuticals. A biological Baeyer-
Villiger catalyst is often regio- and/or enantioselective and uses molecular oxygen as
clean oxidant. The use of such biocatalyst might present an alternative for chemical
Baeyer-Villiger reactions, which make use of environmentally unfriendly and often
explosive peroxides. The second aim was to explore the degradation pathway of
4-hydroxyacetophenone in P. fluorescens ACB with special focus on the degradation of
hydroquinone.

Flavin containing oxygenases and oxidases
The Baeyer-Villiger monooxygenase described in this thesis is capable of converting

4-hydroxyacetophenones into the corresponding phenyl acetate. This enzyme contains a
FAD (flavin adenine dinucleotide) cofactor as redox-active prosthetic group. FAD
originates from vitamin B2 (riboflavin) and colors the enzyme yellow. Flavin serves
also as a cofactor in other oxidative enzymes acting on phenolic compounds. Chapter 2
gives an overview of the structure and function of these proteins (flavoproteins).
Oxidative flavoproteins can be distinguished in three classes:
•  Aromatic hydroxylases. Many enzymes of this class are known and they function

often (regio)selective. The model enzyme of this class is p-hydroxybenzoate
hydroxylase (PHBH).

•  Baeyer-Villiger monooxygenases. Until now only one enzyme acting on phenols is
known in this class: 4-hydroxyacetophenones monooxygenase (HAPMO),
described in this thesis. HAPMO has a broad substrate specificity.

•  Oxidases. Only a few oxidases act on phenols. They have a broad substrate
specificity. Model enzyme of this class is vanillyl-alcohol oxidase (VAO). VAO
shows besides oxidation, oxidative deamination, oxidative demethylation and
dehydrogenation, also enantioselective hydroxylation.
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The following scheme depicts the oxidative reactions of PHBH, HAPMO and VAO:

     Flavoenzyme catalyzed oxidative reactions of phenolic compounds

4-Hydroxyacetophenone monooxygenase (HAPMO)
Chapter 3 of this thesis describes the characterization of 4-hydroxyacetophenone

monooxygenase (HAPMO) from P. fluorescens ACB. As indicated above, HAPMO is a
flavoprotein that catalyzes the Baeyer-Villiger oxidation of acetophenones to the
corresponding phenyl acetates. NADPH is needed as co-enzyme.

Chapter 3 first describes the cultivation of P. fluorescens ACB in a 200 liter batch
fermentor. In this cultivation process, 4-hydroxyacetophenone is used as sole carbon
source to induce the production of HAPMO and accompanying enzymes. After
harvesting of the bacteria and removal of the cell walls, HAPMO was purified from the
cell extract. HAPMO appeared to be a homodimer of 140 kDa, harboring in each
subunit a tightly bound FAD. The esterase (4-hydroxyphenyl acetate hydrolase)
responsible for the conversion of 4-hydroxyphenyl acetate to hydroquinone was
partially purified.

After determination of the N-terminal protein sequences of HAPMO and
4-hydroxyphenyl acetate hydrolase, primers are designed to screen a library of genomic
DNA of P. fluorescens ACB. Following this strategy, gene sequences and thereby
amino acid sequences of HAPMO and 4-hydroxyphenyl acetate hydrolase were
determined. Subsequently the HAPMO gene was cloned and expressed in E. coli.
HAPMO is composed of 640 amino acids and has a mass of 71,844 Da per monomer.
The amino acid sequence of this enzyme appeared to be related to other Baeyer-Villiger
monooxygenases, including cyclohexanone monooxygenase and steroid
monooxygenase. However HAPMO was found to contain a unique additional
N-terminal domain of about 135 amino acids. The precise function of this domain is still
unclear.

HAPMO catalyzes the conversion of a wide range of acetophenones.
4-Aminoacetophenone is the best substrate. HAPMO is also highly active with
4-hydroxypropiophenone and 4-hydroxybenzaldehyde. The substrate specificity and
biocatalytic features of HAPMO are further described in Chapter 4 and 5.
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Biological Baeyer-Villiger oxidation of fluorinated
acetophenones

Chapter 4 of this thesis describes the conversion of fluorinated acetophenones by
whole cells of P. fluorescens ACB and by purified HAPMO. Product analysis was
performed by 19F NMR. This technique has the advantage that no purification of
products is required, because the natural abundance of the 19F isotope is 100% and
biological samples contain no fluorinated endogenous compounds. In view of the
production of valuable acylcatechols, special attention is given in this chapter to the
Baeyer-Villiger oxidation of 4-fluoro-2-hydroxyacetophenone. Acylcatechols can be
used as building blocks for the chemical and especially the pharmaceutical industry. It
turned out that the use of purified HAPMO is essential for the production of 4-fluoro-
2-hydroxyphenyl acetate (4-fluoroacylcatechol). This is because P. fluorescens ACB
contains an esterase (4-hydroxyphenyl acetate hydrolase) that rapidly converts phenyl
acetates to the corresponding phenols (see also Chapter 3). 4-Fluoro-2-hydroxyphenyl
acetate appeared to be a rather unstable compound. At pH 8.0, the pH optimum of
HAPMO, this ester is spontaneously hydrolyzed to 4-fluorocatechol. The stability of
4-fluoro-2-hydroxyphenyl acetate could be improved by performing the HAPMO-
mediated conversion of 4-fluoro-2-hydroxyacetophenone at pH 6. Although the enzyme
is less active at this pH, the ester could be obtained in high yield.

Enzymatic Baeyer-Villiger oxidation of benzaldehydes
Fluorophenols are interesting building blocks for the production of medicines, like

enzyme inhibitors and receptor-antagonists. 18F labeled phenols for instance are
valuable starting compounds for the production of radiochemicals that can used to
follow amino acid metabolism and the protein synthesis in vivo. Phenols can be
produced by the Baeyer-Villiger oxidation of benzaldehydes. This is especially true for
benzaldehydes having electron-donating substituents. However, the chemical oxidation
of fluorobenzaldehydes mainly results in the production of fluorobenzoic acids.

In Chapter 5, the enzymatic oxidation of (fluoro)benzaldehydes was addressed. For
this we used HAPMO as a clean and selective Baeyer-Villiger biocatalyst. HAPMO is
active with a wide range of benzaldehydes. The enzymatic reactions with 4-amino- and
4-hydroxybenzaldehyde were inhibited at high substrate concentrations. Fluorinated
benzaldehydes were more slowly converted but are not prone to substrate inhibition.
Interestingly, HAPMO converts fluorobenzaldehydes almost exclusively to
fluorophenols. This preference for the production of fluorophenols instead of
fluorobenzoic acids deviates from the chemical reaction and suggests that the active site
of HAPMO directs the selectivity of the reaction by facilitating the migration of the
aromatic ring in the initially formed oxygenated product intermediate.

Degradation pathway of 4-hydroxyacetophenone in
Pseudomonas fluorescens ACB

Chapter 6 describes the degradation of 4-hydroxyacetophenone to β-ketoadipate by
P. fluorescens ACB (see scheme below). As described above, the first enzyme of this
pathway is catalyzed by HAPMO (HapE). The formed 4-hydroxyphenyl acetate is then
hydrolyzed by an esterase (HapD) to hydroquinone (1,4-dihydroxybenzene). This
compound can theoretically be converted in two different ways. The first possibility is
via hydroxylation to 1,2,4-trihydroxybenzene (HHQ) followed by ring fission by a
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1,2,4-trihydroxybenzene dioxygenase (HHQ 1,2-dioxygenase) producing maleylacetate.
However, whole cells of P. fluorescens ACB convert 4-fluoroacetophenone to
4-fluorophenol as end product (Chapter 4). This suggests that P. fluorescens ACB does
not possess phenol hydroxylase activity and thereby can not catalyze the conversion of
hydroquinone to 1,2,4-trihydroxybenzene. The second possibility is direct ring fission
of hydroquinone to 4-hydroxymuconic semialdehyde by a hydroquinone dioxygenase.
LC-MS data in Chapter 6 clearly show that the latter pathway is operative in
P. fluorescens ACB. Furthermore, 19F NMR studies revealed that 2,3-difluoro-
4-hydroxymuconic semialdehyde, produced from 2,3-difluorohydroquinone, is
converted to difluorinated maleylacetate.

The degradation pathway of 4-hydroxyacetophenone in Pseudomonas fluorescens ACB

Gene cluster of 4-hydroxyacetophenone (HAP) degradation
Chapter 6 also describes also the gene cluster (hapABCFGDE) that encodes the

enzymes involved in this degradation pathway. Beyond the genes encoding HAPMO
(hapE) and 4-hydroxyphenyl acetate hydrolase (hapD) (see Chapter 3), genes coding
for 4-hydroxymuconic semialdehyde dehydrogenase (hapA) and maleylacetate
reductase (hapB) could be identified:
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The hap(HIABCFGDE) gene cluster of P. fluorescens ACB involved in the degradation of
4-hydroxyacetophenone

Upstream of hapA an open reading frame (hapI = orf1) was found with unknown
function. Downstream of hapE some open reading frames (orf2-orf6) were found that
are not involved in the degradation pathway of 4-hydroxyacetophenone. In between
hapB and hapD three genes are present (hapCFG) with indistinct function. Especially
hapC drew our attention, because the enzyme encoded by this gene could be responsible
for ring fission of hydroquinone. However, sequence analysis and modeling of the
HapC protein indicated that this is very unlikely. The HapC protein (theoretical mass
32,159 Da) appeared to have the structural characteristics of iron(III)-dependent
intradiol dioxygenases. These enzymes consist of two identical subunits that contain
two strictly conserved tyrosines and histidines for iron ligandation per subunit. HapC
resembles HHQ 1,2-dioxygenases and is therefore probably not active with
hydroquinone.

Sequences of hydroquinone dioxygenases are only known for LinE and PcpA, which
use respectively 2,6-dichloro- and 2-chlorohydroquinone as physiological substrate.
These enzymes are also capable of converting hydroquinone to 4-hydroxymuconic
semialdehyde, but have a completely different amino acid sequence as HapC. LinE and
PcpA contain per subunit two conserved histidines and a carboxylate group in the active
site and belong to the family of iron(II)-dependent extradiol dioxygenases. This
supports that HapC is not responsible for the ring fission of hydroquinone and thus is
not involved in the degradation pathway of 4-hydroxyacetophenone. Therefore, it was
decided to isolate the enzyme, responsible for the ring fission of hydroquinone, directly
from P. fluorescens ACB. This �reverse genetics� strategy should clarify the �missing
link� in the degradation of 4-hydroxyacetophenone.

Hydroquinone dioxygenase (HQDO)
Purification of HQDO was strongly hampered by the instability of the enzyme.

Addition of possible protecting compounds like protease inhibitors, anti-oxidants and
�iron pills� showed no improvement (Chapter 7). A breakthrough in HQDO research
occurred when it was found that the enzyme could be stabilized by the addition of the
inhibitor 4-hydroxybenzoate. This aromatic compound binds in the HQDO active site,
but is not converted to a ring splitted product. This stabilization by 4-hydroxybenzoate
led to the isolation of an almost pure enzyme and a strong improvement of the enzyme
yield. Characterization of the substrate specificity showed that HQDO converts a wide
range of hydroquinones including chloro-, bromo-, fluoro-, methyl- and
methoxyhydroquinone. The conversion is regioselective. The enzyme has a preference
for ring opening of difluorohydroquinone in between a hydroxylated (C-OH) and a
hydrogenated (C-H) carbon atom. On the other hand, monofluorohydroquinone shows
ring fission between C-OH and C-F. Besides 4-hydroxybenzoate, many other phenolic
compounds inhibit the enzyme activity of HQDO, among them hydroxyhydroquinone
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(HHQ) and tetrafluorohydroquinone. Inhibition studies with specific �metal detectors�
showed that the enzyme activity is dependent on iron(II) ions.

Native HQDO consists of two subunits and is a α2β2 heterotetramer with a mass of
112.4 kDa on the basis of ESI-MS measurements. The subunits have a mass of
respectively 17.7 and 38.3 kDa for the α- and the β-subunit. The amino acid sequence
was obtained by N-terminal sequence and MALDI-ToF-ToF analysis. The active site
and the iron(II) binding site are in the β-subunit as shown by ESI-MS analysis.

On the basis of the amino acid sequences of tryptic peptides, it was established that
the β-subunit of HQDO is encoded by the hapI gene of the hap gene cluster.
Furthermore, genetic information of other organisms indicated that upstream hapI, a
gene is present that encodes the α-subunit of HQDO (hapH).

HQDO (HapHI) constitutes a new type of enzyme in the iron(II)-dependent
dioxygenase family. Until now only 5 gene clusters are known that possess one or two
of the hapHI genes. Furthermore HQDO is not closely related to the above described
chlorohydroquinone dioxygenases.

The biochemical characterization of HQDO and the identification of the hapHI
genes unambiguously show that HapC is not involved in the degradation of
4-hydroxyacetophenone. HapC presumably is necessary in another degradation pathway
for the ring fission of HHQ. In several other microorganisms, a gene comparable with
hapG codes for a ferredoxin necessary for the reactivation of iron(II)-dependent
catechol dioxygenases. As HQDO easily looses its metal cofactor, this suggests a
possible role for the protein encoded by hapG.

Conclusions
•  Pseudomonas fluorescens ACB is capable of degrading 4-hydroxyacetophenone to

β-ketoadipate by means of 5 enzymes. Two of these enzymes use molecular oxygen
for catalysis: 4-hydroxyacetophenone monooxygenase (HAPMO) and
hydroquinone dioxygenase (HQDO).

•  HAPMO is an NADPH-dependent FAD-containing enzyme, consisting of two
identical subunits of 72 kDa. HAPMO is a type I Baeyer-Villiger monooxygenase
with a unique N-terminal domain with unknown function. HAPMO has a broad
substrate specificity. Besides aromatic ketones, benzaldehydes are good substrates.
Produced aromatic esters are spontaneously hydrolyzed to the corresponding
phenols at high pH.

•  HQDO is a novel iron(II) dependent dioxygenase converting hydroquinone to
4-hydroxymuconic semialdehyde. HQDO is a α2β2 heterotetramer of 112.4 kDa,
with the active site presumably located in the β-subunit. Binding of the competitive
inhibitor 4-hydroxybenzoate protects HQDO against thermal inactivation. HQDO
has a broad substrate specificity. Besides from hydroquinone, HQDO catalyzes the
oxidative ring fission of chloro-, bromo-, fluoro-, methyl-, and
methoxyhydroquinone. Ring fission is regioselective. HQDO is not active with
1,2,4-trihydroxybenzene (HHQ) and catechol. HQDO from P. fluorescens ACB is
the first HQDO with a known sequence.

•  Genes encoding the enzymes involved in the 4-hydroxyacetophenone metabolism
in P. fluorescens ACB are positioned in the hap gene cluster. These enzymes are:
HAPMO (HapE), 4-hydroxyphenyl acetate hydrolase (HapD), HQDO (HapHI),
4-hydroxymuconic semialdehyde dehydrogenase (HapA), and maleylacetate
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reductase (HapB). The hapC gene, which is embedded in the hap gene cluster, is
not involved in the degradation of 4-hydroxyacetophenone, but codes for an
enzyme, that is related to the family of iron(III)-dependent intradiol dioxygenases
on the base of the protein sequence. The hapC gene codes presumably for a HHQ
1,2-dioxygenase. This gene probably persisted as a remnant during evolution or is
involved in another degradation pathway.
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SAMENVATTING
De natuur heeft diverse oplossingen bedacht om chemische stoffen af te breken. In

de bodem bv. zijn bacteriën, schimmels en gisten verantwoordelijk voor de afbraak van
plantenmateriaal. Deze micro-organismen zijn ook in staat om allerlei
milieuonvriendelijke, door de mens, geproduceerde chemicaliën zoals pesticiden en
herbiciden af te breken tot minder toxische verbindingen. Zij maken daarbij gebruik van
enzymen. Enzymen zijn eiwitten met een actief centrum die omzettingen van stof A
naar stof B versnellen (= katalyseren). Vele enzymen uit aërobe micro-organismen
maken bij de afbraak van chemische stoffen gebruik van zuurstof uit de lucht. Hierbij
kan er één zuurstofatoom van moleculaire zuurstof in het substraat ingebouwd worden
door een mono-oxygenase of kunnen er twee zuurstofatomen ingebouwd worden door
een dioxygenase. Vele dioxygenases zijn op deze manier in staat om de benzeenring van
aromatische verbindingen open te breken.

Acetofenonen zijn aromatische verbindingen die in het milieu voorkomen als
afbraakproducten van industriële chemicaliën zoals bijvoorbeeld de vlamvertrager
tetrabromobisfenol A. In dit proefschrift worden de enzymen beschreven die betrokken
zijn bij de afbraak van 4-hydroxyacetofenon door de bacterie Pseudomonas fluorescens
ACB. Een nieuw type mono-oxygenase en een nieuw type dioxygenase katalyseren
respectievelijk de eerste en derde stap in de afbraak van 4-hydroxyacetofenon.
4-Hydroxyacetofenon wordt zo uit de natuur verwijderd en wordt uiteindelijk omgezet
tot CO2 en H2O. Beide oxidatieve enzymen katalyseren ook de omzetting van een reeks
andere verbindingen (substraatanalogen). Onderzoek naar de biochemische, structurele
en biokatalytische eigenschappen van deze enzymen kan er daarom toe bijdragen dat er
op een milieuvriendelijke wijze nieuwe chemicaliën gemaakt kunnen worden, die een
opstap vormen voor de productie van belangrijke verbindingen voor bijvoorbeeld de
farmaceutische industrie.

Het OIO-project beschreven in dit proefschrift was onderdeel van het NWO-
programma Procesvernieuwing voor een Schoner Milieu. Het eerste doel van het
onderzoek was een biokatalysator ontwikkelen voor de Baeyer-Villiger oxidatie van
aromatische verbindingen. De Baeyer-Villiger reactie kan m.b.v een peroxide een keton
omzetten naar een ester of lacton en biedt vele interessante mogelijkheden voor de
productie van waardevolle fijnchemicaliën en farmaceutische verbindingen. Een
biologische Baeyer-Villiger katalysator werkt vaak regio- en/of enantioselectief en
gebruikt moleculaire zuurstof als schone oxidant, zodat er in tegenstelling tot de
chemische reactie geen gebruik hoeft te worden gemaakt van milieuonvriendelijke en
vaak explosieve peroxides. Het tweede doel was de afbraakroute van
4-hydroxyacetophenone in P. fluorescens ACB op te helderen met speciale aandacht
voor de afbraak van hydrochinon.

Flavine bevattende oxygenases en oxidases
De in dit proefschrift beschreven Baeyer-Villiger mono-oxygenase,

verantwoordelijk voor de omzetting van 4-hydroxyacetofenon in P. fluorescens ACB,
bevat een FAD (flavine adenine dinucleotide) cofactor. Deze prosthetische groep komt
voort uit vitamine B2 (riboflavine) en geeft het enzym een gele kleur. Flavine wordt als
cofactor ook aangetroffen in vele andere oxidatieve enzymen die actief zijn met
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fenolische verbindingen. In hoofdstuk 2 wordt een overzicht gegeven van de functie
van deze eiwitten (flavoproteïnen). Hierbij kunnen drie klassen worden onderscheiden:
•  Aromatische hydroxylases. Van deze klasse zijn vele enzymen bekend en ze

werken vaak zeer (regio)selectief. Het modelenzym van deze klasse is
p-hydroxybenzoaat hydroxylase (PHBH).

•  Baeyer-Villiger mono-oxygenases. Het enige tot nu toe bekende enzym van deze
klasse dat actief is met fenolen betreft het in dit proefschrift beschreven
4-hydroxyacetofenon mono-oxygenase (HAPMO). HAPMO heeft een brede
substraatspecificiteit.

•  Oxidases. Weinig oxidases zijn actief met fenolen. Ze hebben een brede
substraatspecificiteit. Modelenzym van deze klasse is vanillyl-alcohol oxidase
(VAO). VAO vertoont naast oxidase, oxidatieve deaminering, oxidatieve
demethylering en dehydrogenering ook enantioselectieve hydroxylering.

In het onderstaande schema zijn de oxiderende reacties van PHBH, HAPMO en
VAO weergegeven:

Flavoenzym gekatalyseerde oxidatieve reacties met fenolische verbindingen

4-Hydroxyacetofenon mono-oxygenase (HAPMO)
Hoofdstuk 3 van dit proefschrift beschrijft de karakterisering van

4-hydroxyacetofenon mono-oxygenase (HAPMO) uit P. fluorescens ACB en de
klonering van het HAPMO (hapE) gen. Zoals hierboven aangegeven is HAPMO een
flavoproteïne die de Baeyer-Villiger oxidatie van acetofenonen katalyseert. Bij deze
reactie wordt één zuurstofatoom ingebouwd, afkomstig van moleculaire zuurstof, tussen
de benzeenring en de carbonylgroep van het substraat. Verder is voor deze reactie
NADPH nodig als co-enzym. Het fysiologisch substraat 4-hydroxyacetofenon wordt
door HAPMO geoxideerd tot 4-hydroxyfenyl acetaat.

Allereerst wordt in hoofdstuk 3 de groei van P. fluorescens ACB in een 200 liter
batch fermentor beschreven. Omdat bij deze bacteriekweek 4-hydroxyacetofenon wordt
gebruikt als enige koolstofbron, wordt de productie van HAPMO en bijbehorende
enzymen sterk geïnduceerd. Na het oogsten van de bacteriën en het verwijderen van hun
celwand, zijn HAPMO en een hydrolase (verantwoordelijk voor de verdere omzetting
van 4-hydroxyfenyl acetaat) gezuiverd uit het celvrije extract. HAPMO blijkt een
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homodimeer te zijn van 140 kDa waarbij iedere subunit één stevig gebonden FAD
molecuul bevat. Het esterase (4-hydroxyfenyl acetaat hydrolase) verantwoordelijk voor
de omzetting van 4-hydroxyfenyl acetaat naar hydrochinon is gedeeltelijk gezuiverd.

Na bepaling van de N-terminale eiwitsequenties van HAPMO en het 4-hydroxyfenyl
acetaat hydrolase zijn er primers (stukjes DNA) ontworpen om een bibliotheek te
screenen van het P. fluorescens ACB genomisch DNA. Via deze strategie zijn de
gensequenties en daaruit voortvloeiende aminozuurvolgordes van HAPMO en het
esterase bepaald. Vervolgens is het HAPMO gen gekloneerd en in E. coli tot expressie
gebracht. HAPMO is opgebouwd uit 640 aminozuren en heeft een massa van 71.844 Da
per monomeer. De aminozuurvolgorde van dit enzym is verwant met andere Baeyer-
Villiger mono-oxygenases zoals cyclohexanon mono-oxygenase en steroïde mono-
oxygenase. HAPMO bevat echter een uniek extra N-terminaal domein van ongeveer
135 aminozuren. De precieze functie van dit domein is vooralsnog onduidelijk.

HAPMO katalyseert de omzetting van een breed scala acetofenonen. Van deze
verbindingen blijkt 4-aminoacetofenon het beste substraat te zijn. Daarnaast is HAPMO
erg actief met 4-hydroxypropiofenon en 4-hydroxybenzaldehyde. De
substraatspecificiteit van HAPMO wordt verder beschreven in hoofdstuk 4 en 5.

Biologische Baeyer-Villiger oxidatie van gefluorideerde
acetofenonen

Hoofdstuk 4 van dit proefschrift beschrijft de omzetting van gefluorideerde
acetofenonen door hele cellen van P. fluorescens ACB en door gezuiverd HAPMO.
Voor de productanalyse is hierbij gebruik gemaakt van 19F NMR. Deze techniek heeft
het grote voordeel dat de gevormde producten niet gezuiverd hoeven te worden omdat
de natuurlijk aanwezigheid van het 19F isotoop 100% is en omdat biologische monsters
geen gefluorideerde endogene verbindingen bevatten. In dit hoofdstuk is de aandacht
speciaal gericht op de omzetting van 4-fluoro-2-hydroxyacetofenon, omdat de Baeyer-
Villiger oxidatie van 2-hydroxyacetofenonen leidt tot waardevolle acylcatecholen.
Acylcatecholen kunnen als bouwstenen dienen voor de chemische en met name de
farmaceutische industrie. Het gebruik van gezuiverd HAPMO bleek essentieel voor de
vorming van 4-fluoro-2-hydroxyfenyl acetaat, omdat in de bacteriecel deze verbinding
onmiddellijk wordt gehydrolyseerd door het aanwezige esterase (4-hydroxyfenyl acetaat
hydrolase) (zie ook Hoofdstuk 3). Verder bleek het enzymatisch gevormde 4-fluoro-
2-hydroxyfenyl acetaat niet stabiel te zijn. Rond het pH optimum van HAPMO (pH 8)
hydrolyseert deze ester spontaan tot 4-fluorocatechol. De stabiliteit van het 4-fluoro-
2-hydroxyfenyl acetaat kon sterk verbeterd worden door de enzymatische reactie uit te
voeren bij pH 6. Weliswaar is het enzym dan katalytisch minder actief, maar de ester
kan dan met hoge opbrengst verkregen worden.

Enzymatische Baeyer-Villiger oxidatie van benzaldehydes
De Baeyer-Villiger oxidatie van (gefluorideerde) benzaldehydes is beschreven in

hoofdstuk 5. De chemische Baeyer-Villiger oxidatie van benzaldehydes leidt tot de
vorming van een mengsel van benzoëzuur en fenol. Uitgaande van gefluorideerde
benzaldehydes kunnen zo fluorfenolen geproduceerd worden, die als bouwsteen dienen
voor de productie van geneesmiddelen. Hierbij valt te denken aan enzymremmers en
receptor-antagonisten. Verder zijn 18F gelabelde fenolen met name geschikt voor de
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productie van biochemicaliën die gebruikt worden voor het volgen van het aminozuur
metabolisme en de eiwit synthese in vivo.

Omdat de chemische Baeyer-Villiger oxidatie van (fluor)benzaldehydes niet erg
milieuvriendelijk en ook weinig selectief is, is onderzocht of HAPMO als biokatalysator
gebruikt kan worden voor de schone productie van (fluor)fenolen uit
(fluor)benzaldehydes. Benzaldehydes blijken goede substraten voor HAPMO te zijn.
4-Amino- en 4-hydroxybenzaldehyde worden het snelst omgezet maar vertonen
remming bij hoge substraatconcentraties. Gefluorideerde benzaldehydes worden
langzamer omgezet maar hebben het voordeel dat ze geen substraatremming vertonen.
Nog belangrijker is echter dat HAPMO de benzaldehydes bijna exclusief omzet via de
fluorfenyl acetaat esters naar de fluorfenolen en niet naar de fluorbenzoëzuren. Deze
voorkeur voor de productie van fluorfenolen wijkt af van de chemische reactie.
Waarschijnlijk kan het actieve centrum van HAPMO tijdens de reactie de migratie van
de aromatische ring vergemakkelijken.

Afbraakroute van 4-hydroxyacetofenon door Pseudomonas
fluorescens ACB
In hoofdstuk 6 wordt beschreven hoe 4-hydroxyacetofenon in P. fluorescens ACB
wordt afgebroken tot β-ketoadipaat (zie onderstaand schema). Het eerste enzym in deze
route is het hierboven beschreven HAPMO (HapE). De 4-hydroxyfenyl acetaat ester die
zo ontstaat wordt vervolgens door een esterase (HapD) gehydrolyseerd tot hydrochinon
(1,4-dihydroxybenzeen). Dit hydrochinon kan theoretisch op twee manieren verder
worden omgezet. De eerste manier is via hydroxylering tot 1,2,4-trihydroxybenzeen
(HHQ) en dan ringsplitsing met een 1,2,4-trihydroxybenzeen dioxygenase (HHQ
1,2-dioxygenase) tot maleylacetaat. Echter, hele cellen van P. fluorescens ACB zetten
4-fluoroacetofenon om tot 4-fluorofenol als eindproduct (hoofdstuk 4). Dit wijst er op
dat P. fluorescens ACB geen fenol hydroxylase activiteit bezit en zo de omzetting van
hydrochinon naar 1,2,4-trihydroxybenzeen niet kan katalyseren. Een andere
mogelijkheid is de directe ringsplitsing van hydrochinon tot 4-hydroxymuconaat semi-
aldehyde m.b.v. een hydrochinon dioxygenase. In hoofdstuk 6 wordt via LC-MS
aangetoond dat deze weg inderdaad door P. fluorescens ACB bewandeld wordt. Uit 19F
NMR studies blijkt dat het door hydrochinon dioxygenase (HQDO) gevormde
4-hydroxymuconaat semi-aldehyde via maleylacetaat verder wordt omgezet tot
β-ketoadipaat.
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De afbraakroute van 4-hydroxyacetofenon door Pseudomonas fluorescens ACB

Gen cluster van de 4-hydroxyacetofenon (HAP) afbraak
In hoofdstuk 6 wordt naast de afbraakroute van 4-hydroxyacetofenon ook de gen

cluster (hapABCFGDE) beschreven, die codeert voor de enzymen die betrokken zijn bij
deze afbraakroute. Behalve de genen die coderen voor HAPMO (hapE) en
4-hydroxyfenyl acetaat hydrolase (hapD) (zie hoofdstuk 3) konden het
4-hydroxymuconaat semi-aldehyde dehydrogenase gen (hapA) en het maleylacetaat
reductase gen (hapB) worden geïdentificeerd:

De hap(HIABCFGDE) gen cluster uit P. fluorescens ACB betrokken bij de afbraak van
4-hydroxyacetofenon

Vóór hapA werd een open reading frame (hapI = orf1) aangetroffen met onbekende
functie. Na hapE komen enkele open reading frames die niet betrokken zijn bij de
afbraakroute van 4-hydroxyacetofenon (orf2 t/m orf6). Tussen hapB en hapD bevinden
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zich 3 genen (hapCFG) waarvan de functie onduidelijk is. Vooral hapC trok onze
aandacht, omdat het enzym gecodeerd door dit gen mogelijk verantwoordelijk zou
kunnen zijn voor de ringsplitsing van hydrochinon. Sequentie analyse en modeling van
de eiwitstructuur wezen er echter op, dat dit waarschijnlijk niet het geval is. Het HapC
eiwit (theoretische massa 32.159 Da) bleek de typische structuurkenmerken te hebben
van ijzer(III) afhankelijke intradiol dioxygenases. Deze intradiol dioxygenases zijn
opgebouwd uit twee identieke subunits die ieder twee strikt geconserveerde tyrosines en
histidines bezitten voor ijzer binding. HapC lijkt het meest op een HHQ 1,2-
dioxygenase en is daarom waarschijnlijk niet actief met hydrochinon.

Van de hydrochinon dioxygenases zijn alleen sequenties bekend van LinE en PcpA,
die respectievelijk 2,6-dichloor- en 2-chloorhydrochinon gebruiken als fysiologisch
substraat. Deze enzymen zijn ook in staat om hydrochinon om te zetten tot
4-hydroxymuconaat semi-aldehyde, maar hebben een heel andere aminozuurvolgorde
dan HapC. LinE en PcpA bezitten per subunit twee geconserveerde histidines en een
carboxylaat groep in hun actieve centrum en behoren tot de ijzer(II)-afhankelijke
extradiol dioxygenases. Dit ondersteunt het feit dat HapC niet verantwoordelijk is voor
de ringsplitsing van hydrochinon en dus niet betrokken is bij de afbraakroute van 4-
hydroxyacetofenon. Daarom werd besloten om het enzym verantwoordelijk voor de
ringsplitsing van hydrochinon (HQDO) rechtstreeks uit P. fluorescens ACB te isoleren.
Deze �omgekeerde genetische� strategie zou moeten leiden tot opheldering van de
ontbrekende schakel in de afbraak van 4-hydroxyacetofenon.

Hydrochinon dioxygenase (HQDO)
Er kwamen in eerste instantie vele problemen naar voren, bij pogingen om HQDO

zuiver in handen te krijgen, omdat het enzym zeer labiel bleek te zijn. Toevoegingen
van mogelijk beschermende stoffen zoals protease remmers, antioxidanten en
�staalpillen� bracht daarin geen verbetering (hoofdstuk 7).

Een doorbraak in het HQDO onderzoek werd verkregen, nadat duidelijk werd dat
het enzym gestabiliseerd kon worden door toevoeging van de remmer
4-hydroxybenzoaat. Deze aromaat bindt in het actieve centrum van HQDO op de
substraat bindingsplaats, maar wordt niet omgezet tot een product met een geopende
ring. Stabilisering door 4�hydroxybenzoaat leidde tot een bijna zuiver enzym en tot een
enorme verbetering in enzym opbrengst. Karakterisering van de substraatspecificiteit
liet zien dat HQDO nog een hele reeks andere hydrochinonen kan omzetten, zoals
chloor-, broom-, fluor-, methyl- en methoxyhydrochinon. De omzetting is regioselectief.
In het geval van difluorhydrochinonen heeft het enzym heeft een voorkeur voor opening
van de ring tussen een gehydroxyleerd (C-OH) en een gehydrogeneerd (C-H)
koolstofatoom. Monofluorhydrochinon wordt echter gesplitst tussen C-OH en C-F.
Naast 4-hydroxybenzoaat remmen vele andere fenolische verbindingen de
enzymactiviteit van HQDO, waaronder hydroxyhydrochinon (HHQ). Remmingstudies
met specifieke �metaaldetectoren� wezen erop, dat het enzym voor zijn activiteit
afhankelijk is van ijzer(II) ionen.

Het gezuiverde HQDO is opgebouwd uit twee subunits en vormt een α2β2
heterotetrameer met een massa van 112,4 kDa op basis van ESI-MS metingen. De
subunits hebben een massa van 17,7 en 38,3 kDa voor respectievelijk de α- en
β-subunit. M.b.v. N-terminale sequentie en MALDI-ToF-ToF analyse werd informatie
verkregen over de aminozuurvolgorde van beide subunits. Het actieve centrum met de
ijzer(II) bindingsplaats bevindt zich in de β-subunit als bepaald m.b.v. ESI-MS analyse.



Samenvatting

155

Op basis van de N-terminale eiwit sequentie en MALDI-ToF-MS van tryptische
peptiden kon worden aangetoond dat de β-subunit van HQDO wordt gecodeerd door het
orf1 gen van de hap cluster. Bovendien kon m.b.v. genetische informatie van andere
organismen worden vastgesteld dat onmiddellijk voor hapI zich het gen bevindt, dat
codeert voor de α-subunit van HQDO (hapH).

HQDO (HapHI) is een nieuw type enzym binnen de familie van de ijzer(II)-
afhankelijke dioxygenases. Er zijn tot nu toe slechts 5 gen clusters bekend die een of
twee van de hapHI genen bezitten. Verder vertoont HQDO weinig verwantschap met de
hierboven beschreven chloorhydrochinon dioxygenases.

Met de biochemische karakterisering van HQDO en de identificatie van de hapHI
genen is onomstotelijk aangetoond, dat HapC niet betrokken is bij de afbraak van
4-hydroxyacetofenon. HapC is vermoedelijk nodig in een andere afbraakroute voor de
ringsplitsing van HHQ.

In verschillende andere micro-organismen die verwant zijn aan P. fluorescens ACB
codeert het hapG voor een ferredoxine dat nodig is voor de reactivering van ijzer(II)-
afhankelijke catechol dioxygenases. Omdat HQDO een zeer labiel eiwit is, dat
afhankelijk is van ijzer(II) ionen, suggereert dit een mogelijke rol voor hapG.

Conclusies
•  Pseudomonas fluorescens ACB is in staat om 4-hydroxyacetofenon m.b.v. 5

enzymen om te zetten tot β-ketoadipaat. Twee van deze enzymen gebruiken
daarvoor zuurstof: 4-hydroxyacetofenon mono-oxygenase (HAPMO) en
hydrochinon dioxygenase (HQDO).

•  HAPMO is een NADPH-afhankelijk FAD bevattend enzym, bestaande uit twee
identieke subunits van ieder 72 kDa. HAPMO is een type I Baeyer-Villiger mono-
oxygenase met een uniek N-terminaal domein met onbekende functie. HAPMO
heeft een brede substraatspecificiteit. Naast aromatische ketonen zijn
benzaldehydes goede HAPMO substraten. Gevormde aromatische esters worden bij
hoge pH spontaan gehydrolyseerd tot de corresponderende fenolen.

•  HQDO is een nieuw type ringsplitsend dioxygenase dat hydrochinon omzet in
4-hydroxymuconaat semi-aldehyde. HQDO is een α2β2 heterotetrameer van 112,4
kDa, met de actieve bindingsplaats vermoedelijk alleen in de β-subunit. IJzer(II)
ionen worden alleen in de β-subunit gebonden en zijn betrokken bij de katalyse.
Binding van de competitieve remmer 4-hydroxybenzoaat stabiliseert het HQDO
waardoor het mogelijk is het enzym te zuiveren en biochemisch te karakteriseren.
HQDO heeft een brede substraatspecificiteit. Naast hydrochinon katalyseert het
enzym ook de oxidatieve ringsplitsing van chloor-, broom-, fluor-, methyl- en
methoxyhydrochinon. De ringsplitsing verloopt regioselectief. HQDO is niet actief
met 1,2,4-trihydroxybenzeen (HHQ) en met catechol. HQDO uit P. fluorescens
ACB is de eerste HQDO waarvan de sequentie bepaald is.

•  De genen coderende voor de enzymen betrokken bij het 4-hydroxyacetofenon
metabolisme in P. fluorescens ACB, bevinden zich in de hap gen cluster. Deze
enzymen zijn: HAPMO (HapE), 4-hydroxyfenyl acetaat hydrolase (HapD), HQDO
(HapHI), 4-hydroxymuconaat semi-aldehyde dehydrogenase (HapA) en het
maleylacetaat reductase (HapB). Het hapC gen, dat midden in de hap cluster is
gelokaliseerd, is niet betrokken bij de afbraak van 4-hydroxyacetofenon, maar
codeert voor een enzym dat qua sequentie nauw verwant is aan de familie van
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ijzer(III)-afhankelijke intradiol dioxygenases. Het hapC gen codeert waarschijnlijk
voor een HHQ 1,2-dioxygenase. Mogelijk is dit gen tijdens de evolutie als
�verontreiniging� in de cluster achtergebleven of is het betrokken bij een andere
afbraakroute.
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