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Stellingen 

1 Flavine mobiliteit in p-hydroxybenzoate hydroxylase is essentieel voor katalyse 

(dit proefschrift). 

2 Niet alleen de structuur van het actieve centrum, maar ook het type substraat bepaalt de 

regiospecifiteit van hydroxylering door p-hydroxybenzoaat hydroxylase (dit proefschrift). 

3 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 H2O2 driven oxygen incorporation 

in aromatic hydrocarbons catalyzed by microperoxidase-8. 

V. Dorovska-Taran, M.A. Poshumus, S. Boeren, M.G. Boersma, C.J.Teunis, 
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study of porphyrin-substrate interactions in cytochrome P450 catalysed aromatic 

hydroxylation of substituted anilines. O. Zakharieva, M. Grodzicki, A.X. Trautwein, 

C. Veeger and I.M.C.M. Rietjens (1998), Biophys. Chem. 73,189-203; Molucular orbital 
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porphyrin it cation radical complexes. O. Zakharieva, M. Grodzicki, A.X. Trautwein, 

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

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

tot een onderzoeksvraag. 

5 De stellingname van het Brits koninklijk huis in de discussie over genetische manipulatie, 

manipuleert in eerste instantie de positie van het koninklijk huis. 

6 Als in het onderzoek alles onder controle is gaat de vooruitgang niet snel genoeg. 

7 Geen tijd hebben betekent ergens prioriteit aan geven. 

8 In de meubelmakerij mag de spijker niet voor de tweede maal worden uitgevonden. 

9 Het verkrijgen van inzicht in een bepaald vakgebied kan leiden tot een onverwacht uitzicht. 
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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 to lower the activation barrier 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 into the following subclasses, indicative for the type and 

mechanism(s) of catalysis: 

flavin-dependent catalysis 

heme-dependent catalysis 

metal cluster-dependent catalysis 

pyridoxal phosphate-dependent catalysis 

quinoid cofactor-dependent catalysis 

nicotinamide-dependent catalysis 

biotin-dependent catalysis 

thiamine pyrophosphate-dependent catalysis 

In the next chapter, several of the most important reaction mechanisms and catalytic principles 

of flavin-dependent enzymes will be outlined. This is done since the objective of the present study is 

related to the understanding of the catalytic mechanism of the flavoprotein parahydroxybenzoate 

hydroxylase (PHBH). 
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1.2 Aim of the thesis 

The aim of the present thesis was to obtain detailed 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 aerobic degradation of aromatic 

compounds. It catalyses the conversion of 4-hydroxybenzoate into 3,4-cHhydroxvbenzoate using 

NADPH and molecular oxygen (Fig. 1). This is the first step of the B-ketoadipate pathway by which 

certain soil micro-organisms are able to degrade and utilise hydroxylated aromatic 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 environmental pollution (Dagley et al., 1964; 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, 1997), but also from natural sources, since they are liberated during the biodegradation of 

lignin, one of the principle components of wood (Neujahr, 1991; van Berkel and MQIIer, 1991). 

PHBH /£$**** 
+ NADPH+H + +Q 2 * - | ( ~ ) T +NADP++H20 

Figure 1. Reaction catalysed by PHBH 

PHBH is a member of the class of flavoprotein aromatic hydroxylases. These enzymes have 

many catalytic properties in common and their substrate specificity is consistent 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 Muller, 1991; van Berkel et al., 1997). As a result of the renewed interest 

for the microbial degradation of environmental pollutants, several flavoprotein aromatic hydroxylase 

genes were sequenced during the last few years (Eppink et al., 1997). 
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Table 1. Primary substrates of flavoprotein aromatic hydroxylases 

Substrate 

salicylate 

3-hydroxybenzoate 

4-hydroxybenzoate 

2-hydroxyphenylacetate 

3-hydroxyphenylacetate 

4-hydroxyphenylacetate 

2-aminobenzoate 

4-aminobenzoate 

melilotate 

protocatechuate 

vanillate 

l-kynurenine 

4-hydroxyisophtalate 

2-aminobenzoyl CoA 

3-hydroxybenzoyl CoA 

Hydroxylation 

ortho Vpara 

ortho/para 

ortho Vpara 

ortho/para 

ortho/para 

ortho 

ortho 

para 

ortho 

para 

para 

ortho 

ortho 

para* 

para 

Vpara 

Substrate 

phenol 

resorcinol 

hydroquinone 

orcinol 

cresol 

2-nitrophenol 

4-nitrophenol 

2-hydroxybiphenyl 

2,4-dichlorophenol 

2,4,5-trichlorophenol 

2,4,6-trichlorophenol 

pentachlorophenol 

2,6-dihydroxypyridine 

Hydroxylation 

ortho* 

ortho 

ortho 

ortho 

ortho* 

ortho 

ortho 

ortho* 

ortho* 

para 

para* 

para* 

ortho 

Enzymes with known sequence are indicated with an asteriks. From van Berkel et al., 1997. 

PHBH has become the model enzyme to study catalysis by flavoprotein aromatic hydroxylases, 

since its crystal structure is known in atomic detail (Wierenga et al., 1979, Schreuder et al., 1989; 

Schreuder et al., 1991). This and the cloning of the pofcA gene enabled a detailed 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 particular amino 

acid residues in PHBH from Pseudomonas fluorescens. Special emphasis is given on the substrate 

and effector specificity, and on the orientation and mobility of the substrate and the flavin cofactor 

during catalysis. 
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1.3 Outline of the thesis 

In 1990, the pobA gene encoding PHBH from Pseudomonas fluorescens was cloned in 

Escherichia colL As described in Chapter 1, this paved the way to study the structure and function of 

PHBH in further detail. 

Chapter 2 presents an introduction on the enzyme and the present state-of-the-art knowledge 

on the catalytic mechanism 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 suHhydryl groups in 

catalysis is addressed by a combined site-directed mutagenesis and chemical modification approach. 

The crystal structure of the enzyme-substrate complex of PHBH shows that the hydroxy! group 

of 4-hydroxybenzoate interacts with the side chain of Tyr201, 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 wild-type PHBH and mutant Tyr222Ala complexed with 

substrate analogs are presented. These 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 active site and an exit for the product to leave. 

In the final chapters, the role of flavin mobility and substrate orientation during PHBH catalysis 

is investigated in more 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 redox state. 

Chapter 7 reports on the regiospecificity of hydroxylation of tetrafluoro-4-hydroxybenzoate by 

wild-type PHBH and mutant Tyr385Phe. Evidence is provided for the first time that C2 hydroxylation 

of PHBH substrates is feasible. The implications of these results for substrate and flavin mobility and 

reactivity are discussed. 
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Chapter 2 

Introduction 

2.1 Flavoenzymes 

Flavoenzymes are redox proteins that contain a flavin cofactor (in most cases FAD or FMN). 

Flavoenzymes are spread widely in nature and catalyse diverse reactions, ranging from redox 

catalysis and light emission to DNA repair. In most flavoenzymes, the flavin cofactor is non-covalently 

bound to the protein moiety (Muller and van Berkel, 1991). Occasionally, the flavin is covalently linked 

to either a histidine, tyrosine or cysteine of the polypeptide chain (Mewies et al., 1998; Fraaije et al., 

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 Characteristics 

Oxidases 

Dehydrogenases 

Monooxygenases 

Electron transferases 

Disulfide oxidoreductases 

Heme-containing 
flavoenzymes 

Metal containing 
flavoenzymes 

D-amino acid oxidase 
glucose oxidase 
vanillyl-alcohol oxidase 

acetyl-CoA dehydrogenase 

p-hydroxybenzoate hydroxylase 
bacterial luciferase 
cyclohexanone monooxygenase 

ferredoxir»-NADP+ reductase 
NADPH-cytP450 reductase 

lipoamide dehydrogenase 
glutathione reductase 
NADH peroxidase 

flavocytochrome b2 
cytochrome P450 BM-3 
NO synthase 
p-cresol methylhydroxylase 

xanthine oxidase 

the electron acceptor is O2 

by 2e" reduced to H2O2 

oxidation of fatty acid acyl-CoA 
substrates 

the acceptor is O2: one oxygen 
atom in H2O, other oxygen atom 
in OH of the product 

1e" transfer, flavin-shuttle' 
between semiquinone- and 
hydroquinone forms 

contains redox-active disulfide, 
besides NADPH often disulfide/ 
dithiol as substrate 

contains heme as an extra redox 
group 

bound transition state metal ions 
(Fe2*, Fe3*, Mo6+) cofactors 

From Table 2.1 it immediately follows that the classification of flavoenzymes is not very strict. 

There are flavoenzymes which contain one or even more heme cofactors and/or metal ions in their 

active site and use these additional cofactors in their catalytic mechanism. Thus, the same cofactor 

can be involved in different types of biocatalysis. 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 will be discussed in more detail. 
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2.2 para-Hydroxybenzoate hydroxylase 

2.2.1 Overall reaction 

PHBH is a flavoprotein monooxygenases. The enzyme is a dimer of identical subunits, each 

about 45 kDa and each containing one FAD molecule (Muller et al„ 1979). PHBH catalyses the 

conversion of 4-hydroxybenzoate into 3,4-dihydroxybenzoate, a common intermediate step in the 

degradation of aromatic compounds in soil bacteria (Fig. 2). The enzyme from Pseudomonas 

ftuorescens which is the subject of the present study is strictly NADPH dependent (Howell et al., 

1972). Some PHBH enzymes (less well studied) can also use NADH as electron donor (Seibold et al., 

1996). 

rv-s*> PHBH r ^ v ' O H 

[ O ] +NADPH+H++Q2 *• TQJ +NADP++Hj>0 

Figure 2. Reaction catalyzed by PHBH 

2.2.2 Protein structure 

PHBH is one of the first flavoenzymes with known three-dimensional structure (Wierenga et 

al., 1979). Figure 3 presents a ribbon structure of the peptide backbone of the PHBH subunit, as 

refined to 1.9 A resolution (Schreuder et al., 1989). The folding topology of PHBH is shared by several 

other flavoenzymes, including cholesterol oxidase (Vrielink et al., 1991), glucose oxidase (Hecht et al., 

1993), D-amino acid oxidase (Mattevi et al., 1996) and phenol hydroxylase (Enroth et al., 1998) 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(P)H-

dependent enzymes, PHBH lacks a pap-fold for binding the pyridine nucleotide (Eppink et al., 1997). 
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Figure a Ribbon structure of PHBH 

Anaerobic reduction of substrate compiexed enzyme crystals have led to a 2.3 A structure 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., 

1994; Gatti et al., 1994; Lah et al., 1994; van Berkel et al., 1994; Eppink et al. 1995; 1998a; 1998b; 

1999). The PHBH structure can be divided in three domains (Schreuder et al., 1989; Fig.3): 

Residues 1-175: the FAD binding domain with the N-terminai Rossmann fold for binding the 

ADP moiety of FAD (Wierenga et al. 1983; Wierenga et al. 1985). 

Residues 176-290: the substrate binding domain. 

Residues 291 -394: the interface domain. 

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

10 
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2.2.3 Structure and function 

The substrate binding site of PHBH is deeply buried in the protein and built up of all three 

domains (Schreuder et al., 1989). Crystallographic studies suggest that the flavin ring swings out of 

the active site to allow substrate binding (Schreuder et al., 1994; GattJ et al., 1994). Fig. 4 presents a 

close up of the substrate binding site. Arg214 forms a indispensable ionic interaction with the carboxyl 

group of the substrate (van Berkel et al., 1992). Ser212 and Tyr222 are also involved in binding the 

carboxylic moiety. Hydroxylatton of the aromatic substrate is facilitated by deprotonation of the 

phenolic moiety (Shoun et al., 1979; van Berkel and Mutter, 1989; Vervoort et al., 1992; Ridder, 1998). 

The hydroxy) group of the substrate is at hydrogen bond distance of Tyr201 which contacts Tyr385. 

Selective Phe replacements of these tyrosine residues strongly hamper substrate deprotonation and 

flavin reduction (Entsch et al. 1991, Eschrich et al. 1993). Pro293 is part of the active site loop and 

presumably of structural importance (Schreuder et al., 1989). Substitution of Asn300 by Asp 

introduces a negative charge in the vicinity of the flavin. This causes an apparent completely 

suppression of substrate phenoiate formation. Nevertheless, the AsnSOOAsp variant slowly converts 

the substrate without any uncoupling of hydroxylation (Patfey et al., 1994). 

Figure 4. Stereoview of the substrate binding site of PHBH 

/ / 
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2.2.4 Catalytic mechanism 

The catalytic mechanism of PHBH has been studied by stopped-flow, absorbance and 

fluorescence spectroscopy (Entsch et al., 1976; Husain et al., 1979; Entsch and Ballou, 1989). The 

overall reaction can be divided into two half reactions, the reductive naif reaction and the oxidative half 

reaction, each consisting of several reaction steps. 

Reductive half reaction 

The reductive half reaction involves ternary complex formation and leads to efficient reduction 

of the flavin cofactor. Two binding steps can be discriminated, although it should be emphasized that 

the schedule presented and discussed here, and also often encountered in the literature, includes 

sequential binding of substrate and NADPH. However, the actual order of binding of these two 

substrates may be random (Husain et al., 1979). The first step in the catalytic cycle involves the 

binding of the aromatic substrate: 

EFW + S -> BFloXS (1) 

Only in the presence of substrate fast reduction of the FAD cofactor by NADPH is observed 

(Nakamura et al. 1970; Howell et al., 1972). In the absence of substrate, a binary complex between 

NADPH and the enzyme results in a reduction rate that is 10s times slower. Thus, the substrate is an 

essential component in the reduction reaction because it acts as an effector highly stimulating the rate 

of flavin reduction, without being converted itself: 

EFVS + NADPH -4 ERredH-S + NADP+ (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 specificity. For instance the 

enzyme is able to discriminate between 4-hydroxybenzoate, the parent substrate, and 

4-aminobenzoate. Also some compounds are known that bind to the enzyme and elicit its fast 

reduction 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-aminobenzoate is very slow 

(Entsch et al. 1976), indicating a fine-tuning of the mechanism by which the substrate exerts its 

effector action. Recent studies have suggested a linkage between substrate deprotonation and flavin 

movement (Palfey et.al., 1999). However, the actual way in which the substrates 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 ternary complex is well established 

(Entsch et al. 1976; Husain et al., 1979; Eppink et al., 1995). Furthermore, it has been 

demonstrated that the rate of dissociation of the substrate from the reduced enzyme-substrate 

complex is 5000 times more slower than from the binary complex with the flavin in its oxidized state 

(Entsch et al.,1976). 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. 

Oxidative half-reaction 

The oxidative half reaction includes the various reaction steps that lead to the hydroxylation of 

the substrate. The oxidative half reaction can be studied by reacting the anaerobic complex between 

the reduced enzyme and 4-hydroxybenzoate with oxygenated buffer. For this purpose, the enzyme is 

artificially reduced by dithionite or by photoreduction. In order to monitor the transient appearance of 

oxygenated flavin intermediates, the oxidative reaction is studied at low temperature, pH 6.5 either in 

the absence or in the presence of monovalent anions by the stopped flow technique (Entsch and 

Ballou, 1989). These studies revealed the existence of several oxygenated flavin intermediates, called 

Intermediate I, II and III (Entsch et al., 1976; Massey, 1994). 

EFIredH-S + 0 2 -> EF1HOO-S (3) 

The first step in the oxidative half reaction is the binding of molecular oxygen to the EFIredH"-S 

complex. Upon reaction of the reduced flavin with molecular oxygen eventually the so-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 between 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 proceeds the actual formation of the 

EFIHOO"-S complex. This implies that the EFIHOO"-S complex results from the binding of a 

superoxide anion radical to the flavin semiquinone form of the cofactor (Muller, 1987). For PHBH the 

actual existence of the EFIHOO~-S complex has at present not been unambiguously demonstrated. Its 

formation and inclusion in the catalytic cycle can be inferred from rapid kinetic experiments with an 

analogous enzyme, phenol hydroxylase (Maeda Yorita and Massey, 1993). Therefore, the actual 

formation of the C(4a)hydroperoxide intermediate (EFIHOOH-S) from its deprotonated flavinperoxy 

form (EFIHOCT-S) might be considered as a separate step in the reaction cycle: 

EFlHOO"-S + H+ -> EFIHOOH-S (4) 
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The ERHOOH-S species is generally referred to as intermediate I and has been demonstrated 

in rapid kinetic and spectoroscopic studies with PHBH to have a typical absorption spectrum (Entsch 

et al 1976, Entsch et. al 1989). Due to the protonation of the distal oxygen of the peroxide moiety in 

the flavin peroxide cofactor the actual electrophilic reactivity of this cofactor can be expected to 

increase (Vervoort et al., 1997). Increased electrophilic reactivity of the flavin peroxide will facilitate its 

subsequent attack on the nucleophilic carbon centre of the substrate: 

EFHOOH-S -» EFHOH-P (5) 

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

flavin form of the cofactor reacts with 4-hydroxybenzoate to form the product 3,4-dihydroxybenzoate 

and the flavin C(4a)-hydroxide (Intermediate III). 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 

energetically favoured dihydroxy isomer, i.e. the 3,4-dihydroxybenzoate product. Evidence for the 

initial formation of the keto product comes from experiments with 2,4-dihydroxybenzoate as the 

substrate (Entsch et al.,1976; Wessiak et al., 1984; Entsch and Ballou, 1989). Several models for the 

structure of intermediate II have been postulated (Massey and Hemmerich, 1975; Wessiak et al, 1984; 

Anderson et al., 1987), but all the evidence presently available suggests that the highly absorbing 

Intermediate II is a complex between the flavin C(4a)-hydroxide and the quinoid form of the aromatic 

product (Schopfer et al., 1991). 
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Scheme 1. Catalytic cycle of f lavoprotein aromatic hydroxylases. 
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To increase the electron density on a certain carbon centre of the aromatic ring, 

the substrate needs to be activated by an already present para or ortho hydroxyl or amino group (van 

Berkel and Muller, 1991). In PHBH, the electron density on the C3 reaction centre of the substrate is 

further increased by deprotonation of the phenol. This idea is supported by spectroscopic binding 

studies (Shoun et al., 1979; van Berkel and Muller, 1989), 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 activation 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 Massey, 1972). In the presence of such effector 

molecules, the flavin C(4a)-hydroperoxide decays to oxidized enzyme with release of hydrogen 

peroxide. 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. 

EFIHOH-P -» EF10X + P + H 20 (6) 

The final phase in the catalytic cycle is the elimination of water from the flavin C(4a)-hydroxide 

and the release 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. Studies with phenol hydroxylase have shown 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 (Maeda Yorita and Massey, 1993). 

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. herbicides, insecticides, fungicides and intermediates for 

chemical synthesis (Gibson, 1968). Because of their toxicity, bioconcentration and persistence, 

halogenated compounds possibly cause negative effects on the quality 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 important in the adaptation of micro-organisms to utilise 

xenobiotics. 
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A general rule for the adaptation of micro-organisms to transform or even to mineralise such 

compounds, is related to the number, type and position of the halogenated substituents (Fetzner et al. 

1994); polyhalogenated compounds are more difficult degradable than the corresponding 

monohalogenated compounds (McAllister et al., 1996). The study of the biochemistry and genetics of 

microbial 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 future, optimised or 

even newly designed enzymes might be used for the mineralisation of recalcitrant environmental 

pollutants, or even for the synthesis of novel environmentallly friendly products. 

PHBH can serve 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, oxidative dehalogenation takes place. 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 

subsequent reduction with two additional electrons becomes chemically reduced to give the dihydroxy 

product. As a result, the oxidative dehalogenation of haloaromatJc substrates by PHBH is expected to 

proceed with unusual reaction stoichiometry (Husain et al., 1980). 

Several flavoprotein monooxygenases catalyse similar fortuitous dehalogenation reactions. 

Salicilate hydroxylase from Pseudomonas putida (Suzuki et al., 1991) and phenol hydroxylase from 

Trichosporon cutaneum (Peelen et al., 1995) catalyse the oxidative dehalogenation of 2-halophenols 

to the corresponding catechols. For the latter 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 their physiological substrate (van Berkel et al., 1997). These 

enzymes, like e.g. pentachlorophenol hydroxylase (Xun et al. 1992), catalyse a pa/a-hydroxylation 

reaction. However, their substrate specificity is far more restricted than that of heme-dependent 

cytochrome P450 enzymes which act as biological detoxificants in the liver (Porter and Coon, 1991; 

Guengerich, 1991; den Besten et al., 1993; Poulos, 1995; Rietjens et al., 1996; Oprea et al., 1997). 

This thesis describes studies on the structure and function of PHBH. Special 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 Pseudomonas 
fluorescens contains five sulfhydryi groups per snbanit. 
Cysteine — serine replacements show that the thiols are not 
essential for catalysis. The increased dissociation constant for 
FAD ta mutant Cysl58Ser suggests that Cysl58 is important 
for the solvation of the pyrophosphate moiety of the prosthetic 
group. Wild-type p-hydroxybenzoate hydroxylase is rapidly 
inactivated by mercurial compounds. Inactivation by a spin-
labeled derivative of p-chloromercuribenzoate is fully 
abolished in mutant Cys2USer. Incorporation of the spin 
label in the other Cys — Ser mutants strongly impairs 
substrate binding without affecting the catalytic properties 
of the FAD. The results are discussed with respect to previous 
tentative assignments from chemical modulcation studies and 
in light of the 3-D structure of the enzyme-substrate 
complex. 

Key words: p-hydroxybenzoate hydroxylase/Pseurfomonas 
fluorescens/sile-specific mutagenesis/spin-labeling/thiol reactivity 

Introduction 
Since the pioneering work of Boyer (1934), p-chloromercuri-
benzoate and organomercurial analogs have been widely used 
as probes to study the reactivity and accessibility of protein 
sulfhydryi 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 
studies are of special relevance when the alterations observed 
are fully reversible upon reduction of die mercaptide bonds (van 
Berkel el al, 1984). Chemical modification studies using bulky 
organomercurials have one major drawback. The loss of activity 
does not necessarily mean that the target cysteine residues are 
essential for catalysis. 

For p-hydroxybenzoate hydroxylase from Pseudomonas 
fluorescens, chemical modification studies have provided much 
insight into the dynamic properties of the free enzyme and 
enzyme-ligand complexes (van Berkel and Miiller, 1991). p-
Hydroxybenzoate hydroxylase is a member of the class of 
flavoprotein monooxygenases (van Berkel and Miiller, 1991). 
The enzyme catalyzes the conversion of p-hydroxybenzoate to 
3,4-dihydroxybenzoate, an intermediate step in the degradation 
of aromatic compounds in soil bacteria (Stanier and Omston, 
1973). p-Hydroxybenzoate hydroxylase from P.fluorescens 
contains five cysteines per subunit (Mailer et 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 hydroxylation (Weijer et al., 1983; Schreuder a al., 
1989). Except for Cysl 16, all thiols are conserved in the other 
p-hydroxybenzoate hydroxylases sequenced so far (Weijer et al., 

1982; Entsch et al., 1988; DiMarco et al, 1993; Shuman and 
Dix, 1993). Covalent modification of Cysl 16 by W-ethyl-
maleimide (van Berkel et al., 1984) or replacement of Cysl 16 
by serine (Eschrich et al., 1990) yields fully active enzymes 
resistant towards oxidation artefacts (van Berkel and MSller, 
1987; van der Laan et al., 1989; Eschrich et al., 1990). The 
oxidation of Cysl 16 by air may explain why crystals of the 
enzyme-substrate complex soaked witfip-chloromerctiribenzoate 
show no well-defined electron density near this position (Weijer 
etal, 1983). 

p-Hydroxybenzoate hydroxylase is rapidly inactivated by 
mercurial compounds (van Berkel et al., 1984). The inactivation 
shows saturation kinetics indicating that a complex is formed 
prior to the covalent modification of the enzyme (van Berkel 
etal, 1984). The inactivation reaction is inhibited in the presence 
of the aromatic substrate and at high concentrations of the 
mercurial compound (van Berkel etal, 1984). These data suggest 
a lesser accessibility 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 observed by spectroscopic 
(Howell et al, 1972; van Berkel and MOller, 1989) and 
crystaUographic studies (Wierenga et al., 1979; Schreuder et al., 
1991). These eonfbrmational changes may also explain why 
crystals of the free enzyme show poor resolution (Schreuder 
etal., 1991). 

From sequencing radioactive labeled tryptic peptides, Cysl52 
was tentatively assigned to react fairly specifically with a spin-
labeled derivative of p-chloromercuribenzoate (van Berkel et al., 
1984). Reaction of Cysl58 or Cys211, however, could not be 
excluded. The crystal structure shows that Cysl52 is located far 
away from the active she and not in a position expected to be 
crucial for catalysis (Schreuder et al., 1989). Crystals of the 
enzyme-substrate complex bind p-chloromercuribenzoate at 
positions which presumably are near CyslS8, Cys211 and Cys332 
(Weijer et al, 1983). As no labeling of Cys332 is found with 
the free enzyme (van Berkel et al., 1984), this again indicates 
that the substrate affects the accessibility of the protein sulfhydryi 
groups. 

We describe here the properties of selective Cys — Ser mutant 
proteins. It is demonstrated that in the free enzyme, spin-labeled 
p-chloromercuribenzoate reacts specifically with Cys211 and not 
with Cysl52. Spin labeling of Cys211 drastically diminishes the 
affinity for the aromatic substrate without affecting the catalytic 
properties of protein-bound FAD. 

Materials and methods 

Ste:specific mutagenesis 
Site-specific mutagenesis of the gene encoding p-hydroxybenzoate 
hydroxylase from P.fluorescens was performed according to the 
method of KunkeleV al (1987), essentially as described elsewhere 
(van Berkel et al., 1992). The oligonucleotides 5'-GCCTGGAT-
TCCGACTACATC-3' (Cysl52Ser), 5'-CGCCGGCTCCGAT-
GGCTTC-3' (Cysl58Ser), 5'-CGCCCTGTCCAGCCAGCG-3' 
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(Cys211Ser) and 5'-CGGCAATCTCCCTGCGGCG-3' 
(Cys332Ser) vrere used as primers for the construction of mutants. 
All mutations were introduced into the Escherichia coli gene 
encoding mutant Cysl 16Ser (Eschrich etaL, 1990). The catalytic 
properties and the crystal structure of this mutant are identical 
to wild-type (Eschrich et al., 1990). All mutations were 
confirmed by nucleotide sequencing according to Sanger et al. 
(1977). 

Enzyme purification 
Mutant proteins were purified from E.coli TG2, essentially as 
described (van Berkeley al., 1992). Expression and yield were 
comparable with that of enzyme Cysll6Ser (Eschrich et al, 
1990). 

Analytical methods 
Standard activity measurements were performed at 25°C in 100 
niM Tris-sulfate pH 8.0, containing ISO «<M NADPH, ISO /iM 
p-hydroxybenzoate and 10 pM FAD. Enzyme concentrations and 
kinetic parameters were determined as described (Eschrich et al., 
1993). The hydroxylation efficiency of mutant proteins was 
estimated from oxygen consumption experiments (Eschrich et 
al., 1993). Dissociation constants of complexes between enzyme 
and substrate were determined fluorimetrically as described 
previously (MQIler and van Berkel, 1982). Electron spin 
resonance spectra were recorded on a Broker ER 200D 
spectrometer. The amount of incorporated spin label was 
measured by treating the modified enzymes with excess 
dithiothreitol (van Berkel et al., 1984). 
Chemical modification of sidjhydryl groups 
Spin-labeled p-chloromercuribenzoate was synthesized by 
condensation of p-chloromercuribenzoylchloride with 4-amino-
2,2,6,6-tetramediylpiperidinooxy (Zantema et al., 1979). 
Chemical modification of mutant proteins by spin-labeled 
p-chloromercuribenzoate was performed at pH 7.0, essentially 
as described for wild-type (van Berkel etaL, 1984). Excess spin 
label was removed by gel filtration over Biogel P-6DG. 

Catalytic properties of mutant proteins 
Table I shows that the cysteine residues of p-hydroxybenzoate 
hydroxylase from P.fiuorescens are not essential for enzyme 
catalysis. All Cys — Ser mutants efficiently hydroxylate the 
substrate with k^aai Km values in the same range as that of 
wild-type. From this it can be concluded that the rapid inactivation 
of the enzyme by p-chloromercuribenzoate derivatives (van 
Berkel era!., 1984) is due to the bulkiness of the aromatic group 
introduced. The Cys — Ser mutations hardly affect substrate 
binding. Flavin fluorescence titration experiments show that the 
dissociation constants for the complexes between the substrate 
arid the mutants are in the same range as found for wild-type 
(Kt = 30 ± 10 pM, pH 7.0; van Berkel etal., 1984). Mutant 
CyslS8Ser binds FAD somewhat more weakly than wild-type. 
For this mutant the addition of excess FAD to the assay mixture 
is essential to achieve optimal turnover. From activity 
measurements varying the amount of flavin an apparent Km for 
FAD of - 0 . 5 pM is estimated. This is about one order of 
magnitude higher than the value found for wild-type (Mflller and 
van Berkel, 1982). 

Chemical modification by spin-labeled p-chloromercuri
benzoate 
Two cysteine residues in p-hydroxybenzoate hydroxylase from 
P.fiuorescens react with spin-labeled p-chloromercuribenzoate 

Table 1. Kinetic parameters of Cys - Ser mutant 
benzcnte hydroxylase from P.fiuorescens 
Enzyme Product (%) 

Cysll6Ser 98 
Cysl52Ser 95 
Cysl58Ser 93 
Cys2IISer 93 
Cys332Ser 95 

JUG" 1 

55 
45 
40 
35 
40 

*•> 

50. 
56 
31 
25 
29 

proteins of p-hydroxy-

NADPH (JIM) Km B.OH (JIM) 

25 
10 
16 
37 
17 

Turnover numbers are maximum values extrapolated to infinite 
concentrations of p-hydroxybenzoate and NADPH. Kinetic c 
maximal error values of 10%. BjOH, p-hydroxybenzoate. Product, 
3.4-dihydroxybenzoate. 
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Fig. 1. Time-dependent huctivation of mutant p-nydroxybename 
hydroxylase by spin-labeled p̂ uoromercuribenzoate. 1.6 pM mui 
in 80 mM HEPES buffer, pH 7.0, / = 0.1 M. was incubated at 2I*C in 
the presence of 50 /<M spin-labeled /KAIoromercuribenzoate. Mutant 
Cysl52Ser (O); Cysl58Ser (A); Cys2IISer (•); Cys332Ser (A). 

(van Berkel et al., 1984). Cysl 16 reacts extremely rapidly with 
the spin label without loss of enzyme activity. Subsequently, a 
second cysteine reacts more slowly resulting in -95% loss of 
activity. The inactivation shows saturation kinetics and is strongly 
inhibited by the presence of the substrate. 

When the Cys — Ser mutants are incubated with spin-labeled 
p-chloromercuribenzoate, rapid inactivation is observed with 
mutants Cysl52Ser, CyslS8Ser and Cys332Ser (Figure I). The 
rate of inactivation is highly comparable with that of wild-type 
(van Berkel et al, 1984). In contrast, inactivation by spin-labeled 
p-chloromercuribenzoate is almost fully blocked in mutant 
Cys2USer (Figure 1). 
Electron spin resonance spectra 
The EPR spectra of the spin-labeled mutants CyslS2Ser, 
Cysl58Ser and Cys332Ser (Figure 2) are characteristic for a 
moderately immobilized spin label (Zantema et al., 1979). The 
EPR spectra of these mutants resemble that of spin-labeled N-
ethylmaleimide-pretreated wild-type enzyme (van Berkel et al, 
1984). Quantitation of the amount of spin label incorporated in 
the mutants (Table H) confirms the fact that Cys211 is the main 
site of modification. With mutant Cys2USer, the intensity of the 
integrated EPR signal is five tunes lower than for wild-type and 
characteristic of a relatively mobile spin label (Figure 2). This 
is not due to the presence of free label nor is the small fraction 
of mobile spin label observed in mutant Cysl58Ser. Repeated 
gel filtration of the spin-labeled mutants does not change the shape 
of the EPR spectra. The small fraction of covalentry bound mobile 
spin label in the mutants Cys21 lSer and Cysl58Ser, therefore, 
is due to modification of either Cys 152 or Cys332. 
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Fig. 2. EPR spectra of spnvlabded p-hydroiyfaergoaie hydroxylase muiani 
proteins. SO nM mutant protdn in 80 mM HEPES buffer. pH 7.0, / « 
0.1 M, was incubated at 21"C to the presence of ISO nM spin-labeled o-
duoromercurirjenzoate for a period of 1 b. The incubation mixture was then 
passed over Biogel P-6DQ prior to measurement. EPR conditions: 
microwave frequency, 9466 MHz; microwave power, 20 mW; modulation 
frequency, 100 kHz; modulation amplitude, 1.2S G; magnetic Odd, 
3340-3440 O. The relative gain for the Cys2llSer spectrum is two rimes 
higher than for the other spectra. 

Table n. Quantitation of incurpoiation of spin-labeled p^hloromercuri-
benzoate in ô rydroxybenzoatB hydroxylase 

Enzyme Spin label incorporated 
(mol/mol FAD) 

CyslloSer 
Cysl52Ser 
CyslSSScr 
Cys211Ser 
Cys332Ser 

1.00 ± 0.05 
1.01 ± 0.0S 
1.2S =t 0.06 
0.20 ± 0.01 
1.01 ± 0.0S 

Sput-labeled mutants (Figure 2) were reactivated with an excess of 
dilhiothrettol. The amount of spin label released was then determined by 
comparison of doubly integrated EPR spectra with that of a known solution 
of the free spin label: 

Table m. Kinetic parameters of Cys — Ser mutant proteins of />-hydroxy-
benzoate Irydroxylase as treated with spin-labeled o^hioromercrnibenzoate 

Enzyme Product (%) ^ ( s " ' ) A ,̂ NADPH (cM) « „ B,OH (aM) 

CyslloSer 
Cysl52Ser 
Cysl58Ser 
Cys2USer 
Cys332Ser 

96 
96 
96 
95 
95 

55 
48 
43 
35 
45 

76 
107 
89 
86 
87 

1800 
1800 
1500 

30 
1500 

For experimental details see footnote to Table I. 

Properties of spin-labeled mutant proteins 
Modification of wild-type p-hydroxybenzoate hydroxylase by 
spin-labeled p-chlororaercuribenzoatt strongly impairs substrate 
binding (van Berkel et al., 1984). The spin-labeled mutants 
Cysl52Ser, Cysl58Ser and Cys332Ser also show a weak affinity 
for the substrate as judged by fluorescence titration experiments 
(Ki > 1 mM, pH 7.0). The affinity of the substrate for mutant 
Cys211 — Ser is not changed by the spin labeling procedure 
(Ki = 30 /iM, pH 7.0). Binding of the substrate to this modified 

enzyme results in a 75% decrease of flavin fluorescence. This 
percentage of quenching is in the same range as found for the 
non-spin label-treated Cys — Ser mutants (not shown). 

The spin-labeled mutants Cysl52Ser, Cysl58Ser and 
Cys332Sershow - 5 % of residual activity in the standard assay 
(Figure 1). The activity of the spin-labeled mutants strongly 
increases upon raising the concentration of p-hydroxybenzoate. 
Table HI shows that the * « values for the spin-labeled mutants 
are in the same range as those found for the untreated mutants 
(cf. Table I). The high £ „ for/>-hydroxybenzoate for the spin-
labeled mutants Cysl52Ser, Cysl58Ser and Cys332Ser (Table 
IH) is in agreement with the fluorescence binding studies. This 
confirms that substrate binding is strongly affected by spin 
labeling of Cys211. In a previous study (van Berkel era/., 1984), 
the residual activity of spin-labeled wild-type enzyme was 
tentatively assigned to the presence of a small fraction of native 
enzyme. The kinetic parameters recorded in Table HI, however, 
show that the low activity of the spin-labeled mutant proteins in 
the standard assay (Figure 1) results from impaired substrate 
binding. Ccrvaleat binding of the spin label only slightly affects 
the ifn, for NADPH (Table IH). The formation of >90% of 
product (Table IH) shows that reduction tf the srMabe&d mutant 
proteins by NADPH is folly coupled to substrate hydroxylation. 
This is in accordance with an earlier conclusion (van Berkel et 
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 perturbation of the active site strongly influences 
catalysis (Entsch era/., 1991; van Berkel etal, 1992; Eschrich 
etal., 1993). 

The kinetic parameters of Cys — Ser mutants as presented in 
this paper show that the cysteine residues of p-hydroxybenzoate 
hydroxylase from P.fluorescens are not essential for enzyme 
catalysis. Mutant Cysl58Ser shows a decreased affinity for FAD. 
This weaker interaction can be rationalized by inspection of die 
3-D model of the enzyme - substrate complex (Scbreuder et al., 
1989). The high resolution crystal structure shows that the 
carbonyl oxygen of Cysl58 interacts with two buried water 
molecules loca^mlrydxogen bond dislai^ 
moiety of the FAD. Replacement of Cysl58 by Ser may disturb 
the configuration of this hydrogen bond network, thereby 
influencing the solvation of die pyrophosphate group. 

Modification of one cysteine residue by spin-labeled p-
cMrjrorrjercuribenzoate is responsible for the almost complete loss 
of enzyme activity (van Berkel et al., 1984). The target cysteine, 
however, could not be unambiguously assigned, most probably 
due to reshuffling of mercaptide bonds upon unfolding of the 
modified enzyme (van Berkel et al, 1984). By protein 
engineering it has now been demonstrated clearly that Cys211 
is the main site of modification. Inactivation by spin-labeled p-
chloromercuribenzoate is folly blocked in mutant Cys211Ser and 
only 0.2 mol of spin label is incorporated per mol enzyme. 

The kinetic parameters of the spin-labeled mutants Cysl52Ser, 
Cysl58Ser and Cys332Ser and die fluorescence binding studies 
show that inactivation of these enzymes results from impaired 
substrate binding. The crystal structure of the enzyme-substrate 
complex shows that Cys211 is located in strand B5 of the substrate 
binding domain (Schreuder et al, 1989). This strand also 
comprises residues Ser212 and Arg214 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 /3-sheet and is not involved in substrate binding. The 
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properties of mutant Cys21 lSer show that Cys211 is not critical 
for providing the correct interactions between the substrate and 
strand B5. Based on chemical modification data alone, one might 
have argued that Cys211 would assist substrate binding. 
Introduction of the bulky 1.4 nm-Iong spin-labeled benzoate 
derivative may disturb the active site geometry by pushing strand 
B5 towards the flavin or a flip of Cys211 may cause the spin 
label to occupy the active she. Another more likely explanation 
is that labeling of Cys211 inhibits the access of the substrate to 
the active site. As noted before (van Berkel etaL, 1984), the 
covalently bound spin label is located presumably in a cleft or 
close to the protein surface and far away from the active site. 
This is in accordance with the present observation that the spin-
labeled mutants are fully capable of coupling flavin reduction 
to substrate hydroxylation. Entrance to the substrate-binding 
pocket seems to be reached via a cleft between the FAD-binding 
domain and the substrate-binding domain (Weijer el al., 1983). 
Entrance to the NADPH-binding pocket is far more unclear 
(Weijer era/., 1983; van Berkel era/., 1988). The location of 
the spin label may therefore help in the understanding of how 
the substrate and NADPH enter the active she. Unfortunately, 
no good quality crystals of spin-labeled enzyme have been 
obtained so far. A possible reason is the weak binding of the 
substrate, preventing the change in domain interactions (Wierenga 
et al, 1979; Weijer et al, 1983). 
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The crystal structure of the enzyme-substrate complex of p-hydroxybenzoate hydroxylase from 
Pseudomonas fluorescens shows that the hydroxy I group of 4-hydroxybenzoate interacts with the 
side chain of Tyr201, which is in close contact with the side chain of Tyr385. The role of this 
hydrogen bonding network in substrate activation was studied by kinetic and spectral analysis of 
Tyr-»Phe mutant enzymes. 

The catalytic properties of the enzymes with Tyr201 or Tyr385 replaced by Phe (Tyr201-»Phe 
and Tyr385->Phe) with the physiological substrate are comparable with those of the corresponding 
mutant proteins of p-hydroxybenzoate hydroxylase from P. aeruginosa [Entsch, B., Palfey, B. A., 
Ballou, D. P. & Massey, V. (1991) J. Biol. Chan. 266, 17341-17349). Enzyme Tyr201-»Phe has 
a high Km for NADPH and produces only 5% of 3,4-dihydroxybenzoate/catalytic cycle. Unlike the 
wild-type enzyme, the Tyr201->Phe mutant does not stabilize the phenolate form of 4-hydroxyben
zoate. With enzyme Tyr385->Phe, flavin reduction is rate-limiting and the turnover rate is only 
2% of wild type. Despite rather efficient hydroxylation, and deviating from the description of the 
corresponding P. aeruginosa enzyme, mutant Tyr385-»Phe prefers the binding of the phenolic form 
of 4-hydroxybenzoate. 

Studies with substrate analogs show that both tyrosines' are important for the fine tuning of the 
effector specificity. Binding of 4-fluorobenzoate differentially stimulates the stabilization of the 4a-
hydroperoxyflavin intermediate. Unlike wild type, both Tyr mutants produce 3,4,5-trihydroxyben-
zoate from 3,4-dihydroxybenzoate. The affinity of enzyme Tyr201->Pbe for the dianionic substrate 
2,3,5,6-tetrafluoro-4-hydroxybenzoate is very low, probably because of repulsion of the substrate 

. phenolate in a more nonpolar microenvironmenL 
In contrast to data reported for p-hydroxybenzoate hydroxylase from P. aeruginosa, binding of 

the inhibitor 4-hydroxycinnamate to wild-type and mutant proteins is not simply described by binary 
complex formation. A binding model is presented, including secondary binding of the inhibitor. 
Enzyme Tyr201->Phe does not stabilize the phenolate form of the inhibitor. In enzyme Tyr38S-> 
Phe, the phenolic pit. of bound 4-hydroxycinnamate is increased with respect to wild type. It is 
proposed that Tyr385 • is involved in substrate activation by facilitating the deprotonation of 
Tyr201. 

p-Hydroxybenzoate hydroxylase is the paradigm of the p-hydroxybenzoate hydroxylase from P. aeruginosa (Entsch 
class of flavoprotein aromatic hydroxylases (Van Berkel and et al., 1988) and P. fluorescens (Van Berkel et al„ 1992) have 
Mailer, 1991). The enzyme catalyzes the conversion of 4- been cloned and expressed in Escherichia coli and the prop-
hydroxybenzoate to 3,4-dihydroxybenzoate, an intermediate erties of a set of mutated enzymes are known (Eschrich et 
step in the degradation of aromatic compounds in soil bacte- al., 1990; Entsch et al., 1991 a, b; Van Berkel et al., 1992). 
ria (Stanier and Omston, 1973). For p-hydroxybenzoate hy- Like most other flavoprotein aromatic hydroxylases, p-
droxylase from Pseudomonas fluorescens, high-resolution hydroxybenzoate hydroxylase shows a rather narrow sub-
crystal structures of the enzyme-substrate, enzyme-product strate specificity (Husain et al., 1980). Scheme 1 shows the 
and reduced enzyme-substrate complex are available reaction cycle, as deduced from stopped-flow techniques 
(Schreuder et al., 1991). The highly similar genes encoding (Entsch et al., 1976; Entsch and Ballou, 1989). The substrate 

acts also as an effector, strongly stimulating the rate of flavin 
Correspondence to W. J. H. van Berkel, Department of Bio- reduction by NADPH (Hosokawa and Stanier, 1966). After 

chemistry. Agricultural University, Dreyenlaan 3. NL-6703 HA Wa- NADP* release, the reduced enzyme-substrate complex re-
geningen.TheNeihwlands a c t s w i ( h m o l e c u I a r o x y g e n f o r r m n g a labile covalent 4a-

^mes. / H K b e n z ° a t e hydroxylase (EC 1.14.13.2): cata- Mroperoxyflavin adduct. This intermediate then attacks the 
lase, hydrogen-peroxide oxidoreductase (EC 1.11.1.6); glucose oxi- substrate under formation of 4a-hydroxyflavin and product, 
dase. )»-D-glucose:oxygen 1-oxidoreductase (EC 1.1.3.4); glucose- Finally, the 4a-hydroxyflavin is rapidly dehydrated and prod-
6-phosphate dehydrogenase, D-glucose-6-phosphate:NADP 1-oxi- net is released. The exact mechanism of hydroxylation re-
doreductase (EC 1.1.1.49). mains to be elucidated (Merenyi et al., 1991; Entsch et al., 
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