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Stellingen

Flavine mobiliteit in p-hydroxybenzoate hydroxylase is essentieel voor katalyse
(dit proefschrift).

Niet alleen de structuur van het actieve centrum, maar ook het type substraat bepaalt de
regiospecifiteit van hydroxylering door p-hydroxybenzoaat hydroxylase (dit proefschrift).

De controverse tussen het experimentele reactiemechanisme van cytochroom P450 en het
theoretisch-berekende mechanisme wordt door de auteurs niet besproken {Oxygen
exchange with water in heme-oxo intermediates during H:0: driven oxygen incorporation
in aromatic hydrocarbons catalyzed by microperoxidase-8.

V. Derovska-Taran, M.A. Poshumus, S. Boeren, M.G. Boersma, C.J. Teunis,

.M.C.M. Rietiens and C. Veager (1998), Eur. J. Biochem. 253, 659-668; Molecular orbital
study of porphyrin-substrate interactions in cytochrome P450 catalysed aromatic
hydroxylation of substituted anilines. Q. Zakharieva, M. Grodzicki, A.X. Trautwein,

C. Veeger and | M.C.M. Rietiens (1998}, Biophys. Chem. 73, 189-203; Molucular orbital
study of the hydroxylation of benzene an monofluorobenzene catalysed by iron-oxo
porphyrin x cation radical complexes. O. Zakharieva, M. Grodzicki, A.X. Trautwein,

C. Veeger and |.M.C.M. Rietjens, Biol. inorg. chem. 1 (1996) 192-204.

De Bijlmer-enquete heeft bewezen dat de vraag om een onderzoek niet automatisch leidt

tot een onderzoeksvraag.

De stellingname van het Brits koninklijk huis in de discussie over genstische manipulatie,
manipuleert in eersie instantie de positie van het koninklijk huis.

Als in het onderzoek alles onder controle is gaat de vooruitgang niet snel genoeg.
Geen tijd hebben betakent ergens prioriteit aan geven.
In de meubeimakerij mag de spijker niet voor de tweede maal worden uiigevanden.

Het verkrijgen van inzicht in een bepaald vakgebied kan leiden tot een onverwacht uitzicht.

Stellingen behorend bij het proefschrift van Frank van der Bolt
“Structure and Function of para-Hydroxybenzoate hydroxylase”
Wageningen, 21 september 1999
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Chapter 1
Scope and outline of the thesis

1.1  General introduction

Enzymes which are biocatalysts can accelerate a reaction compared to the rate observed in
solution, because they are able o lower the activation bammier of a reaction.

Enzymes can be classified on the basis of the type of reaction catalysed. This leads to a
division into classes representing oxidoreductases, transferases, hydrolases, lyases, isomerases and
ligases. However, this classification does not give any information about the way in which the reaction
is catalysed, that is, the mechanisms and/or principles used by the enzymes to actually lower the
activation barrier for a reaction.

A division, based on the type of reaction mechanism used by the enzymes, can be made on
the basis of the cofactor involved or absent in the actual chemistry catalysed. Cofactors can be, for
example, a flavin, a heme, a metal cluster etc. Based on the type of cofactor involved, cofactor-
dependent enzymes can be divided info the following subclasses, indicative for the type and
mechanism(s) of catalysis:

- flavin-dependent catalysis

- heme-dependent catalysis

- metal cluster-dependent catalysis

- pyridoxal phosphate-depandent catalysis

- quincid cofactor-dependent catalysis

- nicotinamide-dependent catalysis

- blotin-dependent catalysis

- thiamine pyrophosphate-dependent catalysis

In the next chapter, several of the most important reaction mechaniems and catalytic principles
of flavin-dependent enzymes wil be outlined. This is done since the objective of the present study is
related to the understanding of the catalytic mechanism of the Havoprotein para-hydroxybenzoate
hydroxylase (PHBH).
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1.2 Alm of the thesis

The aim of the present thesis was to obtain detalled insight in the role of substrate and flavin
cofactor orientation and mobility and of specific amino acid residues, in the catalytic mechanism of
PHBH (EC 1.14.13.2), PHBH is a flavoprotein involved in the asroblc degradation of aromatic
compounds. It catalyses the conversion of 4-hydroxybenzoate into 3,4-dihydroxybenzoate using
NADPH and molecular oxygen {Fig. 1). This is the first step of the B-ketoadipate pathway by which
cettain sol micro-grganisms are able to degrade and ulilise hydroxylated aromaltic compounds as
their energy and carbon source (Omston & Stanier, 1964; Stanier et al.,, 1973; Anderson & Dagley
1980; van Berkel et al., 1994; Harwood & Parales, 1996). Aromatic compounds degraded this way
may originate from environmentsl polution {Dagley et al., 1854; Gibson, 1968; Neujahr & Gaal, 1973;
Beadle and Smith, 1982; Higson & Focht, 1989; van der Meer et al., 1992; Xun et al., 1992; van der
Meer, 1897), but also from natural sources, since they are liberated during the blodegradation of
lgnin, one of the principle components of wood (Neujahr, 1981; van Berkel and Maller, 1991).

OH OH
PHBH
+ NADPH+ HF + O ———— + NADP* + H,0
‘4 olo_

0" O
Figure 1.  Reaction catalysed by PHBH

PHBH is a member of the class of flavoprotein aromatic hydroxylases. These enzymes have
many catalytic properties in comemon and their substrate specificity is conglistent with an electrophilic
aromatic substitution mechanism {(Massey, 1994). As can be seen from Table 1, microorganisms use
this catalytic competence in an ingenious way by inducing either ortho- or para-hydroxylating
enzymes (van Berkel and Mifler, 1991; van Berkel et al.,, 1997). As a result of the renewed interest
for the microbial degradation of enwvironmental pollutants, several flavoprotein aromatic hydroxylase
genas were sequenced during the last few years (Eppink et al., 1997},
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Table1.  Primaty substrates of favoprotein aromatic hydroxylases -

Substrate Hydroxylation  Substrate Hydroxylation
salicylate ortho */para phenol ortho *
S-hydroxybenzoate ontho/para regorcinol ortho
4-hydroxybenzoate ortho */para hydroquinone ortho
2-hydroxyphenylacetate ortha/para . orcinol ortho
3-hydroxyphenylacetate ortho/para crosol ortho *
4-hydroxyphenylacetate ortho */para 2-pitrophenol ortho
2-aminobenzoate ortho 4-nitrophenol ortho
4-aminobenzoate para 2-hydroxybiphenyi ortho *
mellotate ortho 2,4-dichtorophenol ortho *
protocatechuate para 2,4 5-trichlorophenol para
vanillate para 2,4,6-trichiorophenol para*
Fkynurenine ortho pentachloropheno para *
4-hydroxylsophtalate ortho

2-aminobenzoyl CoA para * 2,6-dihydroxypyridine ortho
3-hydroxybenzoyl CoA para

Ernzymes with lnown sequence ene indicated with an asteriks. From van Borket of al,, 1997,

PHBH has become the modsl enzyme to study catalysis by flavoprotein aromatic hydroxylases,
since its crystal structure s known In atomic detall (Wierenga et al., 1979, Schreuder et al., 1989;
Schreuder et al., 1891). This and the cloning of the pobA gene enabled a detalled analysis of the
active site and the creation of mutant enzymes to study the role of particular amino acid residues
(Eschrich et al., 1990, Entsch et al. 1991, van Berkel et al., 1992).

The objective of the present thesis is to actually obtain insight in the role of parficular amino
acid residues in PHBH from Pssudomonas fiuorescens. Special emphasis is given on the substrate
and effector specificity, and on the orientation and mobillity of the substrate and the flavin cofactor
during catalysis.
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1.3 Ouiline of the thesis

In 1990, the pobA gene encoding PHBH from Pseudomonas flucrescens was cloned in
Escherichia coli. As described in Chapter 1, this paved the way to study the structure and function of
PHBH in further detall.

Chapter 2 presents an introduction on the enzyme and the present state-of-the-art knowledge
on the catalytic machanism and active site of PHBH as well as the role of certain amino acid residues
in catalysis. This chapter also describes in what way these residues may affect the mobility and
chemical reactivity of the substrate and flavin cofactor.,

PHBH is a homodimer in which each monomer functions catalytically independent. Each
PHBH subunit contains five cysteine residues. In Chapter 3, the role of these sulthydryl groups in
catalysis [s addressed by a combined site-directed mutagenesis and chemical modification approach,

The crysial structure of the enzyme-substrate complex of PHBH shows that the hydroxyl group
of 4-hydroxybenzoate interacts with the side chain of Ty201, which is in close contact with the side
chain of Tyr385. Chapter 4 describes the role of Tyr201 and Tyr385 in substrate activation and in the
fine tuning of the substrate and effector specificity.

In Chapter 5§ structural data of wildtype PHBH and mutamt Tyr222Ala complexed with
substrate analogs are presented. Thess studies revealed a new binding mode of the flavin ring out of
the active site and uncovered a proton channel, presumably involved in substrate activation. The
newly discovered displacement of the flavin ring might provide an entrance for the substrate to enter
the aclive site and an «xit for the product to leave.

In the final chaptars, the role of flavin mobility and substrate orientation during PHBH catalysis
is investigated in maore detail. In Chapter 6, the role of flavin motion Is addressed on the basis of
studies with mutant Tyr222Ala. Biochemical support is given to the idea that the equilibrium of flavin
conformers is dependent on the enzyme radox state.

Chapter 7 reports on the regiospecificity of hydroxylation of tetrafiuoro-4-hydroxybenzoate by
wild-type PHBH and mutant Tyr385Phe. Evidence is provided for the first time that C2 hydroxylation
of PHBH subetrates Is feasible. The implications of these restilts for substrate and flavin mobility and
reactivity are discussed.
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Chapter 2

Introduction

21 Flavosnzymes

Flavoenzymes are redox proteins that contain a flavin cofactor (in most cases FAD or FMN).
Flavoenzymas are spread widely In nature and catalyse diverse reactions, ranging from redox
catalysis and light emission to DNA repalr. In most flavoenzymes, the flavin cofactor is non-covalently
bound to the protsin molety (Miiller and van Berkel, 1091). Occaslonally, the flavin is covalently linked

to either a histidine, tyrosine or cysteine of the polypeptide chaln (Mewies et ai., 1998; Fraaije et al.,
1898).

NH,
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Figure 1. Structure of FAD Ir, oxidized and fully reduced state

So far, several hundred different flavoenzymes have been purified and characterised from
various organisms. Based on their catalytic mechanism and function these enzymes are divided into

several classes as summarized in Table 2.1.
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Table 2.1 Classification of flavoenzymes

Category Examples Charactoristics

Oxidases D-amino acid oxidase the eleciron acceptor is Oz
glucose oxidase by 26" reduced to HoO2
vaniliyl-gicohol cxidase

Dehydrogenases acetyl-CoA dehydragenase oxidation of fatty acid acyl-CoA

substrates

Monooxygenases p-hydroxybenzoate hydroxylase the acceptor is O2: one oxygen
bacterial luciferase atom in HzO, other axygen atom
cyclohexanone monooxygenase in OH of the product

Electron transferases terredoxin-NADP* reductase 1¢" tranafer, flavin-shuttie'
NADPH-eytP450 reductase between semiquinone- and

hydroquinone forms

Disulfide oxidoreductases lipoamide dehwdrogenase contains redox-active disuffids,
glutathione reductass besides NADPH often disulfide/
NADH peroxidase dlithiol as substrate

Heme-containing flavocytochrome b2 contains heme as an extra redox

tlavoenzymes cytochrome P450 BM-3 group
NO synthase
p-cresol methythydroxylase

Metal containing xanthine oxidase bound transition state metal ions

flavoenzymes phtalate dioxygenase (Fe2+, Fe3+, MoB+) cofactors

From Table 2.1 it immediately follows that the classification of flavosnzymes is not very strict.
There are flavoenzymes which contain one or even more heme cofactors andfor metal ions in their
active site and use these additional cofactors in their catalytic mechanism. Thus, the same cofactor
can be jnvolved in different types of biocaltalysis It will be clear that the protein structure, which
influences for example the surroundings and the accessibility of the cofactor, strongly influences and
determines the type of catalysis performed by the flavin cofactor. In the next paragraphs, the flavin-
mediated reaction catalysed by PHBH wilt be discussed in more detail.




introduction
2.2 para-Hydroxybenzoate hydroxylase
2.2.1 Overall reaction

PHEH is a flavoprotein monooxygeniases. The sryme Is a dimer of identical subunits, sach
about 45 kDa and each containing one FAD molecule {(Mdiler et al., 1979). PHBH catalysss the
conversion of 4-hydroxybenzoate into 3,4-dilydroxybenzoate, a common intermediate step in the
degradation of aromafic compounds in soil bacteria (Fig. 2). The enzyme from Pseudomonas
fluorescens which is the subject of the present study is strictly NADPH dependent (Howell et al.,
1972), Soma PHBH enzymes (less well studied) can also use NADH as electron donor (Seibold et al.,
1996).

PHBH
+ NADPH+ H'+ O ———»= + NADP*+ H0

Figuwe 2. Reaction catalyzed by PHEBH

2.2.2 Proteln structura

PHBH Is one of the first flavoenzymes with known three-dimensional structure (Wisrenga et
al., 1979). Figure 3 presents a ribbon stniciure of the peptide backbone of the PHBH subunit, as
refined to 1.9 A resolution (Schireuder et al,, 1989). The folding topology of PHBEH is shared by several
other flavoenzymes, including cholesterol oxidase (Vrielink et al., 1991), glucose oxidase (Hecht et al.,
1983), D-amino acid oxidase (Maltevi et al., 1998) and phenol hydroxylase {Enroth et al., 1996) but
also by the GDP-dissociation inhibitor of Rab GTPases (Schalk et al, 1996). This highlights the
versatile nature of the PHBH fold, which is suited for diverse biological functions (Mattevi, 1998},

The enzyme-substrate complex of PHBH crystallizes as a dimer (Wierenga et al., 1979). In
the absence of substrate or in the presence of NADPH, PHBH has rather poor diffraction properties
{Schreuder et al.,, 1991; van der Laan et al., 1989; Eppink et al. 1998b). Unlike most NAD{PYH-
dependent enzymes, PHBH lacks a fof-fold for binding the pyridine nucleotide (Eppink et al., 1987).




Figure 3.  Ribtbon structura of PHBH

Anaerobic reduction of substrate complexed enzyme crystels hava led to a 2.3 A siructure of the
reduced enzyme-substrate complex (Schreuder et al., 1992), This structure resembles the structure of
the oxidized enzyme-substrate complex. Crystal structures have also been obtained of wild-type
enzyme in complex with substrate analogues and of a number of mutant enzymes (Schreuder et al.,
1004; Gatti et al., 1904; Lah et al., 1994; van Berkel ot al., 1994; Eppink et al. 1995; 1998a; 1998h;
1999). The PHBH structura can be divided (n three domains (Schreuder et al., 1989; Fig.3):

Residues 1-175: the FAD binding domain with the N-terminal Rossmann fold for binding the
ADP moiety of FAD (Wisrenga et al. 1983; Wierenga et al. 1985).

Residues 176-290; the subsirate binding domain,

Residues 291-3%4: the interface domain.

Howaver, in recent structural classifications, PHBH is taken as a two-domain protein (Mattevi, 1998).

10
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223 Struciure and function

The substrate binding site of PHBH is deeply burled in the protein and bukt up of all three
domains {Schreuder et al., 1988). Ciystallographic studies suggest that the flavin ring swings out of
the active site to allow subsirate binding (Schreuder et al., 1994; Gatti et al., 1994), Fig. 4 presents a
close up of the substrate binding site. Arg214 forms a indispensable lonic interaction with the carboxvi
group of the substrate {ven Berim! et al., 1992). Ser212 and Tw222 ars also involved In binding the
carboxylic moiely. Hydroxylation of the aromatic subsirate is fecliitated by deprotonation of the
phenolic moiety (Shoun et al., 1979; van Berkel and Milller, 1989; Vervoort et al., 1982; Ridder, 1988),
The hydroxyl group of the substrede is at hydrogen bond distance of Tyr2G1 which contacts Tyr385.
Selective Phe replacements of these tyrosine residues strongly hamper substrate deprotonation and
fiavin reduction {(Entach et al. 1991, Eschrich et al. 1983). Pro293 is part of the aclive site loop and
presumably of structural importance {Schreuder et al., 1988). Substitulion of Asn300 by Asp
introduces a negative charge in the vicinkty of the flavin. This causes an apparent completety
suppression of substrate phenolate formation. Nevertheless, the Asn300Asp variant slowly converls
the substrale without any uncoupling of hydroxylation (Palfey et al., 1994).

2 m2
1

Figure 4.  Stereoview of the substrate binding site of PHBH

1
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2.2.4 Catalytic mechanism

The catalytic mechanism of PHBH has been studied by stopped-iow, absorbance and
fiuorescence speciroscopy (Emsch et al,, 1976; Husain et al., 1879; Entsch and Baflou, 1989). The
averal! reaction can be divided into two half reactions, the reductive helf reaction and the oxidative half
reaction, each consisting of several reaction steps.

Raductive haif reaction

The reductive half reaction involves temary complx formation and leads o efficlent reduction
of the flavin cofactor, Two binding steps can be discriminated, alihough it should be emphasized that
the achedule presented and discussed hefe, and also often sncountered in the Rerature, includes
sequential binding of substrate and NADPH. However, the actual order of binding of these two
substratas may be random (Husain et al, 1979). The first step In the catelylic cycle involves the
binding of the aromatic substrate: '

EFly + S - RFloyS )

Only in the presence of substrale fast reduction of the FAD cofactor by NADPH is obsetved
{Nakamura et al. 1970; Howell et al., 1972}. In the absence of subsirate, a binary complex betwean
NADPH and the enzyme resuils in a reduction rate that is 105 imes slowsr. Thus, the substrata is an
essential component in the reduction reaction because it acts as an effector highly stimulating the rate
of flavin reduction, without being converted liself:

EFl,S + NADPH - BFgH-S + NaDPt (2

NMR studies have demonstrated that the reduced flavin is in the anionic state, i.e with a
deprotonated N1 (Vervoort et al., 1991). Only a few substrate analogs can stimulate the rate of flavin
reduction and therefore the enzyme has a relatively narrow substrate specificlty. For instance the
enzyme is able fo discriminate betwsen 4-hydroxybenzoate, the parent substrate, and
mmmm.mmmmmm&mmmmmmmwmwmmm
raduction but are not converted, and are therefore called effectors. Although 4-aminobenzoate can
actually bind to the enzyme, the reduction reaction in the presence of 4-amincbenzoate is very siow
(Entsch et al. 1976), indicating a fine<uning of the mechanism by which the substrate exeris its
effector action. Recent studies have suggested a linkage betwesn substrate deprotonation and flavin
movement (Paliey et.al, 1999). Howsver, the actual way in which the subsirates and/or effectors
increase the rate of reduction of the flavin by NADPH remains to be elucidated.

12
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The fast release of NADP* from the reduced temary complex is well established
{Entsch et al. 19768; Husain et al., 1979 Eppink et al, 1985). Furthermors, it has been
demonsirated that the rate of dissoclation of the substrate from the reduced enzyme-substrate
complex s 500D timas more slower than from the binary complex with the flavin in its oxidized state
{Entsch et al.,19786). In addition to the increased reduction rate induced by subsirate binding, the siow
rate of substrate dissociation from the reduced snzyme Is a second mechanism by which the enzyme
controls the optimal use of valuable reducing eguivalents.

Oxidative half-reaction

The oxidative half reaction includes the various reaction steps that lead to the hydroxylation of
the substrate. The oxidative haif reaction can be studied by reacting the anaeroblc complex between
the reduced enzyme and 4-hydraxybenzoate with oxygenated buffer, For this purpose, méeruymels
anificially reduced by dithionite or by photoreduction. In order to monitor the transient appearance of
oxygenated flavin intormediates, the oxidative reaction is studied at low temparature, pH 6.5 elther in
the absence or in the presence of monovalant anions by the stopped flow technique (Entsch and
Baliou, 1989). These studies revealed the existence of several oxygenated flavin intermediates, called
Intermediate |, # and () (Entséh et al., 1976; Massey, 1994).

EFleqH -S + O - EFIHOO -S 3

The first step in the oxidative half reaction is the binding of molecular oxygen to the EFlpggH™S
complex. Upon reaction of the reduced flavin with molecular oxygen eventually the sc-called flavin-
peroxide intermediate (EFIHOO") Is formed. Several authors have discussed the actual way in which
this Interaction can occur, since in principle the reaction belween the singlet reduced flavin cofactor
and the triplet molecular oxygen molecule is spin forbidden. Thus, it has been suggested that a one
electron reduction of molecular oxygen by the flavin cofactor precesds the actual formation of the
EFHOO -8 complex. This implies that the EFIHOO™-S complex results from the binding of a
superoxide anion radical to the flavin semiguinone form of the cofactor (Miller, 1987). For PHBH the
actual existence of the EFIHOO"-S complex has at present not been unambiguously demonstrated. lts
formation and inclusion in the catalytic cycle can be infermed from rapid kinetic expetiments with an
analogous enzyme, phenol hydroxylase (Maeda Yorta and Massey, 1993). Therefore, the actual
formation of the C{4a)hydroperoxide intarmediate (EFIHOOH-S) from its deprotonated flavinperoxy
form (EFIHOO™-S) might be consldered as a separate step in the reaction cydle:

EFHOO -S + H - EFIHOOH-S (4)

13
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The EFIHOOH-S species is generally refemed to as intermediate | and has been demonstrated
in rapid kinetic and spectoroscopic studies with PHBH to have a typical absomption spectrum (Entsch
et al 1976, Entsch oL al 1969). Due to the protonation of the distal oxygen of the peroxide moiety in
the flavin peroxide cofactor the aciual electrophilic reactivity of this cofactor can be expected to
increase (Vervoort et al., 1867). Increased electrophiiic reactivity of the flavin peroxide will facilitate its
subsaguent attack on the nucleophilic carbon centre of the substrate:

EFIHOOH-S : - - EFIHOH-P )

This reaction step describes the step in which the activated, protonated C{4a)-hydroperoxy

tiavin form of the cofactor reacts with 4-hydroxybenzoate to form the product 3,4-dihydroxybenzoate
and the fiavin C(4a)-hydroxide (Intermediate 1ll). Initially the product is formed in its keto isomeric form
(intermediate Ii; Schopfer et al., 1991; Maeda Yorita and Massey, 1993), which isomerizes to give the
enargetically favoured dihydroxy isomer, i.e. the 3,4-dihydroxybenzoate product. Evidence for the
inttial formation of the keto product comes from experiments with 24-dihydroxybenzoate as the
substrate (Entsch et al,,1976; Wessiak st al., 1984; Entsch and Baliou, 1989). Several models for the

structure of intermediate 1l have been poshulated (Massey and Hemmerich, 1975; Wessiak st al, 1984;
Anderson et al., 1887), but all the evidence presently available suggests that the highly absorbing
Intermediate [l is a complex between the flavin C(4a)-hydroxide and the quinoid form of the aromatic

product (Schopfer et al., 1997).
g
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Schemne 1. Catalytic cycle of lavoprotein aromatic hydroxylases.
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To increase the electron densily on a centain carbon centra of the aromatic  ring,
the substrate needs to be activated by an already present para or oriho hydroxyl or amine group {van
Barke! and Miller, 1991). In PHBH, the electron density on the C3 reaction centre of the substrate Is
further increassd by deprotonation of the phencl. This idea is supported by spectroscopic binding
studies {Shoun et al., 1979; van Berkel and Milier, 1889), by molecular orbital calculations on the
reactivity of the substrate (Vervoort et al., 1992), and by reaction pathway calculations (Ridder et al.,
1998). Moreover, the role of Tyr 201 and Tyr385 in substrate activetion is well established (Entsch and
van Berkel, 1995).

Substrate analogues which do not possess an activating electron donating group at the para
position are not converted by PHBH (Spector and Massay, 1972). In the presence of such effector
molecules, the flavin C(4a)-hydroperoxide decays to oxidized snzyme with release of hydrogen
peroxide, The extent to which this uncoupling ocours is not only dependent on the natwe and
possibiliies for activation of the substrate but is algo influenced by the microenwironment of the active
gite. Other flavin dependent monooxygenases as well as mutant PHBH enzymes may vary in the
efficiency of substrate hydroxylation.

EFIHOH-P - EFloy + P + HO 6)

The final phase in the catalytic cycle is the elimination of water from the flavin C{4a)-hydroxide
and the releass of product from the enzyme. Some experimental evidence suggests that under certain
conditions (pH 6.5 and presence of monovalent anions) or in the presence of particular substrate
analogues, this step is rate limiting in catalysis. Studias with phenol hydroxylase have shown that in
this step a dead-end complex can be formed betwaen the flavin C{4a}-hydroxide form of the enzyme
and the substrate leading to substrate inhibition (Maeda Yorita and Massey, 1983).

2.2.5 Reactivity with haloaromatic compounds

Halogenated organic compounds are one of the largest group of environmental pollutants, as a
result of their widespread use as e.g. herbicldes, insecticides, fungicides and intermediates for
chemical synthesis (Gibson, 1968). Because of their toxicity, bioconcentration and persistence,
halogenated compounds possibly cause negative effects on the qualilly of life. Research of the last
decades reveal the identification of many halogenated natural products (Key et al.,1997). These
natural halogenated products might well be importart in the adaptation of micro-organisms fo utilise

xenobiotics.
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A general rule for the adaptation of micro-organisms to transform or even 1o mineralise such
compounds, is related to the number, type and position of the halogenated substituents (Fetzner et al.
1984); polyhalogenated compounds are more difficult degradable than the comesponding
monohalogsnated compounds (McAbister et al., 1996). The study of the biochemistry and genetics of
microblal dehalogenases may help us to understand and evaluate the potential for degradation of
xenobiotics in micro-organisms and in microcosm (Janssen et al., 1994). In the fulure, oplimised or
evan hewly designed enzymes might be used for the mineralisation of recalcitrant environmental
pollutants, or even for the synthesis of novel environmentsllly friendly products.

PHBH can seive as a model enzyme to study the redesign of a flavoprotein aromatic
hydroxylase into an efficient dehalogenase. Preliminary studies with fluorinated substrates have
suggested that the actual type of reaction catalysed by PHBH appears to vary with the substituent at
the centre to be hydroxylated (Husain et al., 1980). When the nucleophilic attack of the flavin C{4a)-
hydroperoxide occurs at a halogenated centre, oxidalive dehalogenation takes piace. Due to the
elimination of the halogen substituent as a halogen anion and the electron balance of the reaction the
primary product formed can be characterised as a quinone product intermediate, which, only upon
subsagquent reduction with two additional electrons becomes chemically reduced to give the dihydroxy
product. As a result, the oxidative dehalogenation of haloaromatic substrates by PHBH Is expected to
proceed with unusual reaction stoichiometry (Husain et al., 1980).

Several flavoprotein monooxygenasas catalyse similar fortuitous dehalogenation reactions.
Salicilate hydroxylase from Pseudomonas puiida (Suzukl et al., 1991) and phenol hydroxylase from
Trichosporon cutaneum (Peeclen et al., 1995) catalyse the oxidative dehalogenation of 2-halophenols
to the corresponding catechols. For the lalter enzyme it was clearly demonstrated that the rate of
substrate conversion decreases with increasing number of halogen substituents (Peelen et al., 1995).
Recently, several microbial flavoprotein aromatic hydroxylases have been described which use a
polyhalogenated aromatic compound as thelr physiological substrate (van Berkel et al., 1997). These
enzymes, like e.g. pentachiorophenol hydroxylase (Xun et al. 1992), catalyse a para-hydroxylation
reaction. However, thelr substrate specificity is far more restricted than that of heme-depandent
cytochrome P450 enzymes which act as biological detoxificants in the fiver (Porter and Coon, 1991;
Guengerich, 1991; den Besten et &l., 1993; Poulos, 1995; Rigljens et al., 1996; Oprea et al., 1997).

This thesis describes studies on the structure and function of PHBH. Speclal emphasis Is given
to the substrate and effector specificity and to the mechanism of oxidative dehalogenation of
haloaromatic substrates.
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p-Hydroxybenzoate hydroxylase from Psendomonas

FAD In mutant suggests that Cys158 is important
for the solvation of the pyrophosphate of the prosthetic
groap. is rapldly

p-chioromerceribenzoate is fully
abolished in mutant Cys2k1Ser, Incorporation of the spin
labe] in the other Cys — Ser mutants strongly impaics
substrate binding without affecting the catalytic
of the FAD. The resulis are discussed with respect to previous
tentative from chesnical modification studfes and
in light of the 3-D structure of the enzyme-—sehstrate

complex.
Key words: p-hydroxybenzoute hydroxylase/Pseudomonas
A ) i eiin-leheline/thiol i

Indroduction

Since the pioneering work of Boyer (1954), p-chloromercuri-
bumandorgnmmwmlamlogs have been widely used
as probes to study the reectivity and accessibility of protein
sulfhydryl groups (Jocelyn, 1987). The high affinity and
specificity of organomercurials for thiols also allows us to address
the involvement of cysteine residues in enzyme catalysis. Such
stodies are of special relevance when the alterations cbserved
arc fully reversible upon reduction of the mercaptide bonds (van
Berkel et al., 1984), Chemical modification stndies using bulky
organomercurials have one major drawback. The boss of activity
does not necessarily mean that the terpet cysteine residues are
essential For catabysis.

For p-hydroxybenzoate hydroxylase from Pseudomones
Jiuorescens, chemical modification studies have provided much
insight into the dynamic properties of the free enzyme and
enzyme—ligand commplexes (van Berkel and Miiller, 1991). p-
Hydroxybenzoate hydroxylase is a member of the class of
Aavoprotein monooxygenases (van Berkel and Miiller, 1991).
The enzyme catalyzes the conversion of p-hydmxybenmate to
3,4-dihydroxybenzoate, an intermediate step in the
of aromatic compounds in soil bacteria (Stanier and Ornston,
1973). p-Hydroxybenzoste hydroxylase from P.fluorescens
comains five cysieines per swbunit (Miller ez al., 1979; Weijer
et al., 1982). The 3-D structure of the enzyme—substrate
complex shows that the cysteines are not directly involved in
substrate bydroxylation (Weijer e al., 1983; Schreuder «f al.,
1989). Except for Cys116, ail thiols are conserved in the other
p-hydroxybenzoate hydroxylases sequenced so far (Weifer et af.,

1982; Entsch ¢f al., 1988; DiMarco f al., 1993; Shuman and
Dix, 1993). Covalent modification of Cys116 by N-ethyl-
maleimide (van Berkel ot al., 1984) or replacement of Cysl 16
by serine (Eschrich er al., 1990) yields fully active enzymes
resistant towards oxidation artefacts (van Berkel and Miller,
1987; van der Lann et al., 1989; Eschrich ef al., 1990). The
mﬂmndCyslleymnnyexphmwhycrymlsofﬂp
enzyme—substrate complex soaked with
show no well-defined electron density near this position (Weijer
et al., 1983},
p-}lydmxyhﬂm hydroxylase is rapidly mactivated by
mercurial compounds (van Berkel ef af., 1984). The inactivation
shows saturation kinetics indicating that a complex is formed
prior w the covalew modification of the enzyme (van Berkel
et al., 1984). The inactivation reaction is inhibited in dee presence
of the aromatic substrate and at high concentrations of the
mercurial compound (ven Berkel ez al., 1984). These data suggest
a lesser accegsibility of the target cysteine residue in the
enzyme—substrate complex as compared with the free enzyme.
The differences in reactivity are in accordance with the substrate-
induced conformational changes cbserved by spectroscopic
(Howell et al., 1972; van Berkel and Miller, 1989) and
stydies (Wierenga et al., 1979; Schreuder eral.,

crysiallographic
" 1991). Mmfmmhmldmmmdmexphinwm
Schreuder

crystals of the free emxyme show poor resolution {
et al., 1991).
memwh\gmﬂinmﬁvehbdedwpﬁcpqﬁdu.mlﬂ
was tensatively assigned to react fairly specifically with a spin-
Isbeled derivative of p-chloromercuribenzonte (van Berkel et al.,
1984), Reaction of Cys158 or Cys211, however, could not be
exciuded. The crystal structure shows that Cys152 is located far
away from the active sitc and not in a position expected to be
crucial for catalysis (Schrewnder ef al., 1989). Crystals of the
enzyme —substrate complex bind p-chloromercuribenzoate at
positions which presumably are near Cys158, Cys211 and Cys232
(Weijer &1 al., 1983). As no labeling of Cys332 is found with
the free enzyme (van Berkel e al., 1984), this again indicates
that the substrate affects the accessibility of the protein sulfirydryl

groups.
‘We describe here the propertics of selective Cys — Ser mutant
proteins. It is demonstrated that in the free enzyme, spin-faheled
p-chicromercuribenzoate: reacts specifically with Cys211 and not
with Cys!52. Spin labeling of Cys211 drastically diminishes the
affinity for the aromatic subsirate without affecting the catalytic
properties of protein-bound FAD.
Materials and methods

Site-specific mutagenesis
Shte-specific rmuagenesis of the gene encoding

hydroxylase from P, was performed according to the
method of Kunel ef al. (lﬂh,mmﬁyudmeriwdchewhun
(van Berkel et al., 1992), 5-GOCTGGAT-

The oligonucleotides
TCCGACTACATC-3' (Cys1528en), 5-COCCGACTCCGAT-
GGCTTC-3' (Cys1388er), 5'-CGCCCTGTCCAGCCAGCG-3

23




Chapier 3
F.J.T.vam der Bolt of of,

(Cys2t18er) and 5'-CGGCAATCTCCCTGCGGCG-3'
(Cys3328er) were used as primers for the construction of muziants,
All mutations were introduced into the Escherichic coli gene
encoding muteat Cyz116Ser (Eschrich er at., 1990). The catalytic
properties and the crystal structure of this mutant are identical
to wiki-ype (Bschrich er al, 1990). All mutations were
confirmed by nucleotide sequencing according to Sanger er al.
o7,
Emw-epudﬁmm

Mutant proteins wers plmﬁedﬁumE.mﬁTGZ esscutizlly as
described {van Berkel er al., 1992). Expression and were
cmwublewhlhatofmymCysllw(&dmdlaaL

Audydmlnuhods

Standard activity measurements were at 25°C in 100

mM Tris—sulfae pH 8.9, containing 150 <M NADPEH, 150 uM

p-mommmmopm?m Enzyme concentrations and
kinetic parameters were determined as described (Eschrich et af. ,

1993). mhydmyhmeﬁmmyofmmlmuiuwns

ammdﬁ«noxywmmnmmemum et

previously (Moller and van Berkel, 1982). Electron spin
resonance spectra were rocorded on a Bruker ER 200D
'l'heumuntofnmorpomednpmlabelwas
by the modified enzymes with cxcess
dtdliotlnunl(mnr.rlmletd. 1984),

proteins by spin-labeled
ot pH 7.0, esscatially

a5 described for wild-type (van Berkel er at., 1984). Bxcess spin

label was removed by pel filtration over Biogel P-6DG.

Resuits

Catalytic properties of mutant proieing
Table I shows that the cysteine residues of p-hydroxybenzoate
lueﬁmPﬁwmummtemﬁalformme
catalysis, All Cys — Ser mutants lrydvoxylate the
sobstrate with &, and K, values in the same range as that of
. From this it cen be concluded that the rapid inactivation
ofﬂnemymebyp-chlommerwribwmm (van
Berkel o ai., 1984) is due to the bulkiness of the aromatic group
introduced. The Cys ~ Ser muiations hardly affect substrate
binding. Flavin fluorescence titration experiments show that the
dissociation constants for the complexes between the substrate
and the mutants are in the same range as found for wild-type
(X4 = 30 = 10 gM, pH 7.0; van Berkel 2 ol., 1984). Mutant
CyslSSSerbmd:FADmewlutmemkiyﬂmwM—(ype
For this mutant the addition of excess FAD to the assay mixture
is cssentinl (o achieve optimal tumover. From activity
measarements ing the amount of flavin an apparent X,,, for
FAD of —0.5 xM is cstimated. This is about one order of
imde higher than the value found for wild-type (Mitler and
van Berkel, 1982).
Chemicol modification by spin-lateled p-chloromercuri-
benzoate
Twocysmnerulduemnp-hydrmybe&mhydmxyhsefrmn
P.fluorescens react with spin-labeled p-chloromercuribenzoate
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T&kl}(ﬁn_nﬁcmo{ﬁys—&rmmpmhofﬂuﬂmy-

Emyme  Product (%) k(™) K, NADPH (M} £, B,OH (aM)
CysllsSer 98 15 50, 25
Cysl5aSex 95 a8 56 0
CyslSESer 93 4 n i
Cp2lise 93 35 b1} 7
CpiiSer 95 " 2 7

'mmmtusmmlmum eurapolsied to infinite

seracions of p L and NADPH. Kinstic contants have
mmmmos B,OH, phydroxyhenzoate. Product,
3 4-dibydroxybenzoate.

1o} n;;nu.o. « W .
osef i
2,
‘2 .
2.
[R1]3 63 F
£ [ 8 e
¢.08 - 4
T A T
TINE (min)
Fig. L Timed c ion of orutant p-ydroxyt
Ityquhgby p-ﬁimmurl:mls.l.ﬁnh\[m-

insomMHaPBsh-mr pH 1.0, 1 = 0.1 M, wes incubwted st 21°C in
the proseace of 50 pM spis-lsbeled p-chioromercuribenznois. Mutim.
Cysiszser (O); Cyst38Ser (A); Cyadl1Ser (8); Cys3328er (A).

(van Berkel e al., 1984). Cys!16 reacts extremely rapidly with
the spin labet without toss of enzyme activity. Subsequently, a
second cysteine reacts more slowly resulting in ~95% loss of
activity. The inactivetion shows saturation kinetics and is strongly
iphibited by the presence of the substrate,

When the Cys — Ser mutants are incubated with spin-lebeled
p-chloromercuribenzoate, rapid inactivation is observed with
mutants Cys1528er, Cys1588er and Cys332S8er (Figure 1). The
rate of inactivation is highly with that of wild-type
(van Berkel ef al., 1984). In contrast, mm:mbyspirrhbehd

p-chioromercuribenzoate is almost fully blocked in mmtant
Cys211Ser {Figure 1).

Electron spin resonance specira

The EPR of the mutants  CysiS2Ser,

spin-labeled

Cys1583er and Cyz332Ser {Fipure 2) are characteristic for a
moderntely immobilized spin label (Zamema et al., 1979). The
EPR spectra of these mutants resemble that of spin-labeled N-
ethylmaleimide-pretreated wild-type enzyme (van Berked et af.,
1984). Quantitation of the amount of spin Iabe! incorporated in
the mwtants (Table I) confirms the fact that Cys211 is the main
site of modification. With nunamt Cys211Ser, the intensity of the
integrated EPR signal is five times lower than for wild-type and
characteristic of a relatively mobile spin Iabel (Figare 2). This
is not due to the presence of free label nor is the small fraction
of mobile spin label observed in mutant Cys158Ser. Repeated
gel fillzation of the spin-labeled rmnts docs not, change: the shape
of the EPR spectra, The small fraction of covalently bound mobile
spin label in the mutants Cys211Ser and Cys158Ser, therefore,
is due to modification of either Cysi52 or Cys332.




C1528 C1588

Spla ool i
(mol/iuol PAD)

1.00 + 0.05
1.01 & 005
125 & 0.06
024 & 001
101 & 005

‘Tale [, Kinetic parameters of Cys — Ser mutam peotéins of p-ydroxy-
foenzose hydroxylase as treated with spin-lebeled p-chioromercuriberzoxe

Enzyms  Prodmet (%) &y, ') Ko NADFH GM) K, B.OH ()
CyslisSer 96 5 7% 1800
CysiS28er 96 48 107 1800
Cysl58Ser 96 4 8 1500
Cy211Ser 95 kL] 8 k]
CynRsa 95 45 4] 1500

For experimental details see footnote 10 Table I

Properties of spin-labeled musans proteins

Modification of wild-type p-hydroxybenzoate hydroxylase by
spin-labeled ibenzoate strengly impadrs subsirate
binding (van Betkel er af., 1984), The spin-labeled rutants

Cys1525er, Cys1588er and Cys3325er also thow a weak affinity
for the substrate as judged by fluorescence titration experiments
(K4 > 1 mM, pH 7.0). The affinity of the substrate for mutant
Cys211 — Ser is not changed by the spin labeling procedure
(K3 = 30 pM, pH 7.0). Binding of the substrate to this modified

Chapter 3

Thiol reactivity of p-hydronybemmate bydruxylase

msplnlabel-umdcys—&rmm(mtmm
The spin-labeled mutapts Cys152Ser, Cys1$8Ser and
Cya3328er show ~ 5% of residua! activity in the standard assay
(Figure ). The activity of the spin-labeled mutants strongly
increases upon raising the concentration of p-hydroxybenzoate.
Tabje I shows that the k. values for the spin-lsbeled matants
aret in the same range as thoee found for the untreated mitants
(cf. Table ). The high K., for p-hydroxybenzoate for the spin-
labeled mutants Cys152Ser, Cys158Ser and Cys332Ser (Table
mummmmmwm This
confirms that substrate binding is strongly affected by spin
labeling of Cys211. In a previous stady (van Berkel et i, 1984),
the residval activity of spin-labeled wildtype enzyme was
tentatively assigned to the presence of a small fraction of native
enzyme. The kinetic recarded in Table I, however,
ahowﬂmﬂulowueumyofﬂuapin—labehdmpmmh
the standard asszy (Figure 1) results from impaired substrate
huﬂmg.cuwmhndn:gofdwmlﬁdmlyd@ﬂym
the K, for NADPH (Teble HI). The formation of >90% of

al., 1984) that the covalently bound spin label points with its
side chain away from the active site. Studies with other mutants
have shown that ion of the active sie strongly influenoes

(Entsch et al., 1991; van Berkel et al., 1992; Eschrich
et al., 1993).

carbonyl oxygen of Cysi58 interacts with two buried water
mofecules located in hydrogen bond distance of the pyrophosphate
moietyofﬂnFAD Replecement of Cys158 by Ser may disturb
network, therehy

modified enzyme (van Berkel e al, i
engineering it has now been demonstrated clearly that Cys211
is the main site of modification. Insctivation by spin-labeled p-
dﬂoromuuntmmufnﬂyuoeked-mmcmllwm
only 0.2 mol of spin label s incorporated per mol enzyme.
The kinetic of the spin-labeled mutants Cysi52Ser,
CyslSBSermﬁCyﬂszsumdmeﬂmmbindingmdim
show that inactivation of these enzymes resuhs from impaired
substrate binding. The crystal structure of the enzyme —substrate
complex shiows that Cya211 is located in strand B5 of the substraie
binding domsain (Schreuder et al, 1989). This strand also
cofnprises residues Ser212 and Arg2ld directly involved in
binding the carboxylic moiety of the substrate. The side chain
of Cys211 points away from the active site at the opposite side
of the S-sheet and is not involved in subsivate binding. The
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F.L.T.van der Bolt of .

pmpmafnnmCymISaﬂnwﬂmnyzumnmm

for providing the correct interactions between the substrate and
strand B5. Based on chemical modification daa alone, one might
have argued that Cys211' would assist substrae binding.

RS towards the flavin or a flip of Cys211 may cause the spin
label t0 occupy the active site. Another more likely explanation
is that Iabeling of Cys211 inhibits the access of the substrate to
the gotive site. As noted before (van Berkel e al., 1984), the
covalently bound spin label is located presumably in 2 cleft or
close to tho protein surface and far away from the active site.
This is in accordance with the present

(Wedjer ef al., 1983; van Berkel e7 al., 1988). The location of
the spin label may therefore help in the understsnding of how
the substrate and NADPH enter the active site. Unfortunately,
oo good quality crystls of spin-labeled cozyme have been
obiained so far. A possible reason is the weak binding of the
substrate, praventing the change in domain interactions (Wierenga
et al., 1979; Weijer et al, 1983).
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