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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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Scheme 1. Reaction cycle of p-hydroxybenzoate hydroxylase. 
FADH~ = reduced flavin (adenine dinucleotide). FADHOOH = re
duced 4o-hydroperoxyflavin. FADHOH = reduced 4a-hydroxy-
flavin. 

1991a). In the presence of a non-hydroxylatable effector like 
6-hydroxynicotinate (Howell et al„ 1972), the presumed 4a-
hydroperoxyflavin intermediate decays to oxidized enzyme 
with the production of stoichiometric amounts of hydrogen 
peroxide (reaction k,) (Entsch et al., 1976). 

Crystallographic data provide a detailed insight into the 
conformation of the substrate binding site. The carboxylic 
moiety of the substrate forms a salt bridge with the side chain 
of Arg214 (Weijer et al., 1983). Studies of Arg214-mutated 
enzymes have shown that this salt bridge is essential for tight 
binding and correct orientation of the substrate, thereby 
increasing the stabilization of the transient 4a-hydroperoxy-
flavin (Van Berkel et al., 1992). The side chains of Tyr201 
and Tyr385 form a hydrogen bonding network with the 4-
hydroxy moiety of the substrate (Schreuder et al., 1990). 
Chemical modification of either one or both of these tyrosine 
residues abolishes the affinity of the enzyme for 4-hydroxy-
benzoate (Wijnands et al., 1986). Rapid reaction studies on 
Tyr-*Phe mutants from P. aeruginosa (Entsch et al., 1991b) 
have confirmed an earlier proposal (Van Berkel and Miiller, 
1989) that Tyr201 activates the substrate for efficient hydrox-
ylation. Furthermore, it was shown that both mutations 
decrease the rate of enzyme reduction. We here describe 
the catalytic and binding properties of Tyr201-»Phe and 
Tyr385-»Phe mutated p-hydroxybenzoate hydroxylase 
from P.fluorescens. As expected from the strongly conserved 
amino acid sequences (Entsch et al., 1988), the catalytic 
properties of these mutants are highly comparable with those 
of the P. aeruginosa Tyr-»Phe mutant proteins. From binding 
studies, we present here a refined working hypothesis for 
the role of Tyr201 and Tyr38S in substrate activation. Some 
preliminary results have been reported elsewhere (Westphal 
et al., 1991). 

MATERIALS AND METHODS 

General 

Restriction endonucleases, DNA polymerase I (Klenow 
fragment) and T4-DNA ligase were from Bethesda Research 

Laboratories. Universal M13 sequencing primer, dNTPs, 
2'3'-dideoxy-nucleoside 5'-triphosphates (ddNTP), calf in
testinal phosphatase, glucose oxidase (grade IT), glucose-6-
phosphate dehydrogenase from Leuconostoc mesentemides, 
glucose 6-phosphate, NADPH and dithiothreitol were all 
products of Boehringer. [a-MP]dATP (3000 Ci/mol) was ob
tained from New England Nuclear. Oligonucleotides for mu
tagenesis were prepared using an Applied Biosystems DNA 
synthesizer. Mes, Hepes, Hepps and Cibacron-blue-3GA-
agarose (type 3000-CL) were from Sigma. QAE-Sepharose 
fast-flow was from Pharmacia/LKB. 

4-Hydroxybenzoate and substrate analogues were pur
chased from Aldrich. 4-Hydroxycinnamic acid (predominant
ly trans) was from Janssen Chimica. 2,3,5,6,-Tetrafluoro-4-
hydroxybenzoate was prepared from pentafluorobenzoate as 
decribed (Husain et al., 1980). 

Mutagenesis 

K coli TG2 (pAW45), containing the gene encoding p-
hydroxybenzoate hydroxylase from P. fluorescent, has been 
described elsewhere (Van Berkel et al., 1992). Site-directed 
mutagenesis, using E. coli RZ1032 for generation of uracil-
containing single-stranded DNA, was performed in the bacte
riophage M13mpl8 according to the method of Kunkel et al. 
(1987). 

The oligonucleotides 5'-COAACnXjATCllCGCCAAC-
CATC (Tyr201-»Phe) and 5 ' - C C X J A G A A C 1 1 I G T C G G C C -
TG (Tyr385-»Phe) were used for the construction of mutants. 
Both mutations were introduced into the E. coli gene encod
ing the microbeterogeneity-resistant Cysll6-»Ser mutant en
zyme (Eschrich et al., 1990; Van Berkel et al., 1992). The 
mutations were confirmed by nucleotide sequencing using 
the M13 dideoxy-chain-termination method of Sanger et al. 
(1977). 

Mutated p-hydroxybenzoate hydroxylase genes were ex
pressed in transformed E. coli TG2 grown in 6-1 batches of 
tryptone/yeast medium containing 75p.g/ml ampicillin at 
37 °C with vigorous aeration (Westphal and de Kok, 1988). 

Mutated enzymes were purified from £ coli TG2, essen
tially as described (Van Berkel et al., 1992). The expression 
and yield of the enzymes Tyr201-»Phe and Tyr385-»Phe is 
comparable to wild-type and enzyme Cysll6-»Ser. For con
venience, and in view of identical catalytic properties (Esch
rich et al., 1990), enzyme Cysll6-»Ser will be referred to as 
wild-type enzyme. 

Analytical methods 

HPLC analysis was done on a Hewlett Packard 1081 B 
high-pressure liquid chromatography system using a Zorbax 
ODS C-18 (100 x 3 mm) column. The liquid phase consisted 
of a mixture of 20% methanol and 1 % acetic acid. Detection 
varied over 260-300 nm using a Pye Unicam LC-UV detec
tor with 8-mm light path. 

'H-NMR experiments were performed on a Broker AMX 
500-MHz spectrometer. Samples were dissolved in deuter-
ated dimethylsulfoxide. 

4-Hydroxycinnamic acid was purified before use by pre
parative HPLC using a Lichrosorb 10 RP-18 (250X9 mm) 
column. In each run, 10 mg 4-hydroxycinnamic acid was 
purified isocratically using a mixture of 25% methanol and 
1 % acetic acid. The flow rate was 2 ml/min and 5-ml frac
tions were collected. Purified 4-hydroxycinnamic acid eluted 
on analytical HPLC as a single symmetrical peak and con-
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tained more than 98% of the rranj-isomer as evidenced by 
"H-NMR. 

Absorption spectra were recorded at 25 °C on an auto
mated Arninco DW-2000 spectrophotometer. Enzyme con
centrations were determined spectrophotometrically using a 
molar absorption coefficient &,*, = 10.2 mM"' cm"' for pro
tein-bound FAD (Van Berkel etal.. 1992). 

p-Hydroxybenzoate hydroxylase activity was routinely 
assayed spectrophotometrically at 340 nm by measuring the 
oxidation of NADPH in 100 mM Tris/sulfate pH 8.0 and 
25 "C (MOller et al., 1979). Steady-state kinetics were per
formed at 25*C in air-saturated 100 mM Tris/sulfate pH 8.0 
or 50 mM potassium phosphate, pH7.0, both containing 
0.5 mM EDTA and 10 pM FAD. The concentration of 4-hy-
droxybenzoate or NADPH was varied using 0.2 mM of the 
fixed substrate. The hydroxylation efficiency of the mutated 
enzymes in the above-mentioned mixtures was estimated 
from oxygen consumption experiments using 0.2 mM 
NADPH and 1 mM of aromatic substrate (s), performed 
either in the absence or presence of 150 units catalase 
(Entsch et al., 1976). Product analysis, using a NADPH-re-
generating system, was done by either analytical HPLC 
(Entsch et al., 1991b) or recording absorption spectra (Hu-
sain et al., 1980). 

Rapid-reaction kinetics were carried out using a temper
ature-controlled High-Tech Scientific SF-51 spectrophotome
ter (dead time, 1.3 ms). The instrument was interfaced to an 
IBM microcomputer for data acquisition and analysis, using 
software from High-Tech Scientific Inc. All experiments 
were performed anaerobically at 15°C in 50 mM potassium 
phosphate pH 7.0, containing 0 J mM EDTA, essentially as 
described (Entsch et al., 1976; Husain and Massey, 1979). In 
flavin reduction experiments, 25 units glucose oxidase and 
20 mM glucose were added in order to achieve optimal an-
aerobiosis. Flavin reduction was monitored at 450 nm, either 
in the absence or presence of saturating concentrations of 
substrate/effector and varying concentrations of NADPH. 
Second-order rate constants and dissociation constants were 
determined from nonlinear least-square analysis (Van Berkel 
et al., 1992). In flavin reoxidation experiments, protein-
bound FAD was anaerobically reduced by a small excess of 
sodium dithionite (Entsch et al., 1976). 

Fluorescence-emission spectra were recorded on an auto
mated Arninco SPF-500C spectrofluorimeter. Dissociation 
constants of enzyme/ligand complexes were determined fluo-
rimetrically at pH 7.0, essentially as reported earlier (Van 
Berkel and Mttller, 1989). Binding studies as a function of 
pH were performed in 40 mM Mes (pH 5 - 7 ) , 40 mM Hepes 
(pH7-8) and 40 mM Hepps (pH8-9) . Buffers were ad
justed to 50 mM ionic strength with 0.5 M sodium sulfate as 
described before (Wijnands et al., 1984). 

The ionization state of enzyme-bound 4-hydroxybenzoate 
was measured by recording absorption spectra as a function 
of pH (Shoun et al., 1979). The length of the two-compart
ment cell used was 0.875 cm. The ionization state of en
zyme-bound 4-hydroxycinnamate was measured at pH 8.0 
and 25 °C by recording absorption spectra of 20 pM enzyme 
in the absence or presence of 4-hydroxycinnamate (Entsch et 
al., 1991b). Both sample and reference cell were titrated with 
known concentrations of the reagent, diluted in pH 8.0. De-
protonation of enzyme-bound 4-hydroxycinnamate was mon
itored either at 353 nm (enzyme Cys1l6-»Ser) or 370 nm 
(enzyme Tyr385-»Phe) using an LKB Ultrospec i n spectro
photometer. All measurements were corrected for the 
increase in absorption of samples titrated in the absence of 

Table 1. Dissociation constants of some complexes between mu
tant p-hydroxybenzoate hydroxylase and bemoate ligands. 
Dissociation constants were determined at 25°C in 50 mM potas
sium phosphate pH 7.0 by fluorimetric titration experiments, essen
tially as described (van Berkel et al., 1992). The fluorescence 
quantum yield ( 0 is expressed relative to that of free enzyme 
(100%). Q was determined relative to free FAD. 

Ligand 

Benzoate 
4-HydroxybenzoMe 
4-Aminobenzoate 
4-FIuorobenzoate 
2,4-Dihydroxybenzoate 
3,4-Dihydroxybenzoate 
2,3,5,6-Tetrafluoro-4-

hydroxybenzoate 

Dissociation constant (fluorescence 
quantum yield) of the complex 

Cysl16-» 
Sa
te =0.6) 

uM(%) 

156 (33) 
30(20) 
16(9) 

120(39) 
89(11) 

284 (10) 

300(42) 

1yr201-» 
Phe 
(C = 0.73) 

20 (19) 
33 (32) 
36 (76) 
28 (18) 
78 (13) 

845 (18) 

2550 (14) 

Tyr385-» 
Phe 
(fi = 0.72) 

34(60) 
11 (20) 
35 (14) 
44(52) 
28(12) 

150 (12) 

250(42) 

enzyme and for dilution. All data from binding studies were 
evaluated by a singular-value-decomposition-based analysis 
algorithm using the FORTRAN Numerical Recipes sub
routine package (Press et al., 1986) of KALEIDAGRAPH 
(Adelbeck Software). 

RESULTS 

General properties of mutant proteins 

The flavin visible absorption spectra of the free and 4-
hydroxybenzoate complexed enzymes Tyr201 -»Phe and Tyr-
385-»Phe closely resemble that of wild type (Van Berkel and 
MOller, 1989), indicating that the mutations cause no major 
structural changes. For enzyme Tyr385-»Phe from P. aerugi
nosa it was reported that the crystal structure of the enzyme-
substrate complex is the same as for wild type (Entsch et al., 
1991b). 

In the oxidized state, binding of benzoate analogues re
sults in quenching of the fluorescence of protein-bound FAD. 
This property was used for the estimation of the dissociation 
constants of the enzyme-benzoate ligand complexes. Table 1 
shows that the affinity for 4-hydroxybenzoate is not strongly 
influenced by the mutations. Most benzoate analogues tested 
interact somewhat more strongly with enzyme Tyr385-»Phe 
than with wild type (Table 1). This may be caused by the 
more nonpolar microenvironment. Enzyme Tyr201->Phe 
shows a more divergent binding behaviour. The more apolar 
analogues benzoate and 4-fluorobenzoate strongly interact 
with this mutant whereas the affinity of the more polar ana
logues 3,4-dihydroxybenzoate and 2,3,5,6-tetrafluoro-4-hy-
droxybenzoate is considerably decreased with respect to wild 
type. The results obtained with the tetrafluoro compound 
(phenolic pAT. free in solution = 5.3) indicate that the interac
tion of the phenolate form of substrates with the introduced 
phenylalanine side chain of enzyme Tyr201-*Phe is unfa
vored energetically. 

Binding of NADPH to the free enzyme is hardly affected 
by the mutations. At pH 7.0 (/ = 50 mM), both the dissoci
ation constants (about 250 uM) and the fluorescence 
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Table 2. Kinetic parameters and hydroxylation efficiency of mu
tant p-hydroxybemoate hydroxylase from P. fluorescein. All ex
periments were performed at 25 °C in air-saturated 50 mM potassium 
phosphate pH7.0 or 100 mM Tris/sulfate pH8.0, containing 
0.5 mM EDTA, 10 uM FAD. Turnover numbers ( U are maximum 
values extrapolated to infinite concentrations of 4-hydroxybenzoate 
and NADPH. For other details see Materials and methods. BzOH. 
4-hydroxybenzoate. Product, 3,4-dihydroxybenzoate. 

Enzyme 

Cys116-»Ser 

Tyr201-»Phe 

Tyr385-»Phe 

pH 

7.0 
8.0 

7.0 
8.0 
7.0 
8.0 

Product 

% 
100 
100 

5 
5 

75 
78 

* o 

s-' 

37 
55 

2.5 
6.5 
0.6 
0.9 

Kn 

NADPH 

uM 

73 
50 

390 
1300 

18 
15 

BzOH 

20 
25 

30 
55 
8 

15 

ooo 
o • 

o • 

8 • • 

pH 

Fig. 1. pH-dependent activity of mutant p-hydroxybenzoate hy
droxylase from P. fluorescein with 3,4-dihydroxybenzoate. All 
experiments were performed at 25"C in air-saturated buffers con
taining 03 mM NADPH and 1 mM 3,4-dihydroxybenzoate. For 
buffers used see Materials and methods. Relative activity of enzyme 
Cysll6->Ser (O). enzyme Tyr201-»Phe (A) and enzyme Tyr385-» 
Phe (•). 

quantum yield of the enzyme-NADPH complexes are in the 
same range as found for wild type (Wijnands et al., 1984). 
This is not unexpected because the adenosine 2',5'-bisphos-
phate moiety of the coenzyme is believed to be located far 
away from the substrate binding site (Van Berkel et al., 
1988). 

. Catalytic properties 

The catalytic properties of the mutated enzymes differ 
from wild type. At pH 8.0, the optimum pH for turnover of 
the wild-type enzyme (Van Berkel and MUller, 1989), the 
turnover rote of enzyme Tyr201-»Phe is about 10% of that 
of wild-type and the K,„ for NADPH is relatively high 
(Table 2). The turnover rate of enzyme Tyr201-»Phe is much 
higher than the value reported for the corresponding enzyme 
from P. aeruginosa. For the Tyr-»Phe mutants from P. aeru
ginosa, however, no maximal rates and Km values were esti
mated (Entsch et al., 1991b). Table 2 also shows that K„, for 
NADPH for enzyme Tyr201-»Phe is more pH dependent 
than for wild type (see also below). Replacement of Tyr201 
with Phe decreases the efficiency of hydroxylation. With this 
mutant, 4-hydroxybenzoate mainly acts as an effector and 
only 5% of the product 3,4-dihydroxybenzoate is formed/ 
catalytic cycle (Table 2). 

The turnover rate of enzyme Tyr385->Phe is only 2% of 
wild type (Table 2). In contrast to enzyme Tyr201-»Phe, for 
this mutant Km for NADPH is somewhat decreased as com
pared to wild type. With enzyme Tyr385-»Phe, relatively ef
ficient hydroxylation occurs and about 75% of 3,4-dihy
droxybenzoate is produced/catalytic cycle. The values for hy
droxylation are in good agreement with those reported for 
the corresponding enzymes from P. aeruginosa (Entsch et al., 
1991b). 

Under NADPH-regenerating conditions, enzyme Tyr 
385-»Phe from P. aeruginosa catalyzes the conversion of the 
product of the physiological reaction, 3,4-dihydroxybenzoate 
to the cytotoxic 3,4,5-trihydroxybenzoate (Entsch et al., 
1991b). We have studied the reaction of the Tyr mutants from 
P. fluorescens with 3,4-dihydroxybenzoate in somewhat more 
detail. Especially at high pH values, 3,4-dihydroxybenzoate 
is a relatively good effector for enzyme Tyr385—>Phe 

Table 3. Effector specificity of mutant p-hydroxybenzoate hy
droxylase from P. fluorescens. All experiments were performed at 
15°C in 50 mM potassium phosphate, pH 7.0. Flavin reduction was 
monitored at 450 nm by conventional or stopped-flow absorption 
spectroscopy, either in the absence or presence of saturating concen
trations of effector and varying concentrations of NADPH. Rate con
stants and dissociation constants were determined from non-linear 
least-square analysis as described (Van Berkel et al., 1992). 

Effector Reduction rate (Kt NADPH) of the 
complex 

Cys116-» 
Ser 

Tyr201-> 
Phe 

Tyr385-» 
Phe 

None 
4-Hydroxybenzoate 
2,4-Dihydroxybenzoate 
3,4-Dihydroxybenzoate 
4-Aminobenzoate 
4-Fluorobenzoate 

s"1 (mM) 

0.003 (0.26) 
122 (0.25) 

0.61 (0.06) 
3 J (0.75) 
0.03 (0.40) 
0.50(1.50) 

0.01 (0.62) 
3.4 (0.87) 
0.03 (0.42) 
1.1 (1.70) 
1.0(4.0) 
0.61 (0.21) 

0.01 (0.81) 
0.53 (0.16) 
0.12 (0.15) 
0.33 (0.03) 
0.02 (20) 
0.06 (0.46) 

(Fig. 1). Under standard assay conditions, the apparent turn
over rate is comparable to wild type (Fig. 1). In contrast to 
wild type, enzyme Tyr385-»Phe partially hydroxylates 3,4-
dihydroxybenzoate, yielding 3,4,5-trihydroxybenzoate as a 
product. The efficiency of hydroxylation is relatively low and 
only slightly dependent on pH. Oxygen-consumption experi
ments, performed either in the absence or presence of cata-
lase, showed that about 20% of 3,4,5-trihydroxybenzoate is 
produced/catalytic cycle. This value is in full agreement with 
that reported for the corresponding P. aeruginosa enzyme. 
Hydroxylation of 3,4-dihydroxybenzoate is also catalyzed by 
enzyme Tyr201—»Phe. Under standard assay conditions, both 
HPLC and ultraviolet spectral analysis showed the exclusive 
formation of 3,4,5-trihydroxybenzoate as a product. With en
zyme Tyr201-»Phe, inefficient catalysis occurs (Fig. 1), 
partly as a result of the high dissociation constants for 3,4-
dihydroxybenzoate and NADPH (cf. Table 1 and Table 3). 
The percentage of hydroxylation is rather low and varies be
tween 5% and 15%. These values, however, are significantly 
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higher than observed for wild type (< 1 %). This implies that 
with both Tyr mutants, and in contrast to wild type (Entsch 
et ah, 1976), binding of 3,4-dihydroxybenzoate induces the 
stabilization of the 4a-hydroperoxyflavin intermediate. The 
above results also show that 3,4-dihydroxybenzoate can be
come orientated in both Tyr mutants in such a way that hy-
droxylation at the 5'-position is feasible. The X-ray structure 
of the enzyme-product complex indicates that in the wild-
type enzyme the orientational freedom of the product is re
stricted by hydrogen bonding of the 3'-hydroxyl group of the 
product with the carbonyl oxygen of Pro293 (Schreuder et 
al.. 1989). 

p-Hydroxybenzoate hydroxylase shows a narrow effector 
specificity (Spector and Massey, 1972). Except for the physi
ological substrate, only fluorinated 4-hydroxybenzoate deriv
atives strongly stimulate the rate of enzyme reduction (Hu-
sain et al., 1980). The potential substrate p-aminobenzoate is 
very slowly hydroxylated by the wild-type enzyme because 
flavin reduction is rate-limiting (Entsch et al., 1976). This 
points to a direct role of Tyr201 and/or Tyr38S in the regula
tion of the effector specificity. We have compared the effec
tor specificity properties of wild type and Tyr mutants by 
performing flavin reduction experiments in the absence and 
presence of some substrate analogs. Binding of 4-hydroxy
benzoate stimulates the rate of reduction of enzymes 
Tyr201-»Phe and Tyr385-»Phe by NADPH to a much 
smaller degree than observed with wild type (Table 3) and in 
accordance with data reported for the corresponding enzymes 
from P. aeruginosa (Entsch et al., 1991b). Reduction of en
zyme Tyr385->Phe is rate-limiting in overall catalysis (cf. 
Table 2). The rate of reduction of enzyme Tyr201->Phe in 
complex with 4-hydroxybenzoate is stimulated 300-fold 
when compared to the free enzyme (Table 3). Under the same 
conditions, reduction of wild-type enzyme is still 40 times 
faster. The apparent K* for NADPH for the ternary complex 
of enzyme Tyr201-»Phe is relatively high and in accordance 
with the high Km for NADPH obtained from steady-state ki
netics. It should be noted here that the apparent Kd for 
NADPH reflects the ratio of A,, and JU for NADPH in the 
enzyme-substrate complex. As noted above, fluorescence 
quenching studies indicate that the affinity for NADPH is not 
changed in mutant Tyr201 -»Phe. In the presence of substrate 
analogs no stimulation of enzyme reduction is observed (Ta
ble 3). For enzyme Tyr201-»Phe in complex with 4-amino-
benzoate, the rate of enzyme reduction is increased. The effi
ciency of reduction of this complex is, however, low in view 
of the high apparent ffd for NADPH. 

Stabilization of the 4a-hydroperoxyflavin intermediate is 
essential for the efficient hydroxylation of substrates. This 
stabilization is strongly influenced by the type of substrate/ 
effector present in the active site (Entsch et al., 1976; Entsch 
and Ballou, 1989). In order to probe the effect of the mu
tations on the stabilization of the 4a-hydroperoxyflavin, the 
reaction of oxygen with the reduced enzymes was studied in 
the presence of the non-hydroxylatable effector 4-fluoroben-
zoate. NMR studies with ["C)FAD-enriched apoprotein have 
shown that this ligand induces electronic and structural per
turbations in the wild-type enzyme which are comparable to 
4-hydroxybenzoate (Vervoort et al., 1991). In the absence of 
the effector, the reaction of oxygen with the reduced enzymes 
follows pseudo-first-order kinetics and no stabilization of the 
4a-hydroperoxyflavin is observed. Table 4 shows that oxi
dized flavin is formed with rates comparable to wild type. In 
the presence of 4-fluorobenzoate, a rapid increase of absorp
tion at 390 nm is followed by a much slower monophasic 

Table 4.4-Fluorobenzoate-induced stabilization of 4o-hydroper-
oxyflavin in mutant p-hydroxybenzoate hydroxylase from P. 
fluorescent. Dithionite-reduced enzymes were mixed with oxygen
ated buffer at 15°C, pH7.0. either in the absence or presence of 
1 mM 4-fluorobenzoate. For further experimental details see Materi
als and Methods. For explanation of symbols see Scheme 1. 

Enzyme 

Cysl16-»Ser 
Complex 
Tyr201-»Phe 
Complex 
Tyr385-»Phe 
Complex 

*. 
M - s-1 

2.6 X105 

1.5X105 

2.4X10* 
2JX10" 
2.3X10> 
2.0X 10s 

*» 
s~' 

22 

1.4 

13 

increase at 480 nm and indicative for the formation and sub
sequent breakdown of the 4a-hydroperoxyflavin (Entsch et 
al., 1976; Entsch and Ballou, 1989). Table 4 shows that, with 
enzyme Tyr201-»Phe, the transient oxygenated flavin is sta
bilized considerably. For enzyme Tyr385-»Phe, the stabiliza
tion of the 4a-hydroperoxyflavin is comparable to wild type. 
These results are in line with data reported for the 4-hydroxy
benzoate complexed Tyr-mutated enzymes from P. aerugi
nosa (Entsch et al., 1991b) and indicate that local structural 
perturbations around the para-position of the substrate do not 
strongly influence the micropolarity near the flavin ring. The 
different lifetimes of the 4a-hydroperoxyflavin intermediate 
in the 4-fluorobenzoate-complexed enzymes suggest, how
ever, that small variations in the electronic structure of the 
flavin are induced. 

Binding studies 

For p-hydroxybenzoate hydroxylase from P. desmolytica 
(Shoun et al., 1979) and P. aeruginosa (Entsch et al., 1991b) 
it was reported that, at pH 8.0, 4-hydroxybenzoate is pre
dominantly bound in the phenolate form. From a chemical 
point of view, the dianionic state of substrate is expected to 
facilitate the electrophilic attack of the 4a-hydroperoxyflavin 
(Husain et al., 1980; Vervoort et al., 1992). For the P. fluo-
rescens enzyme, Tyr201 was postulated to possess a lowered 
pK„ thereby facilitating the activation of the substrate (Van 
Berkel and MOIler, 1989). Binding of 4-hydroxybenzoate to 
p-hydroxybenzoate hydroxylase from P. fluorescens also 
stimulates the ionization of the hydroxyl moiety of the sub
strate. Fig. 2 shows the difference absorption spectrum of 
wild-type enzyme as a function of pH. Because die dissoci
ation constant of the wild-type enzyme-substrate complex is 
hardly pH-dependent in the pH range 5.S-8.S (Van Berkel 
and MOIler, 1989) and assuming a maximum value of 
l6mM 'cm"' for the molar difference absorption coeffi
cient of the phenolate form of bound substrate at 290 nm 
(Shoun et al., 1979), a pJt. value of about 7.2 can be esti
mated. Despite tight binding (Table 1), titration of the Tyr-
mutated enzymes with 4-hydroxybenzoate does not result in 
marked changes in the absorbance around 290 nm (inset 
Fig. 2). Comparable results were reported for enzyme 
Tyr201-»Phe from P. aeruginosa (Entsch et al., 1991b). For 
enzyme Tyr385-»Phe from P. aeruginosa preferential bind
ing of the phenolate form of substrate was reported but no 
data were presented (Entsch et al., 1991b). The present re
sults indicate that both tyrosines are important for the optimal 
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WAVELENGTH tnm) 
Fig. 2. Absorption difference spectra observed upon binding of 
4-hydroxybenzoate to nmtant p-hydroxybenzoate hydroxylase 
from P.flwnseeus. Both cuvettes contained 1.0 ml 20 uM enzyme 
in one compartment and 1.0 ml 200 uM 4-hydroxybenzoate in the 
same buffer in the other compartment. The temperature was 25 °C. 
For buffers used see Materials and methods. Before mixing the solu
tions in the two compartments of the sample cell, a baseline was 
recorded. From bottom to top: difference spectrum of enzyme Cys-
116-»Ser at pH 6.8, pH 7.2, pH 7.6, pH 8.0 and pH 8.4, respectively. 
The inset shows the molar absorption difference at 290 nm as a 
function of pH: enzyme Cys116-»Ser (O); enzyme Tyr201-»Phe 
(A); enzyme Tyr385-»Phe ( • ) . 

activation of the substrate and in accordance with the rela
tively slow rate of hydroxylation of enzyme Tyr385-»Phe 
(Entsch et al„ 1991b). 

Additional support for the activating role of Tyr201 in p -
hydroxybenzoate hydroxylase from P. aeruginosa was ob 
tained from binding studies with the inhibitor 4-hydroxycin-
namate (Entsch et al., 1991b). It was reported that at 
pH values above pH 7.S, wild type and enzyme Tyr385-»Phe 
predominantly bind the phenolate form of the inhibitor 
whereas enzyme Tyr201-»Phe only binds the phenolic form. 
For all three enzymes, binding of 4-hydroxycinnamate was 
described by simple binary complex formation, yielding 
dissociation constants ranging over 1 0 0 - 2 0 0 uM. For the P. 
fluorescein enzymes, binding of 4-hydroxycinnamate does 
not follow simple 1:1 binding. Fig. 3 A shows that at 
pH values below 7, titration of wild-type enzyme initially 
results in an increase of flavin fluorescence. At higher con
centrations of the inhibitor, the fluorescence decreases again, 
indicating binding of the inhibitor at a second site. Such a 
binding behaviour was recently also reported for enzyme 
Arg214-»Lys in complex with 4-hydroxybenzoate (Van Ber-
kel et al., 1992). The fluorescence properties of wild-type 
enzyme in complex with 4-hydroxycinnamate are indepen
dent of the enzyme concentration (using 2 - 1 0 uM enzyme) 
excluding possible FAD dissociation. Fig. 3 A also shows 
that, in contrast to the free enzyme (Van Berkel and Miiller, 
1989), the fluorescence quantum yield of the enzyme-inhibi
tor complex is strongly dependent on the pH of the solution. 
At pH values around 7, initially the fluorescence hardly 

changes. This is followed by a fluorescence decrease at 
higher concentrations of the inhibitor. At pH values above 7s 
addition of low concentrations of the inhibitor immediately 
results in a strong decrease of flavin fluorescence. The bind
ing data of wild-type enzyme fit well, assuming binding of 
4-hydroxycinnamate at two independent sites: 

F* . = F„ + 
*r„ + m + mm*,) a) 

where F,*,is the experimental fluorescence observed, [I] the 
concentration of the inhibitor and AF*, AFB, KM and Km 

represent the fluorescence intensity changes and dissociation 
constants of the high-affinity and low-affinity sites, respec
tively (Van Berkel et al., 1992). The dissociation constants 
obtained from the optimal fits are summarized in Fig. 3B. It 
should be noted here that, above pH 7.2, data o f the wild-
type enzyme can also be fitted assuming simple binary com
plex formation. The much higher variation in dissociation 
constants and correlation coefficients, however, strongly sug
gests that above pH 7.2 secondary binding also occurs. This 
conclusion is supported by fluorescence binding data of the 
Tyr-mutated enzymes. For both mutants, the fluorescence 
quantum yield of the free enzyme remains nearly constant 
over the experimental pH range. Titration with 4-hydroxycin
namate results in an initial increase of flavin fluorescence, 
followed by a decrease at higher concentrations o f the inhibi
tor (Fig. 3C, E). In contrast to wild type, however, no initial 
decrease of fluorescence is observed at high pH values. 
When the data of Fig. 3C and 3E are treated according to 
Eqn (1), values of about SO uM and 700 uM are obtained for 
the dissociation constants of the high-affinity and low-affin
ity sites, respectively (Fig. 3D, F). For both mutants, the 
dissociation constant for the high-affinity site is only slightly 
pH dependent. 

Over the entire pH interval and for all three enzymes, 
secondary binding o f the inhibitor results in quenching of 
flavin fluorescence. Fitting the fluorescence data of Fig. 3 
according to Eqn (1) yields values of FB ranging over 5 -
10% for the fluorescence quantum yield of the ternary en
zyme-inhibitor complexes. For the high-affinity site, how
ever, replacement o f Tyr201 or Tyr385 for Phe leads to 
changes in the fluorescence quantum yield of the enzyme-
inhibitor complex. For enzyme Tyr201->Phe, the fluores
cence quantum yield of the complex is nearly pH indepen
dent (Fig. 4). In contrast, the fluorescence quantum yield of 
the wild-type-4-hydroxycinnamate complex decreases with 
increasing pH (Fig. 4 ) . The data of the wild-type enzyme fit 
well according to the expression (Van Berkel and Miiller, 
1989): 

>\* .= 
(KJIH*]) + 1 ([H']/K„) + 1 

(2) 

yielding an apparent pK. value of 6.5 for the optimal fit (R = 
0.998) where F„„ = 298% and F ^ = 27% of the flavin 

fluorescence of the free enzyme. For enzyme Tyr385-> 
Phe (Fig. 4), the fluorescence quantum yield o f the complex 
only gradually decreases with increasing pH. When treating 
the data of enzyme Tyr385-»Phe according to Eqn (2), a less 
optimal fit (R = 0 .992) is obtained, yielding an apparent p/C 
value of 6.9 with F„„ = 212% and F r t > = 100%, respec
tively. The above results suggest that for the high-affinity 
sites, the flavin fluorescence quantum yield of the enzyme-
4-hydroxycinnamate complexes is related to the ionization 
state of the inhibitor bound (see also below). The fitted fluo-
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Fig. 3. pH-dependent fluorescence properties of mutant p-hydroxybenzoate hydroxylase upon titration with 4-hydroxycinnamate. 
2 uM enzyme was titrated with 4-hydroxycinnamate at 25 °C. Flavin fluorescence was monitored at S2S nm with excitation set at 450 nm. 
The fluorescence quantum yield of the free enzymes is given a value of 100%. The dissociation constants for the high-affinity and low-
affinity sites, as calculated according to Eqn(1), are plotted as a function of pH. For buffers used and other experimental details see 
Materials and methods. (A) Fluorescence titration of enzyme Cysl 16-»Ser at pH 5.3 (O), pH 6 J ( •) , pH 6.6 (A), pH 6.9 (A), pH 7.4 (D) 
and pH 8.0 (•) . (B) pH dependence of the dissociation constant of the complex between enzyme Cysl16-»Ser and 4-hydroxycinnamate: 
high-affinity site (O) and low-affinity site ( • ) . (C) Fluorescence titration of enzyme Tyr20l-»Phe at pH 5.6 (O), pH 6.5 ( • ) , pH 7.1 (A) 
and pH 8.0 (A). (D) pH Dependence of the dissociation constant of the complex between enzyme Tyr201-»Phe and 4-hydroxycinnamate: 
high-affinity site (O) and low-affinity site (•) . (E) Fluorescence titration of enzyme Tyr385-*Pbe at pH 5.6 (O), pH 6 .5 ( •) , pH 7.1 (A) 
and pH 8.0 (A). (F) pH dependence of the dissociation constant of the complex between enzyme Tyr385—»Phe and 4-hydroxycinnamate: 
high-affinity site (O) and low-affinity site ( • ) . 

Fig. 4. The pH dependence of the fluorescence quantum yield of 
the biliary complex between mutant p-bydroxybenzoate hydrox
ylase and 4-hydroxycinnamate. The fluorescence quantum yield of 
the binary complexes between enzyme and 4-hydroxycinnamate, 
using the data from Fig. 3 and as treated according to Eqn (1). The 
fluorescence quantum yield of the free enzymes is given a value of 
100%. Enzyme Cys116->Ser (O), enzyme Tyr201->Phe (X) and 
enzyme Tyr385-»Phe (•) . 

rescence quantum yield values of the mutant enzyme-inhibi
tor complexes strongly differ from the values reported for 
the corresponding complexes of the P. aeruginosa enzymes 
(Entsch et al., 1991b). As already noted above, for the P. 
aeruginosa enzymes, however, secondary binding of the in
hibitor was not taken into account. 

The ionization state of bound 4-hydroxycinnamate was 
studied in more detail by recording absorption spectra as a 
function of pH. Fig. 5 A shows that titration of wild-type en
zyme with 4-hydroxycinnamate results in large pH-depen-
dent absorption changes around 350 nm. Over the entire 
pH interval, the data of Fig. 5 A fit well, assuming simple 
binary complex formation. By treating the data in this way, 
the dissociation constant of the wild-type enzyme-4-hydro-
xycinnamate complex is only slighly pH-dependent and var
ies from 156 uM at pH 6.4 to 80 uM at pH 8.0. The maxi
mum difference absorption coefficient at 353 nm is about 
23 mM'1 cm"' and an apparent pK.value of 6.9 for the ion
ization of bound 4-hydroxycinnamate is estimated (Fig. 5C). 
The above results are in close agreement with the corre
sponding values reported for the P. aeruginosa wild-type en-
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Fig. 5. pH-dependent absorption properties of mntant p-hydroxybenzoate hydroxylase upon titration with 4-hydroxydnnamate. 
20 uM enzyme was titrated with 4-hydroxycinnamaie at 25°C. The increase in absorption was monitored at 353 nm (enzyme Cysll6-»Ser) 
or 370 nm (enzyme Tyr385-»Phe). For buffers used and other experimental details see Materials and methods. (A) Titration of enzyme 
Cys116->Ser at pH 6.0 (O), pH 6.4 (D). pH 6.9 (O), pH 7.2 (X), pH 7.4S (+), pH 7.75 (A), pH 8.0 ( • ) and pH 8.25 (•) . (B) Titration of 
enzyme Tyr385-»Phe at pH 6.1 (O), pH 6.75 (0), pH 7.0 <©). pH 7.25 (X), pH 75 (+), pH 7.7 (A), pH 7.9 (•) and pH 8.2 ( • ) . (C) The 
molar absorption differences obtained from A and B were extrapolated to infinite 4-hydroxycinnamate concentration and plotted against 
pH: enzyme Cys116-»Ser (O), enzyme Tyr385-»Phe (•). 

zyme (Entsch et al., 1991b). In contrast to the fluorescence 
titration experiments, the absorption data do not yield infor
mation about secondary binding of the inhibitor. This might 
explain the variation in the pK, values and dissociation con
stants as derived from both techniques. 

Despite tight binding (cf. Fig. 3D), over the entire experi
mental pH interval, titration of enzyme Tyr201-»Phe with 4-
hydroxycinnamate does not result in significant absorption 
changes around 3S0 nm. This is in full accord with data re
ported for the corresponding enzyme from P. aeruginosa 
(Entsch et al., 1991b), and clearly shows that enzyme 
Tyr2Ql-»Phe only binds the phenolic form of the inhibitor. 

For enzyme Tyr385-»Phe from P. aeruginosa (Entsch et 
al., 1991b) it was reported that binding of the phenolate form 
of 4-hydroxycinnamate is similar to wild type, except that 
at high pH values binding is accompanied with much lower 
absorption changes. When enzyme Tyr385-»Phe from P. 
fluorescens is titrated with 4-hydroxycinnamate, over the en
tire experimental pH interval the maximum difference in ab
sorption is centered around 370 nm, a clear red shift with 
respect to the wild-type enzyme. This shows that mutation 
of Tyr385 can have a direct effect on the electronic properties 
of the aromatic ligand bound. Fig. SB shows the absorption 
changes at 370 nm as a function of pH. Again the binding 
data fit well, assuming simple binary complex formation, and 
yield dissociation constants varying between 47 uM (pH 6.1) 
and 10S uM (pH 8.2). Interestingly, the derived maximum 
absorption coefficients (Fig. 5C) are much more pH-depen-
dent when compared to the corresponding values reported for 
the P. aeruginosa enzyme (Entsch et al., 1991b). An apparent 
plf. value of 7.6 is calculated from the experimental data with 
a maximum difference absorption coefficient of Ae^ -

16.8 mM"1 cm"' at 370 nm. The above results show that the 
electronic properties of bound 4-hydroxycinnamate are influ
enced by the polarity of the microenvironment around the 4-
hydroxyl group. 

DISCUSSION 

Hydroxylation of substituted aromatic compounds by the 
flavin-dependent aromatic hydroxylases is a highly sophisti
cated process. Efficient hydroxylation of substrates is depen
dent on (a) the molecular orbital characteristics of bound sub
strate, (b) the electronic properties of the reduced flavin, de
termining the stabilization of the 4a-hydroperoxyflavin inter
mediate and (c) the mutual orientation of the 4a-
hydroperoxyflavin and the hydroxylation site of bound sub
strate. With most flavin-dependent aromatic hydroxylases, 
the requirements for efficient hydroxylation are achieved by 
independently acting subunits (Van Berkel and Mttller, 
1991). In this respect, it is interesting to note that, very re
cently, a P. putida 4-hydroxyphenylacetate 3-hydroxylase 
was described which needs a second non-redox protein, cru
cial for coupling the oxidation of NADH to substrate hydrox
ylation (Arunachalam et al., 1992). 

A further high level of control over the substrate specific
ity is introduced by the effector specificity. The extremely 
slow reduction of 4-aminobenzoate-complexed wild-type en
zyme is indicative of the fine tuning of the effector specific
ity of p-hydroxybenzoate hydroxylase (Entsch et al., 1976). 
The stimulatory effect of substrate binding on the rate of 
enzyme reduction is most probably due to alterations in the 
mutual orientation of the flavin and the pyridine ring of 
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NADPH (van Berkel and Miiller, 1991). The positioning of 
the nicotinamide ring is presumably directed by the confor
mation of the active-site loop, comprising residues 291 -298 
(Schreuder et al., 1991). This active-site loop is sharply bent 
and in close contact with the hydrogen bonding network 
about the 4-hydroxyl group of the substrate (Schreuder et 
al., 1989). The results presented in this paper show that any 
perturbation of this hydrogen bonding network influences the 
effector specificity. In this respect it is interesting to note 
that the amino acid sequence of the active-site loop and its 
connected secondary structure elements (/(-strand D3 and a-
helix H10) is conserved to a large extent in other FAD-de-
pendent external aromatic hydroxylases, sequenced so far 
(KSlin et al., 1992). From this we conclude that the topology 
of the nicotinamide binding site of salicylate hydroxylase and 
phenol hydroxylase is comparable to p-hydroxybenzoate hy
droxylase. This conclusion is supported by NMR experi
ments which show that, in the reduced state, both p-hydroxy-
benzoate hydroxylase and salicylate hydroxylase carry a 
negative charge at flavin Nl (Vervoort et al., 1991). For p-
hydroxybenzoate hydroxylase it was suggested that the in
teraction between flavin Nl and the microdipole of a-helix. 
H10 is probably also essential for efficient reduction of the 
enzyme-substrate complex (Mailer et al., 1983). 

In contrast with published data (Entsch et al., 1991b), 
both Tyr->Phe mutants are capable of hydroxylation of the 
product 3,4-dihydroxybenzoate. This suggests more rota
tional freedom for the product in these enzymes than in wild 
type. This points to a weaker interaction of the 30H group 
of the product with the carbonyl oxygen of Pn>293 
(Schreuder et al., 1989), possibly via some change in confor
mation of the active-site loop. The formation of 3,4,5-trihy-
droxybenzoate implies that, in contrast to wild-type (Entsch 
et al., 1976), binding of 3,4-dihydroxybenzoate to the Tyr 
mutants induces some stabilization of the 4a-hydroperoxy-
flavin intermediate. NMR studies suggest that such a stabili
zation is dictated by the electronegativity of the C (4a) atom 
in the intermediate which again is dependent on the micropo-
larity and/or geometry of the active site (Vervoort et al., 
1991). 

From a chemical point of view, hydroxylation of 4-hy-
droxybenzoate is favored when the substrate is in the dianio-
nic state (Husain et al., 1980; Vervoort et al., 1992). We 
agree with Entsch et al. (1991b) that Tyr201 activates the 
substrate (Van Berkel and Miiller, 1989) by facilitating the 
deprotonation of the 4'-hydroxyl group. From the observed 
stabilization of the 4a-hydroperoxyflavin in enzyme Tyr 
201-»Phe (Entsch et al., 1991b) it might be expected that 
dianionic substrates are potential substrates for this mutant. 
The present binding studies with 2,3,5,6-tetrafluoro-4-hydro-
xybenzoate however indicate that introduction of a more hy
drophobic residue at position 201 highly disfavors the in
teraction with the phenolate form of substrates. Enzyme Tyr-
385-*Phe rather slowly hydroxylates the substrate (Entsch et 
al., 1991b). In binding studies no deprotonation of the sub
strate is observed. From this we propose that in the free en
zyme, Tyr385 is essential for lowering the pAT.of the 4'-OH 
group of Tyr201 (Van Berkel and Miiller, 1989), thereby 
stimulating the ionization of the substrate upon binding 
(Scheme 2). In the free enzyme, the 4'-OH proton of Tyr201 
presumably is taken up by a water molecule, located at the 
substrate binding site. 

Although providing indirect evidence, the important role 
of Tyr385 in the activation of the substrate is supported by 
the binding studies with the inhibitor 4-hydroxycinnamate. 
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Scheme 2. Hypothetical scheme for the (de)protonatioo stale of 
the active site of p-hydroxybemoate hydroxylase. (A, B) Free 
enzyme; (C, D) enzyme 4-hydroxybenzoate complex. 

With enzyme Tyr385-»Phe, ionization of the inhibitor is 
clearly more difficult than with wild type. Tight binding of 
4-hydroxycinnamate to p-hydroxybenzoate hydroxylase is 
quite surprising in view of the weak binding of the related 
compound 4-hydroxyphenylacetate (Van Berkel et al., 1992). 
Moreover, from crystallographic data (Schreuder et al., 
1991), tight binding of the inhibitor is not expected because 
of steric constraints. Wild-type enzyme preferentially binds 
the phenolate form of 4-hydroxycinnamate. This indicates 
that in the enzyme-inhibitor complex, the hydrogen bonding 
network formed by both tyrosines is highly conserved. We 
therefore conclude that the side chain of Arg214, making a 
salt bridge with the carboxylic moiety of the substrate 
(Schreuder et al., 1989) must change its position in order to 
accomodate the extra introduced ethylene bond. Modeling 
studies (H. Schreuder, personal communication) suggest that 
the guanidinium group of Arg214 should move about 
0.1S nm for proper binding of the inhibitor. 

Binding of 4-hydroxycinnamate to wild-type and mutant 
enzymes is accompanied by variable pH-dependent changes 
in flavin fluorescence. These changes are most simply ex
plained by binding of the inhibitor at two independent sites. 
For mutant Arg214->Lys in complex with 4-hydroxyben
zoate, it was suggested that secondary binding of the sub
strate might occur at the NADPH binding site (Van Berkel et 
al., 1992). On the other hand, inhibition of wild-type enzyme 
by excess 2-fluoro-4-hydroxybenzoate was reported to be 
due to an effect in the oxidative half-reaction (Husain et al., 
1980). Additional information from other techniques, e.g. 
isothermal titration calorimetry (Freire et al., 1990), might 
shed some more light on this poorly understood phenome-
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ABSTRACT The crystal structures of wild-type p-hydroxybenzoate hydroxylase from Pseudomonas 
J7uores&ns\ complexed with the substrate analogues 4-aminobenzoate, 2,4-dihydroxybenzoate,and2-hydroxy-
4-aminobenzoate have been determined at 2.3-, 2.S-, and 2.8-A resolution, respectively. In addition, the 
crystal structure of a Tyr222Ala mutant, complexed with 2-hydroxy-4-aminobenzoate, has been determined 
at 2.7-A resolution. The structures have been refined to R factors between 14.5% and 15.8% for data 
between 8.0 A and the high-resolution limit. The differences between these complexes and the wild-type 
enzyme-substrate complex are all concentrated in the active site region. Binding of substrate analogues 
bearing a 4-amino group (4-aminobenzoate and 2-hydroxy-4-aminobenzoate) leads to binding of a water 
molecule next to the active site Tyr385. As a result, a continuous hydrogen-bonding network is present 
between the 4-amino group of the substrate analogue and the side chain of His72. It is likely that this 
hydrogen-bonding network is transiently present during normal catalysis, where it may or may not function 
as a proton channel assisting the deprotonation of the 4-hydroxyl group of the normal substrate upon binding 
to the active site. Binding of substrate analogues bearing a hydroxy! group at the 2-position (2,4-
dihydroxybenzoate and 2-hydroxy-4-aminobenzoate) leads to displacement of the flavin ring from the 
active site. The flavin is no longer in the active site (the "in" conformation) but is in the cleft leading to 
the active site instead (the "out" conformation). It is proposed that movement of the FAD out of the active 
site may provide an entrance for the substrate to enter the active site and an exit for the product to leave. 

The flavoprotein p-hydroxybenzoate hydroxylase (EC It is remarkable that a single polypeptide of 43 kDa 
1.14.13.2) catalyzes the conversion of the substrate p- (p-hydroxybenzoate hydroxylase occurs in solution as a 
hydroxybenzoate (4-hydroxybenzoate) into the product 3,4- homodimer, but its active sites are independent) is able to 
dihydroxybenzoate with help of NADPH and molecular perform three different reactions: (i) the reduction of FAD 
oxygen. It is first step of the 0-keto adipic acid pathway by by NADPH to form FADH", (ii) the reaction of FADH" with 
which certain soil bacteria are able to degrade and utilize molecular oxygen to form the Ravin 4a-hydroperoxide, and 
hydioxybtedaromaUccompoundssuchasp-hydroxybenzoate. (Hi) the hydroxylation of the substrate by the flavin 4a-
These compounds are liberated during the biodegradation of hydroperoxide to form the product 3,4-dihydroxybenzoate. 
lignin, one of the principle components of wood. In addition, the activity of this enzyme is tightly regulated. 

The reaction mechanism of p-hydroxybenzoate hydroxylase, Reduction of the enzyme in the absence of substrate leads to 
as deduced by Entsch and co-workers using stopped-flow the production of potentially harmful hydrogen peroxide 
spectroscopic techniques (Entsch et al., 1976), is depicted in (Specter & Massey, 1972) and the waste of NADPH 
Figure 1. It is a multistep reaction involving three substrates, equivalents. Theseeventsdonotoccurbecause,undernormal 
4-hydroxybenzoate, NADPH, and molecular oxygen, and conditions, the enzyme is only reduced by NADPH when the 
three products, 3,4-dihydroxybenzoate, NADP+, and water. substrate is present (Husain & Massey, 1979). 

More than 20 years of research on p-hydroxybenzoate 
'Supported by the Netherlands Foundation of Chemical Research hydroxylase have yielded detailed spectroscopic information 

(SON)withfiiiancialaidfromtheNetherlandsOigaiiizaUonforScientific on e»wy step of the reaction (Entsch et al., 1976) and have 
Research (ZWO). revealed many other aspects of the reaction such as the 

• Address correspondence to this author. stereochemistry of the reduction reaction (Manstein et al., 

• Present address: Department of Genetics and Microbiology, Uni- as a phenolate anion (Shoun et al., 1979; Entsch etal., 1991; 
versity of Pavia, Via Abhiategrasso 207,127100 Pavia PV, Italy. Eschrich et al., 1993). Crystallographic studies of reduced 

I Presemaddress: EMBL,c/oDESY,Notkestrasse85,2000 Hamburg and oxidized forms of the enzyme-substrate complex and of 
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FIGURE I: Catatvtkcydeofp-hvdroxybenzoate hydroxylase based 
on work by Entsch et al. (1976) and many others. PHBH, 
p-hydroxybeazoate hydroxylase; 40HB, the substrate 4-hydroxy
benzoate; FADH-, reduced flavin bearing a negative charge at the 
Nl (Vervoort et al, 1991); FADH-OOH, flavin 4a-hydroperoxide 
intermediate; 3,4-diOHB, the reaction product 3,4-dihydroxybeii-
zoale. The reaction starUat (1) with the binding of the substrate 
4-hydroxybenzoate and NADPH in random order (2,3), followed 
by reduction of the flavin ring to form FADH" (4). Subsequently, 
molecular oxygen reacts with the reduced flavin to form a flavin 
4a-hydroperoxtdc intermediate (S). This latter intermediate hy-
droxytates the substrate 4-hydroxybenzoate to form the reaction 
product 3,4-dftydroxybeiunate and a flavin 4a-hydroxide intermedi
ate. The flavin 4a-hydroxide breaks down into a water molecule and 
oxidized flavin (6). After the product has left the active site, the 
enzyme b ready for the next reaction cycle. 

intermediate and the hydroxylation reaction (Schreuder et 
al., 1988b, 1990). In addition, van der Laan et al. (1989a) 
reported a crystal structure ofp-hydroxybenzoate hydroxylase 
in which the FAD molecule has been replaced by an ADPR 
molecule. The latter complex was obtained by crystallizing 
native p-hydroxybenzoate hydroxylase in the presence of 
ADPR. The apparently easy replacement of bound FAD by 
ADPR indicated that the flavin ring itself does not contribute 
strongly to the binding of the FAD molecule. 

Despite a plethora of spectroscopic, biochemical, and 
structural data, many questions are still unanswered. These 
questions include the interaction of NADPH with p-hydroxy-
benzoate hydroxylase [see van Berkel et al. (1988)], the 
catalysis of the reduction reaction, and the mechanism causing 
the 105-foldincreasein reduction rateafter binding ofsubstrate 
and effector molecules (Husain & Massey, 1979). Other 
questions involve the precise way by which the protein 
influences the reactivity of the flavin and the various reactants 
in order to achieve optimal overall catalytic efficiency. 

The cloning of thcpobA gene (encoding p-hydroxybenzoate 
hydroxylase) of Pseudomonas aeruginosa (Entsch etal., 1988), 
followed by the cloning of this gene from Pseudomonas 
fluorescein (van Berkel et al., 1992), and recently from 
Acinetobacter calcoaceticus (DiMarco et at., 1993), opened 
the way to address these questions by site-directed mutagenesis. 
Mutations of Tyr201 and Tyr385 showed their role in the 
activation of the substrate 4-hydroxybenzoate toward ny
droxylation (Entsch et al., 1991; Eschrich et al., 1993; Lah 
etal., 1994). The result of the mutation of Asn300 (the only 
side chain which directly interacts with the flavin ring) into 
Asp was less clear since the mutated side chain moved away 
from the flavin ring, causing a number of local structural 
changes in the protein (Lah etal., 1994). Mutationsofresidues 
that are involved in binding the carboxytate group of the 
substrate such as Arg214 (van Berkel et al., 1992) and Tyr222 
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(van Berkel etal., 1993) showed that these residues are essential 
for efficient hydroxylation, presumably because they limit 
the rotational freedom of the substrate. 

Here we describe the crystal structures of the Tyr222Ala 
mutant complexed with the substrate analogue 2-hydroxy-
4-aminobenzoate and, in addition, crystal structures of wild-
type enzyme complexed with 4-aminobenzoate, 2,4-dihy-
droxybenzoate, and 2-hydroxy-4-aminobenzoate. Removal 
of the bulky side chain of Tyr222 from the active site in the 
Tyr222Ala mutant led to surprisingly small changes in the 
crystal structure, while introduction of a single hydroxy! group 
at the 2-position in substrate analogues led unexpectedly to 
an alternative position of the flavin ring which is completely 
different from its normal position in the active site of the 
enzyme. These results suggest a weak binding of the flavin 
ring which is in line with the easy replacement of FAD by 
ADPRasobservedbyvanderLaanetal.(1989b). Changing 
the 4-hydroxyl group of the substrate to a 4-amino group in 
substrate analogues led to binding of an extra water molecule 
next to Tyr38S, resulting in a continuous hydrogen-bonding 
network between the 4-amino group of the substrate analogue 
and His72. 

EXPERIMENTAL PROCEDURES 

Preparation of the Enzymes. The CyslloSer mutant 
(Eschrich et al., 1990) was used as "wild-type", in order to 
prevent problems with the crystallization ascribed to the 
oxidation of the cysteine at this position (van der Laan etal., 
1989b; van Berkel & Mfiller, 1987). The position of residue 
116 is far away from the active site, and its mutation does not 
influenceanyofthecatalyticpropertiesoftlieenzvme. Site-
specific mutagenesis was performed according to the method 
of Kunkel et al., (1987), essentially as described elsewhere 
(van Berkel et al., 1992). The oligonucleotide GCCGC-
TACGCCGTACAGGTOC was used for the construction of 
the mutant Tyr222Ala. The Tyr222Ala mutation, made in 
the gene bearing the Cysl 16Ser mutation, was confirmed by 
nucleotide sequencing using the M13 dideoxy-chain-termina-
tion method (Sanger et al., 1977). Mutant proteins were 
expressed in transformed Escherichia coll TG2 and purified 
at pH 8 (van Berkel et al., 1992). The expression and yield 
of mutant Tyr222Ala is in the same range as found for wild-
type (Eschrich et al., 1990; van Berkel et a l , 1992). 

Crystallization. Crystals of "wild-type" enzyme with 2,4-
dihydroxybenzoate and 4-aminobenzoate were obtained by 
soaking crystals of the enzyme-4-hydroxybenzoate complex, 
grown by the free interface liquid-liquid diffusion technique 
(Drenth et al, 1975; van der Laan et al., 1989b), for 4 days 
in mother liquor containing 38%saturated ammonium sulfate, 
0.1 M potassium phosphate buffer (pH 7.S), 0.04 mM FAD, 
0.3 mM EDTA, and 20 mM 2,4-dihydroxybenzoate or 
4-aminobenzoate instead of the normal substrate 4-hydroxy
benzoate. 

Crystals of "wild-type" enzyme and the Tyr222Ala mutant, 
both complexed with the substrate analogue 2-hydroxy-4-
aminobsnzoate, were obtained using the hanging drop method. 
The protein solution contained 10 mg/mL enzyme in 10 mM 
potassium phosphate buffer (pH7.5). The reservoir solution 
contained 30% saturated ammonium sulfate, 0.04 mM FAD, 
0.30 mM EDTA, 2 mM substrate analogue, 20 mM sodium 
sulfite-and 0.1 M potassium phosphate buffer (pH7.S). Drops 
of 2 ML of protein solution and 2 pL of reservoir solution were 
allowed to equilibrate at 4 °C against I mL of reservoir 
solution. Crystals with dimensions of up to 0.2 x 0.3 X 0.4 
mm3 grew within 7 days. It was not possible to obtain crystals 
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p-Hydroxybenzoate Hydroxylase Crystal Structures 

Table 1: Data Collection and Refinement Statistics 

complex 

code 
cell dimensions (A) 

a 
b 
e 

unique reflections 
resolution (A) 
Rvm{%) 
completeness (%) 
starting model 
initial R factor 
final R factor (%) 
water molecules 
nns bond lengths (A) 
rms bund angles (deg) 
average B factors (A1) 

protein 
flavin ring 
substrate analogue 

WT- + 
4-amino-
benzoate 
4AB 

72.0 
146.6 
88.7 
14 434' 
2.3 
4.7 
67.8 
POHB< 
19.2 
15.6 
267 
0.009 
1.30 

27.4 
20.1 
14.9 

WT" + 
2,4-dihydroxy

benzoate 

24DOB 

72.3 
146.2 
89.0 
15 242 
2.5 
3.9 
91.3 
204AB 
22.4 
15.8 
203 
0.009 
1.53 

25.0 
16.8 
12.1 

WT- + 
2-hydroxy-
4-amino-
benzoale 

204AB 

72.2 
146J 
88.8 
11552 
2.8 
9.8 
96.8 
POHB' 
20.5 
14.5 
208 
0.009 
1.57 

21.5 
15.3 
9.3 

Y222A + 
2-hydroxy-
4-amino-
benzoate 

Y222A 

72.2 
146.5 
88.4 
11648 
2.7 
8.6 
87.8 
204AB 
19.7 
14.8 
231 
0.009 
1.S6 

22.6 
18.2 
15.7 

' Cysl 16Ser •wild-type".•It should be noted that the 4AB data set, 
although it extends to higher resolution, contains less reflections than the 
24DOB data set, owing to its lower completeness. The 4AB data set is 
90% complete to 3.3 A, but completeness drops gradually toward higher 
resolution. In the resolution shell between 2.5 and 2.3 A, 40.0% of the 
reflections have been observed, and the shell between 2.36 and 2.30 A 
is 31.4%complete. rp-Hydnutybenzoate-substrate complex (Schreuder 
et al., 1989). 

of the Tyr222Ala mutant in the presence of the normal 
substrate. This may be due to the weak affinity (ATj = 1300 
*<M; van Berkel et al., 1993) of this mutant for the normal 
substrate 4-hydroxybenzoate. The 2-hydroxy-4-aminoben-
zoate molecule binds much tighter (Jt0 = 20 uM), and its 
complex could be crystallized. 

Data Collection. Data of the crystals of wild-type with 
2,4-dihydroxybenzoate and 4-aminobenzoate were collected 
with a FAST television area detector (Enraf Nonius, Delft, 
The Netherlands) mounted on an Elliot rotating anode 
generator, operating at 45 kV and 75 mA equipped with a 
graphite monochromator. Madness software (Messerschmidt 
& Pflugrath, 1987) was used to run the detector, to index the 
data, and to produce a "xrec.xds" type raw data file which was 
fed into the XDS software (Kabsch, 1988) to obtain integrated 
intensities by means of three-dimensional profile fitting. Data 
of thecrystalsof wild-type enzyme and theTyr222Ala mutant 
complexed with 2-hydroxy-4-aminobenzoate were collected 
using a multiwire area detector (Siemens, Analytical Instru
ments, Inc., Madison, WI) mounted on a Siemens rotating 
anode generator, operating at 45 kV and 100 mA, equipped 
with a graphite monochromator. Data were processed with 
the XDS package (Kabsch, 1988). Data collection statistics 
are given in Table 1. The crystals obtained by liquid-liquid 
diffusion wereof better quality (larger and with a more regular 
shape) than the crystals obtained by the hanging drop method. 
As a result the diffraction of the crystals of the 4-aminoben
zoate and 2,4-dihydroxybenzoate complexes extends to higher 
resolution than the diffraction of the crystals of complexes of 
2-hydroxy-4-aminobenzoate with "wild-type" and the Tyr222-
Ala mutant. 

Refinement. Refinement was carried out using the program 
XPLOR (Briinger, 1992). The parameter set as determined 
by Engh and Huber (1991) was used for the protein part of 
the structure, while the parameters for the FAD molecule 
were obtained from Dr. A. Vrielink as were used for the 
refinement of cholesterol oxidase (Vrielink et al., 1991). The 
latter parameters, however, led to unacceptable deviations 
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from planarity for the flavin ring. This effect may be due to 
the lower resolution we used (2.8 A versus 1.8 A for the 
refinement of cholesterol oxidase), or it may be due to the 
combination of original XPLOR (CHARMM) parameters 
for the FAD with the much stricter Engh and Huber 
parameters for the protein part of the structure. We did not 
investigate this effect further but added empirically improper 
angle restraints to the FAD topology definition to maintain 
acceptable planarity of the flavin ring whilestill allowing some 
twisting or bending of the flavin ring. 

The cell dimensions of the crystals listed in Table 1 deviate 
less than 1% from each other and from the wild-type crystals 
(cell dimensions a=71.5 A, b = 145.8 A, c=88.2 A; Schreuder 
et al., 1989). We did not use rigid-body refinement to adapt 
the starting model to a different crystal form but used an 
alternative method instead. The starting coordinates were 
converted to fractional coordinates and subsequently converted 
back to orthogonal coordinates using the cell dimensions of 
the new crystal form. This method works as least as well as 
rigid-body refinement, as evidenced by the low starting R 
factors listed in Table I. The error in protein geometry 
introduced by this method is of the same order as the rms 
deviation of the bond lengths and is quickly corrected during 
the first cycle of subsequent refinement. 

The structures of "wild-type" enzyme complexed with 
4-aminobenzoate and 2-hydroxy-4-aminobenzoate were re
fined starting from the coordinates of the wild type-4-
hydroxybenzoate complex (Schreuder et al., 1989) after 
application of the correction for the slightly different cell 
dimensions as mentioned above. Refinement was started with 
manual inspection of unweighted 2F0 - Fc and F0 - Fc maps 
based on the corrected starting model in order to obtain a 
clear view of the differences between the new crystal form 
and the starting model, not biased by any coordinate 
refinement. These starting maps indicated only few correc
tions, except for some very clear and significant differences 
in the active site region. Refinement consisted of three 
macrocycles of map inspection and rebuilding using FRODO 
(Jones, 1985) with subsequent energy minimization and 
temperature factor refinement using XPLOR (Brflnger, 1992). 
The structures of "wild-type" with 2,4-dihydroxybenzoate and 
the Tyr222Ala mutant complexed with 2-hydroxy-4-ami-
nobenzoate were refined using two macrocycles of map 
inspection and refinement. Here the structure of "wild-type" 
complexed with 2-hydroxy-4-aminobenzoate was used as the 
starting model. The last three structures mentioned all have 
an alternative binding mode for the flavin ring. The final 
statistics are listed in Table 1. 

Superpositions. Prior to analysis, all four structures 
discussed in this paper were superimposed onto the 1.9-A 
structure of the enzyme-substrate complex (Schreuder et al., 
1989) using the algorithm of Kabsch (1976). Only C° atoms 
were used for the superposition. In order to asses the 
theoretical contacts of the 2-hydroxyl group of the 2,4-
dihydroxybenzoate molecule with the flavin ring occupying 
the standard, well-known "in" position (see Results and 
Discussion), we measured the distance between the 2-hydroxyl 
group of the substrate analogue in the enzyme-2,4-dihy-
droxybenzoate complex and the flavin ring in the superimposed 
enzyme-substrate complex. Wedidnotcorrectformovements 
of the protein to adapt to the substrate analogue, so the 
distances thus obtained do not represent the real situation but 
indicate the magnitude of rearrangements necessary to 
accommodate the substrate analogue. 

43 



Chapters 
Biochemistry, Vol. 33. No. 33, 1994 

A 

Schreuder et al. 

Tyr385 

0^ _^~ r v*2 
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FIGURE 2: Structure of the 4-aminobenzoate complex. For clarity, only toe flavin, the substrate (analogue), and the residues involved in the 
hydrogen-bonding network are shown. Abbreviations: 40B, 4-hydroxybenzoate; 4AB, 4-aminobenzoate. (A) F0 - F, omit map, contoured at 
4». The residues shown (His72, Tyr201, Tyr385, the flavin, the 4-aminobenzoate, and both water molecules) were omitted from the map 
calculation. (B) Superposition of the structures of the enzyme-substrate complex (Schreuder et al., 1989) and the 4-aminobenzoate complex. 
The enzyme-substrate complex is drawn with open bonds, the 4-aminobenzoate complex with solid bonds. Circles indicate bound water 
molecules. Two water molecules are shown. Wl next to His72 is present both in the 4-hydroxybenzoate and in the 4-aminobenzoate complex, 
but W2 next to Tyr385 is only present in the 4-aminobenzoate complex, giving rise to a continuous hydrogen-bonding network between the 
N4 of the substrate analogue and the ND1 of His72. 

RESULTS 

The highly refined 1.9-A starting structure (Schreuder et 
al., 1989) resulted in well-refined structures of the p-
hydroxybenzoate hydroxylase complexes presented here. Table 
I shows that both the geometry (rms deviations of 0.009 A 
for the bond lengths and 1.5—1.6° for the bond angles) and 
the R factors (13-16%) are excellent. Only two residues 
(Arg44 and Aspl44) have 4, <f/ angles outside the allowed 
regions. Even Ala80, which deviates in the 1.9-A native 
structure, is within allowed regions in the present structures. 

Superposition of the various complexes with the wild-type 
enzyme-substrate complex shows that the overall folding did 
not change in any of the structures. The rms deviations for 
all 391 C" atoms present in our structures varies from 0.1S 
A for the 4-aminobenzoate complex to 0.2S A for the 
Tyr222Ala mutant. The average B factors as listed in Table 
1 do not differ significantly between the different complexes 
and with the 1.9-A native structure (average B factors: 24.9 
A2 for the protein, 16.6 A2 for the flavin ring, and 15.7 A2 

for the substrate). 

4-Aminobenzoale Complex. Analysis of the electron 
density maps of the "wild-type"-4-amuiobenzoate complex 
indicated only a few but very clear differences between the 
4-aminobenzoate complex and the 4-hydroxybenzoate com
plex. Thesedifferences involve the hydrogen-bonding network 

Table 2: Lengths of the Hydrogen Bonds Involved in the 
Hydrogen-Bonding Network around Tyr201 and Tyr385 in Various 
Crystal Structures of p-Hydroxybenzoate Hydroxylase 

length of hydrogen bond (A) for complex" 
hydrogen bond 

O4/N4»-OHTyr201 
OHTyr201-OHTyr385 
OHTyr385-W2< 
W2-WI 
W1-ND1 His72 

POHB 

2.7 
2.8 

2.5 

24DOB 

3.0 
2.5 

2.7 

4AB 

3.1 
19 
2.8 
3.0 
2.8 

204AB 

3.1 
2.6 
2.8 
3.0 
2.6 

Y222A 

3.3 
2.7 
3.1 
2.9 
2.6 

"See Table I for the codes of the different /»-hydroxybeozoate 
hydroxylase complexes. * 04 for the 4-hydroxybenzoate and 3,44ihy-
droxybenzoate molecules; N4 for the 4-aminobeiizoate and 2-hydroxy-
4-aminobenzoate molecules.' Wl, water molecule next to His72; W2, 
water molecule next to Tyr385 (see Figure 2). 

of the 4-amino and 4-hydroxyl group of the substrate 
(analogue) and, respectively, the active site tyrosines 201 and 
385 (see Figure 2 and Table 2). The hydrogen bond between 
the 4-amino group and Tyr201 is 0.4 A longer than the 
equivalent hydrogen bond in the enzyme-substrate complex, 
reflecting the difference between a NH-OH hydrogen bond 
and an 0~-OH hydrogen bond. It should, however, be noted 
that in the 2,4-dihydroxybenzoate complex a rather long 
hydrogen bond of 3.0 A is present between the 0 4 of the 
substrate analogue and the OH of Tyr201. The 4-aminoben
zoate molecule occupies exactly the same position as the 
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FIGURE 3: Superposition of die structures of the enzyme-substrate complex (Schreuder et al., 1989) and the 2,4-dihydroxybenzoate complex. 
The enzyme-substrate complex is drawn with open bonds, the 2,4-dihydroxybenzoate complex with solid bonds. Circles indicate bound water 
molecules. Broken lines indicate hydrogen bonds between the 02of the 2,+iihydroxybenzoate molecule and the N3 of the flavin (2.8 A) and 
the OH of Tyr222 (3.0 A). The flavin does not occupy its normal "in' position in the 2,4-dihydroxybenzoate complex but has rotated about 
30* into the cleft leading to the active site. Three water molecules (black circles) occupy tlie binding sites of the N I, N3, and 04 of the flavin 
when it is in the "in" position. For clarity, only a thin slice of the structure is shown. As a result, the side chain of Arg44, which runs at van 
der Waals distance behind the flavin in the "out* conformation, is only visible from the CD onward. 

Table 3: Contact! (</ < 3.5 A) between the Flavin Ring and the Protein or Substrate (Analogue)* 

flavin atom 

Nl 

C2 

02 

N3 

C4 
04 

C4A 

C5A 
C6 
C8 
CSM 

C9 

NIO 
CIO 

•Distances (A) 
Dihydroxybenzoate. 

4AB» 

(3.4)NGly298 
(3.1)NUu299 
(3.2) Wat230 
(3.4)OAh296 
(3.4) N Leu299 
(3.l)OAla296 
(2.9) N Leu299 
(3.5)CAUu299 
(3.3)CBLeu299 
(3.1) N Asn300 
(3.l)ND2Asn300 
(3.0)OVal47 
(3.4)OAla296 
(3.S)CBAIa4S 
(3.2)NGIy46 
(3.2)NVal47 
(3.5)CAAIa45 
(3.S)CBAIa45 

(3.3) Wat69 

(3 J ) Wat230 
(3.2) Wat230 

ire given between brackets. *See Table 
4 2-Hydnny-4-aminobenzoate. 

protein atom in complex 

24DOB 

(3.3) Watl72 
(3.4)Watl86 

(3.1) Watl72 
(3.l)Watl82 
(2.9) Watl86 

(2.8) 02 DOB' 

(3.3)OHTyr222 

204AB 

(3.3) Watl72 

(3.4) Wat 187 

(3.4)CBAIa4S 
(3.1)Watl87 
(3.2)Wat202 
(3.0) Wat206 

(2.9) 02 HAB' 

(3.4) OH Tyr222 

(3.5)CDArg44 
(3.4) NHI Arg44 
(3.4) Wat 122 

(3.2)Arg44 
(3.3) Wall IS 

1 for the codes of the different p-hydroxybenzoate 

Y222A 

(3.0)Wat209 

(3.2) Wat209 

(3.4)CBAla45 
(2.9) Wat209 
(3.2) Wat222 
(3.5)Wal224 

(3.0) 0 2 BAB* 

(3J)CDArg44 
(3.4)CDArg44 
(3.2)Watl2l 
(3.4)Watl2I 
(3.l)Watl21 
(2.8)Watl2l 

hydroxylase complexes.' 2,4-

substrate molecule in the enzyme-substrate complex, and the 
hydroxyls of Tyr201 and Tyr38S move 0.4 and 0.5S A, 
respectively, to accommodate the longer hydrogen bond. In 
addition, difference maps clearly indicated the presence of an 
extra water molecule next to Tyr385. Because of this extra 
water molecule, the hydrogen-bonding network that ends at 
Tyr385 with the normal substrate now extends to His72 (see 
Figure 2). This "bridging" water molecule appears to be firmly 
bound since its temperature factor of 21.5 A2 is even lower 
than the overall temperature factor of the protein (27.4 A2; 
Table 1). 

2,4-Dihydroxybenzoate Complex. Soaking 2,4-dihydroxy
benzoate into the activesite of p-hydroxybenzoate hydroxylase 
crystals causes an entirely unexpected and dramatic shift in 

the position of the flavin ring. As shown in Figure 3, the 
flavin ring has rotated over about 30° with respect to its position 
in the 4-hydroxybenzoate complex and is now located in the 
cleft leading to the active site. The pyrimidine ring of the 
flavin in the new, "out" position occupies the position of the 
dimethyl benzene ring in the 4-hydroxybenzoate complex. In 
contrast to the nine potential hydrogen bonds (defined by 
donor-acceptor distances <3.5 A) between the protein and 
the flavin ring in the "in" position (e.g., the enzyme-4-
aminobenzoate complex; Table 3), we did not observe any 
direct hydrogen bond between the protein and the flavin ring 
in the alternative "out" conformation. The only exception is 
a rather long (3.3 A) potential hydrogen bond between the 
flavin 0 4 and the hydroxyl group of Tyr222. However, a 
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FI0URE4: EleOrondensityaroundthemuUtioniriteinthe<jystalUmclureofttaeTyr222Alamutantcom 
The structure of the Tyr222Ab mutant is drawn with solid bonds; the structure of "wild-type" enzyme with 2-hydroiy-4-aminobenzoate is 
drawn in broken lines. The electron density shows clearly the absence of the bulky side chain of Tyr222 in the mutant The electron density 
also indicates that the side chain of Arg220 moves toward the now empty pocket of Tyr222. 

strong hydrogen bond (2.8 A) seems to be present between 
the 2-hydroxyl group of the substrate analogue and the N3 
of the flavin ring. The 0 2 and 0 4 oxygens of the flavin ring 
make hydrogen bonds with fixed solvent molecules. Three 
water molecules were observed in the flavin binding pocket 
in the active site. One water molecule is present in the 
carbonyi-oxygen binding pocket (Schreuder et al., 1988b), 
whichnormallybindsthe04oftheflavinring. The other two 
water molecules occupy the positions of the Nl and N3 
nitrogens. Arg44, which runs at 3.5-4.0 A distance at the 
si-side of the flavin ring, may provide additional stabilization 
for the flavin ring in the "out* position due to T-T stacking 
interactions. The new position of the flavin ring did not change 
the deviating 4>,<p angles of Arg44. The rms difference for the 
flavin ring between the "in" and the "out" position is 4.7 A. 
The flavin C7 methyl atom, which is farthest away from the 
pivot point, moves 6.4 A. The mobility of the flavin ring, as 
deduced from the average temperature factors in Table 1, 
does not seem to be significantly different in both orientations. 
Finally, the orientations of the bound 4-hydroxybenzoate and 
2,4-dihydroxybenzoate molecules are virtually identical, sug
gesting that the enzyme rigidly fixes the substrate (analogue) 
molecule in the active site. Superposition of the 4-hydroxy
benzoate and 2,4-dihydroxybenzoate complexes shows that a 
short contact of 3.0 A would be present between the 0 2 of 
the substrate analogue and the C6 carbon of the flavin ring 
when the ring would occupy its standard, "in" position inside 
the active site. 

2-Hydroxy-4-aminobenzoate Complex. The crystal struc
ture of wild-type p-hydroxybenzoate hydroxylase, complexed 
with the substrate analogue 2-hydroxy-4-aminobenzoate, 
shows that the effect of the 4-amino group (as is found in the 
4-aminobenzoate complex) and the effect of an extra hydroxyl 
group in the 2-position (as is observed in the 2,4-dihydroxy
benzoate complex) are independent An extra water molecule 
is present next to Tyr385, creating a continuous hydrogen-
bonding network between the 4-amino group and His72, just 
as was observed for the 4-aminobenzoate complex. The water 
appears to be less firmly bound than in the 4-aminobenzoate 
complex. The hydrogen bond with Tyr385 is long (3.4 A), 
and its temperature factor is rather high (36.9 A2). The flavin 
ring occupies the "out" position, just as was found for the 
2,4-dihydroxybenzoate complex. Two water molecules are 
observed in the flavin-binding pocket. One occupies the 
carbonyi-oxygen (04) binding pocket; the other is near the 
position of the C2 carbon of the flavin in the "in" position. The 

lower resolution of this structure (2.8 A versus 2.5 A for the 
structure of the 2,4-dihydroxybenzoate complex) makes the 
position of these water molecules less certain than in the 2,4-
dihydroxybenzoate complex. In particular, the water near 
the flavin C2 may represent the average of the two water 
molecules found near this position in the 2,4-dihydroxyben
zoate complex. 

Complex of the Tyr222Ala Mutant with 2-Hydroxy-4-
aminobenzoaie. The mutation of Tyr222 into Ala results in 
the removal of a large side chain from the active site (Figure 
4). This side chain is involved in the binding of the carboxyl 
group of the substrate. Nevertheless, as is shown in Figure 
5, the active site hardly changes with respect to the complex 
of wild-type enzyme with 2-hydroxy-4-aminobenzoate. The 
flavin ring occupies the new, "out" position, and the substrate 
analogue is bound in the same way as with the wild-type-
2-hydroxy-4-aminobenzoate complex. The side chain of 
Arg220 moves 1.3 A into the empty space which is occupied 
by Tyr222 in the wild-type enzyme. Even the two water 
molecules in the flavin-binding pocket and the water molecule 
next to Tyr385 (B = 24.6 A2) have positions similar to those 
in the wild-type-2-hydroxy-4-aminobenzoate complex. 

Planarity of the Flavin Ring. Previous studies have 
established that the oxidized flavin ring is somewhat twisted 
when bound to the active site of p-hydroxybenzoate hydroxy
lase. The twisting angle between the pyrimidine ring and the 
dimethylbenzene ring is 10° in the 1.9-A structure of the 
enzyme-substrate complex (Schreuder et al., 1989), which is 
the highest resolution structure of p-hydroxybenzoate hy
droxylase determined so far. A similar twist has recently 
been observed by a different laboratory for a number 
p-hydroxybenzoatehydraxylasemutantsofJ>.aervgira>ra(Lah 
et al., 1994) and was also observed in the 1.8-A structure of 
cholesterol oxidase (Vrielink et al, 1991). Analysis of the 
angle between the pyrimidine and dimethylbenzene rings in 
the present structures (Table 4) reveals that a twist of 12° is 
present in the structureofthe 4-aminobenzoate complex, which 
has flavin in the "in" conformatio, and that the flavin ring is 
much more planar (angles of 2-5°) in the other three complexes 
which contain flavin in the "out" conformation. 

DISCUSSION 

The presentstudies show that not only site-specific mutations 
but also substrate analogues are powerful tools to study the 
intricate catalytic mechanism of p-hydroxybenzoate hydroxy-
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Table 4: Angles between the DUnethylbaznw and Pyrimidine Ring 
in Variola Crystal Structures of p-Hydroxybeazoate Hydroxylase 

comprot* 

POHB 
4AB 
DOB 
204AB 
Y222A 

angle (deg) 

10 
12 
2 
2 
5 

* For abbreviations see Table 1, 

FIGURE 5: Superposition of the structures of the 2-hydroxy-4-arninobenzoate complexes of "wild-type" enzyme and of the Tyr222Ala mutant. 
"Wild-type" enzyme is drawn with solid lines, the Tyr222Ala mutant with open bonds. Dashed lines show hydrogen bonds between the OH 
of Tyr222 and the 02 and carboxyl oxygen of the substrate analogue and a hydrogen bond between the 02 of the analogue and the N3 of 
the flavin ring. The flavin ring has the "out* conformation in both complexes (see Figure 3). The position of the flavin ring, the substrate 
analogue, and almost all active site residues is virtually identical in both structures, despite the fact that a bulky side chain has been removed 
from the active site in the Tyr222Ala mutant. 

of the P. aeruginosa enzyme complexed with 4-hydroxyben
zoate (Lah et al., 1994). Here the mutation has disrupted the 
hydrogen bond between Tyr201 (now Phe) and Tyr38S, 
allowing Tyr385 to donate a hydrogen bond to the bridging 
water molecule (see Figure 6). 

Having established beyond reasonable doubt thata bridging 
water molecule is present in the 4-aminobenzoate complexes, 
one might ask why such a bridging water molecule is not 
present in the 4-hydroxybenzoate complexes. Analysis of the 
4-hydroxybenzoate and 4-aminobenzoate complexes suggests 
that the presence of the bridging water molecule is determined 
by the strength of the hydrogen bonds with its two neighbors. 
In the 4-aminobenzoate complex, the bridging water molecule 
seems to make a reasonably strong hydrogen bond with Tyr385 
(2.8 A) and a somewhat weaker hydrogen bond with the water 
next to His72 (3.0 A). In the 4-hydroxybenzoate complex, 
the tyrosines 201 and 385 are approximately 0.3 A closer to 
the substrate than in the 4-aminobenzoate complex due to the 
longer NH-OH hydrogen bond in the latter complex. As a 
result, the distance between the hydroxy! group of Tyr38S 
and water next to His72 (Wl in Figures 2 and 6) is 0.4 A 
longer in the 4-hydroxybenzoate complex. Superposition of 
the 4-aminobenzoate and 4-hydroxybenzoate complexes sug
gests that, because of this greater distance between Tyr385 
and the water next to His72, the hydrogen bonds of a bridging 
water would become longer and presumably weaker. The 
result would be a water molecule situated in a restricted pocket 
fixed only by two weak hydrogen bonds. Such a situation is 
both thermodynamically and energetically unfavorable and 
could explain why a bridging water molecule has never been 
observed in the presence of substrate (analogues) bearing a 
4-hydroxyl group. The bridging water molecule observed in 
the Tyr201 Phe mutant (Lab et al., 1994) could be explained 
by the fact that no hydrogen bond is present between Tyr201 
(now a Phe) and Tyr385, allowing Tyr38S to move closer to 
the bridging water molecule (see Figure 6). 

Has the bridging water molecule a catalytic function? 
Although no firm experimental data are currently available, 
it is tempting to speculate that it might serve such a role. The 
bridging water molecule is not observed in the crystal structure 
of the enzyme-substrate complex, but it is unlikely that such 
a water molecule would not transiently also be present in the 
normal enzyme-substrate complex. As has been argued by 
Lah et al. (1993), the continuous network of hydrogen bonds 

lase and that they can reveal unexpected properties of the 
enzyme. The two major findings of this study are (i) the 
presence of a bridging water molecule in the 4-aminobenzoate 
complexes and (ii) the fact that the flavin ring slides out of 
the active site in the 2-hydroxybenzoate complexes. We will 
now discuss the possible implications of these findings for the 
catalytic mechanism. 

However, before discussing a possible role for the bridging 
water molecule, we will first review the evidence for its 
presence. Thepresenceorabsenceofspecificwatermolecules 
in protein crystal structures cannot always be determined with 
certainty (especially at low and intermediate resolutions), but 
the accumulated crystallographic evidence regarding the 
bridging water molecule in p-hydroxybenzoate hydroxylase 
is unambiguous. The water molecule is not observed in any 
complex with substrate or substrate analogues that bear a 
4-hydroxyl group, i.e., the oxidized and reduced forms of the 
enzyme-substrate complex (Schreuder et al., 1989, 1990), 
the enzyme-product complex (Schreuder et al., 1988a), the 
enzyme-ADPR complex (van der Laan et al., 1988a), the 
complexes of 2,4-dihydroxybenzoate withp-hydroxybenzoate 
hydroxylase from P. fluorescens (this study) and from P. 
aeruginosa (Lah et al., 1993), and neither in the complexes 
of both 4-hydroxybenzoate and 2,4-dihydroxybenzoate with 
the Tyr385Phe and Asn300Asp mutants of the P. aeruginosa 
enzyme (Lah et al., 1994). In contrast, the extra water 
molecule is present in all structures with substrate analogues 
possessing a 4-amino group. These structures include the 
complex of the P. fluorescens enzyme with 4-aminobenzoate 
and 2-hydroxy-4-aminoberizoate, the complex of the Tyr222Ala 
mutant with 2-hydroxy-4-aminobenzoate (this study), and 
the complex of 4-aminobenzoate with the P. aeruginosa 
enzyme (Lah et al., 1993). In addition, the extra water 
molecule is present in the structure of the Tyr201 Phe mutant 

47 



Chapter 5 
Biochemistry, Vol. 33, No. 33,1994 

Ty? 3" 

X>v. 
His72 

W,--NA 
«-NH 
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y o - * \ ..-'OH--W ..„ X 

B V" 
T y i " * 

H is" 

yO-OH OH.. X 

FKH1RE6: Schematic drawing of the active site hydrogen-bonding 
network in various structures of p-hydroxybenzoate hydroxylase. 
Protons cannot be determined by protein crystallography so their 
positions have been inferred. (A) 4-Hydroxybenzoate complex 
(Schreuder et al., 1989). Biochemical studies have established that 
the substrate binds as its phenolate anion, which means that the 
protons of Tyr201 andTyr38S must be directed toward the substrate 
as drawn. The direction of the hydrogen-bonding network would not 
change if the substrate would be in its phenol form, because then the 
04 of the substrate would most likely donate a hydrogen bond to the 
carbonyl oxygen of Pro293 [see Schreuder et al. (1989)]. No water 
is present between Tyr38S and Wl. (B) 4-Aminobenzoate complex 
(this study). The 4-amino group will donate a hydrogen bond to 
Tyr201. and consequently the direction of the hydrogen bond between 
Tyr20l and Tyr38S will change as well. An extra water molecule 
(W2) is present between Tyr385 and Wl, resulting in a continuous 
hydrogen-bonding network between the 4-amino group of thesubstrate 
analogue and the NDI of His72. (C) Hydrogen-bonding network in 
the TyrMlPhe mutant of the enzyme from P. aeruginosa (Lah et 
al., 1994) complexed with the substrate. Also in tins structure an 
extra water molecule is observed between Tyr385 and Wl. 

transiently present between the 4-hydroxyl group of the 
substrate and His72 may serve as a "proton wire", like similar 
proton channels observed in enzymes ranging from serine 
proteases to rhodopsin (Meyer, 1992), which transport protons 
in and out of the active site. The 4-hydroxy group of the 
substrate gets deprotonated when it binds to the active site 
(Shoun et al., 1979; Entsch et al., 1991; Eschrich et al., 1993), 
and the transport of the 4-hydroxyl proton out of the active 
site might proceed via this hydrogen-bonding network. 

One might, however, argue that the long hydrogen bonds 
inferred from the modeling mentioned above would preclude 
efficient proton transport. This need not be true since the 
transient bridging water molecule will be dynamic, and it 
may oscillate from a state where it makes a strong hydrogen 
with Tyr38S and no hydrogen bond with W2 to a state with 

Schreuder et al. 

no hydrogen bond with Tyr38S but with a strong hydrogen 
bond with W2. Additional studies such as site-directed 
mutagenesis of His72 are required to establish whether or not 
the proton channel really serves a role in catalysis or whether 
it is merely a curiosity. 

The second major finding of this study is that the flavin is 
able to slide out of the active site. As will be discussed below, 
experimental evidence exists that this is functional because it 
allows the substrate to enter and the product to leave the 
activesite. The substrate is completely buried when the flavin 
occupies the "in" position, and we have previously argued that 
the substrate may enter and the product may leave the active 
site via a path near Arg214 and the dimethylbenzene part of 
the FAD, but that a movement of side chains or even a shift 
of domains seemed to be necessary to accomplish this 
(Schreuder et al., 1988b). The present results suggest that 
it is the flavin ring which moves away to allow entrance of the 
substrate and exit of the product Analysis of the solvent-
accessiblesurface using the program WHATIF(Vriend, 1990; 
Voorintholt et al., 1989) reveals that the solvent channel near 
the flavin N10 extends to the substrate binding pocket when 
the flavin is in the "out" orientation. 

Experimental evidence that the flavin ring occupies the "out" 
position when the substrate (analogues) bind to the active site 
comes from the regiosdectivity of the hydroxylation of the 
substrate analogue 2,4-dihydroxybcnzoate. The 2,4-dihy-
droxybenzoate molecule is only hydroxylatcd at the 3-position, 
not at the S-position (Specter & Massey, 1972). Frontier 
orbital calculations indicate that both positions are almost 
equally reactive toward hydroxylation (Vervoortetal., 1992). 
This means that the 2,4-dihydroxybenzoate molecule must 
bind in only one specific orientation in the active site, the 
orientation in which the 2-hydroxyl group points toward the 
flavin ring (the observed orientation, see Figure 7a), and not 
in the alternative orientation, in which the 2-hydroxyl group 
would point away from the flavin ring (see Figure 7b). We 
analyzed the theoretical contacts of the 2-hydroxyl group of 
the 2,4-dihydroxybenzoate molecule in each of its two possible 
orientations with the flavin in the "in" position (see the legend 
to Figure 7). The results indicate that a short contact of 3.0 
A with the flavin C6 would be present in the observed 
orientation and short contacts of 3.1A with the CG2 of Val47 
and of 2.9 A with the CD2 of Leu 199 would be present in the 
alternative orientation. In both cases, rearrangements in the 
order of 0.5 A are required to relieve the short contacts. It is 
difficult to envisage why a 0.5-A readjustment would only be 
possible for the observed orientation and not for the alternative 
orientation. Wethereforeconcludethattherearenoapparent 
steric reasons for a preferred binding orientation of the 2,4-
dihydroxybenzoate molecule in the active site when the flavin 
occupies the "in" position. 

The situation becomes completely different when the flavin 
occupies the "out" position. The short contacts with the Val47 
and Leu 199 side chains will still be present for the alternative 
orientation, but the short contact with the flavin in the observed 
binding mode is absent because the flavin is not present in the 
active site (Figure 7c). On the contrary, the 2-hydroxyl group 
of the substrate analogue now makes a strong hydrogen bond 
with the N3 of the flavin. Both theabsence of the short contact 
and the presence of the hydrogen bond with the flavin N3 
would favor the observed orientation, strongly suggesting that 
the flavin is in the "out" position when the substrate analogue 
binds to the active site. The hydrogen bond between the 
2-hydroxyl group of the substrate analogue and the N3 of the 
flavin could also explain why the 2-hydroxy-4-aminobenzoate 
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FIGURE 7: Theoretical contacts between the 02 of the 2,4-dihydroxybenzoate molecule and p-hydroxybenzoate hydroxylase with the flavin 
in the "in" position, and observed contacts with the flavin in the "out" position. The theoretical contacts of the observed orienution were obtained 
by superimposing the structures of the 4-hydraxybenzoate complex (Schreuder et al., 1989) and the 2,4-dihydroxybenzoate complex (this 
study). The contacts of the alternative orientation were obtained by rotating the 2,4-duydroxybenzoate molecule 18^ around the C1-C6 axis 
(see Experimental Procedures). (A) Theoretical contacts in the observed orientation; (B) theoretical contacts in the alternative binding mode; 
(C) observed contacts in the 2,4-dlhydroxybenzoate-wild-type complex. 

molecule binds more strongly to the Tyr222Ala mutant than 
the 4-hydroxybenzoate, which cannot make this hydrogen 
bond. 

Is it possible that the flavin is reduced in the "out" position? 
Given the limited space present in the active site to fit a 
nicotinamide ring [seeSchreuder etal. (1990)] and the multiple 
reactions (flavin reduction, formation of the flavin peroxide, 
and substrate hydroxylation) which have to be performed by 
the enzyme in a single active site, it is tempting to speculate 
that the "out" position would be the site for the reduction of 
the flavin by NADPH. The cleft leading to the active site is 
much wider than the narrow active site pocket, and the s/-side 
of the flavin ring is shielded by the side chain of Arg44, which 
is compatible with the observed reduction at the re-side of the 
flavin ring (Manstein et al., 1986). Shifting of the flavin 
conformation towards the "out" position by binding of substrate 
or effector molecules could then explain the increase in 
reduction rate induced by these effector compounds. 

However, available evidence argues against reduction of 
the flavin in the "out* position. The crystal structures show 
that the 2,4-dihvdroxybenzoate molecule shifts the equilibrium 
position of the flavin ring strongly toward the "out" position 
due to the presence of the 2-hydroxyl group. If the flavin 
would be reduced in the "out" position, one would expect a 
considerable increase in reduction rate in the presence this 
substrate analogue. This is not observed. Kinetic measure
ments indicate that 2,4-dihydroxybenzoate is only a weak 
effector and that it stimulates the reduction rate much less 
than the normal substrate 4-hydroxybenzoate (Eschrich et 
al., 1993). These observations argue against a reduction of 
the flavin in the "out" position and suggest therefore that the 
reduction occurs with the flavin in another orientation, which 
may be the "in" orientation or another not yet observed third 
orientation. The less likely alternative would be that the flavin 
is reduced in the "out" position and that the reduction rate 
is governed by some unknown effects. Compounds like 2,4-
dihydroxybenzoate should then somehow inhibit the flavin 
reduction while exposing the flavin toward NADPH. 

The final question we want to address is the reason why the 
flavin ring is apparently able to easily slide in and out of the 

active site, despite multiple van der Waals contacts and 
hydrogen bonds with the protein in the "in" position (see Table 
3). The binding energy is determined by the free energy 
difference between solvated enzyme and solvatedligand versus 
the enzyme-ligand complex. Indeed, the flavin interacts with 
several solvent molecules when it is in the "out" position and 
three solvent molecules occupy the empty flavin binding pocket, 
offsetting possibly to some extent the lost flavin-protein 
interactions. The flavin binding may also be influenced by 
the twisted conformation of the flavin in the "in" position (see 
Table 4). Modeling studies show that this twisted flavin 
conformation resembles the conformation of the flavin-4a-
bydroperoxide reaction intermediate (Schreuder et al., 1990). 
The enzyme may facilitate the formation of the flavin-4a-
hydroperoxide by forcing the flavin into a twisted conforma
tion. The energy needed for this deformation has to come 
from the binding energy and will contribute to the observed 
weak binding of the flavin ring. Indeed, in agreement with 
this notion, the flavin is almost planar in the "out" position, 
especially in the most accurately determined structure of the 
2,4-dihydroxybenzoate complex. Weak binding of the flavin 
ring also explains why an ADPR molecule could easily displace 
the FAD in the crystals of thep-hydroxybenzoatehydroxylase-
ADPR complex (van der Laan et al., 1989a). 

In summary, these studies and also the studies by Lab. et 
al. (1993) on the P. aeruginosa enzyme have established the 
presence of a water channel in p-hydroxybenzoate hydroxylase 
which may or may not assist in the deprotonation of 4-hydroxyI 
group of the substrate when it binds to the active site. They 
also reveal an alternative binding mode for the flavin ring 
which may provide an entrance for the substrate and an exit 
for the product molecule. 
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The side chain of Tyr222 in p-hydroxybenzoate hydroxylase interacts with the carboxy moiety of the 
substrate. Studies on the Tyr222—Phe mutant, IF222]p-hydroxybenzoate hydroxylase, have shown that 
disruption of this interaction hampers the hydroxylalion of 4-hydroxybenzoate. Tyr222 is possibly in
volved in flavin motion, which may facilitate the exchange of substrate and product during catalysis. To 
elucidate the function of Tyr222 in more detail, in the present study the substrate and effector specificity 
of the Tyr222—Ala mutant, [A222]p-hydroxybenzoate hydroxylase, was investigated. 

Replacement of Tyr222 by Ala impairs the binding of the physiological substrate 4-hydroxybenzoate 
and the substrate analog 4-aminobenzoate. With these compounds, [A222]p-hydroxybenzoate hydroxylase 
mainly acts as a NADPH oxidase. [A222]p-hydroxybenzoale hydroxylase tightly interacts with 2,4-dihy-
droxybenzoate and 2-hydroxy-4-aminobenzoate. Crystallographic data [Schreuder, H. A., Mattevi, A., 
Oblomova, G., Kalk, K. H., Hoi, W. G. J., van der Bolt, F. J. T. & van Berkel, W. J. H (1994) Biochemistry 
33, 10161 -10170) suggest that this is due to motion of the flavin ring out of the active site, allowing 
hydrogen-bond interaction between the 2-hydroxy group of the substrate analogs and N3 of the flavin. 
[A222]p-Hydroxybenzoate hydroxylase produces about 0.6 mol 2,3,4-trihydroxybenzoate from 2,4-dihy-
droxybenzoate/mol NADPH oxidized. This indicates that reduction of the Tyr222—Ala mutant shifts the 
equilibrium of flavin conformers towards the productive 'in' position. 

[A222]p-Hydroxybenzoate hydroxylase converts 2-fluoro-4-hydroxybenzoate to 2-fluoro-3\4-dihy-
droxybenzoate. The regioselectivity of hydroxylalion suggests that [ A222]p-hydroxybenzoate hydroxylase 
binds the fluorinated substrate in (he same orientation as wild-type. Spectral studies suggest that wild-
type and (A222]p-hydroxybenzoate hydroxylase bind 2-fluoro-4-hydroxybenzoate in the phenolate form 
with the flavin ring preferring the 'out' conformation. Despite activation of the fluorinated substrate and 
in contrast to the wild-type enzyme, [A222]p-hydroxybenzoate hydroxylase largely produces hydrogen 
peroxide. 

The effector specificity of p-hydroxybenzoate hydroxylase is not changed by the Tyr222—Ala re
placement. This support's the idea that the effector specificity is mainly dictated by the protein—substrate 
interactions at the re-side of the flavin ring. 

Keywords: aromatic hydroxylase; flavin mobility; monooxygenase; site-specific mutagenesis; substrate 
specificity. 

p-Hydroxybenzoate hydroxylase is a member of the class of strongly stimulating the rate of enzyme reduction by NADPH 
flavin-dependent monooxygenases (van Berkel and Mttller, (Husain and Massey, 1979). After NADP* release, the reduced 
1991). The enzyme catalyzes the conversion of 4-hydroxyben- flavin rapidly reacts with oxygen to form the labile flavin (C4a)-
zoate to 3,4-dihydroxybenzoate, an intermediate step in the de- hydroperoxide. This intermediate attacks the substrate to form 
gradation of aromatic compounds in soil bacteria (Stanier and the product 3,4-dihydroxybenzoate. Although many kinetic de-
Omston, 1973). tails of the reaction are known, it is unclear how the enzyme 

The reaction mechanism of p-hydroxybenzoate hydroxylase controls the reactivity of the flavin and the various reactanls 
has been studied in detail (Entsch and Ballou, 1989). In the first in order to achieve efficient catalysis (Entsch and van Berkel, 
part of the reaction (Scheme 1), the substrate acts as an effector, 1995). 

Correspondence to W. J. H. van Berkel. Department of Biochemis- T h e crystal structure at 0.19-nm resolution of the enzyme-
iry, Wageningen Agricultural University, Dreijenlaan 3, NL-6703 HA substrate complex (Schreuder et al., 1989) shows that the sub-
Wageningen, The Netherlands strate is located in a relative hydrophobic environment, with its 

Fox: +31 317 484801. aromatic nucleus approximately perpendicular to the isoalloxa-
Abbrematiom. IA222|p-hydroxybenzoaie hydroxylase, p-hydroxy- ^ne ring of the FAD (Fig. 1). Site-specific mutagenesis studies 

T S^PtaTv*T ^ ^'"1 ^"^ ** ***' """^ '" o n "* e n Z y m e S f r o m fte«'to™0«" aeruginosa and Pseudomo-
y r & ^ ° "Hydroxybenaae hydroxylase (EC 1.14.13.2); catalase. J* fl™"*™ have addressed the role of the amino acid resi-

hydrogen-peroxidc oxidoreductase (EC 1.11.1.6); glucose oxidase, fi-o- d u e s ">v°>ved "> substrate binding. The side chains of Tyr201 
glucose: oxygen 1-oxidoreductase (EC 1.1.3.4); glucose-6-phosphale a n d Tyr385 form a H-bond network with the 4-hydroxy moiety 
dehydrogenase. D-glucose-6-phosphale.NADP 1-oxidoreductase (EC of the substrate at me re-side of the flavin ring (Fig. 1). This H-
1.1149). bond network facilitates the deprotonation of the phenol required 
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Scheme 1. Reaction cyde of p-hydroxybenzoate hydroxylase. BzOH, 4-hydroxybenzoate; Bz(OH),, 3,4-dihydroxybenzoate; *„ reduction of 
enzyme-substrate complex; k,, formation of flavin (C4a)-hydroperoxide; *„ substrate hydroxylalion; k,, dehydration of flavin (C4a)-hydroxide and 
product release; ts, uncoupling of hydroxylation. 
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for rapid hydroxylation (van Berkel and Mttlter, 1989; 
Schreuder et al., 1990, 1994; Entsch et al., 1991; Vervoort et 
al., 1992; Eschrich et al., 1993; Lah et al., 1994). Tyr201 and 
Tyr385 are also important for the effector specificity and in pre
venting the further hydroxylation of the aromatic product 
(Schreuder et al., 1989; Entsch et al., 1991; Eschrich et al., 
1993). 

Ser212, Arg214 and Tyr222 are located at the si-side of the 
flavin ring and point with their side chains to the carboxy moiety 
of the substrate (Fig. 1). Arg214 forms a salt bridge with the 
substrate. Arg214 substitutions have confirmed that this ion-pair 
interaction is indispensable for the tight binding of the substrate 
(van Berkel et al.. 1992). Ser212 is located far away from the 
flavin. Preliminary studies on mutant Ser212—>Ala suggest that 
the main role of Ser212 is to strengthen substrate binding (van 
Berkel et al., 1994a). 

Tyr222 is located close to C6 of the flavin isoalloxazine ring 
in a solvent-accessible region. The hydroxyl group of Tyr222 is 
at short distance of one of the carboxyl oxygens of the substrate, 
suggesting a strong hydrogen bond (Schreuder et al., 1989). Re
cent crystallographic data suggest that Tyr222 is involved in fla
vin motion which may provide a path for the exchange of sub
strates and products during catalysis. This is concluded from the 
observation that in the crystal structures of mutant Tyr222—>Ala 
complexed with 2-hydroxy-4-aminobenzoate (Schreuder et al., 
1994) and mutant Tyr222—>Phe complexed with 4-hydroxyben
zoate (Gatti et al., 1994), the flavin ring is located outside the 
active site (Fig. 2). The 'out' position of the flavin is not solely 

induced by the Tyr222 substitutions. A comparable shift of the 
isoalloxazine ring was observed in the crystal structures of wild-
type complexed with either 2,4-dihydroxybenzoate (Schreuder 
et al., 1994; Gatti et al. 1994) or 2-hydroxy-4-aminobenzoate 
(Schreuder et al., 1994) and in the crystal structure of the en
zyme-substrate complex of p-hydroxybenzoate hydroxylase re
constituted with arabino-FAD (van Berkel et al., 1994c). 

Replacement of Tyr222 by Phe or Ala (Entsch et al., 1994; 
van Berkel et al., 1994a) results in inefficient hydroxylation of 
4-hydroxybenzoate. Kinetic studies revealed that this is due to 
the instability of the flavin (C4a)-hydroperoxide and a dimin
ished rate of oxygen transfer (Entsch et al., 1994). From crystal
lographic data it was argued that the uncoupling of hydroxyla
tion in [F222]p-hydroxybenzoate hydroxylase is associated with 
the tendency of the flavin to occupy the 'out' position (Gatti et 
al., 1994). In this paper we report on the substrate and effector 
specificity of [A222]p-hydroxybenzoate hydroxylase from Pseu-
domonas fluonescens. The results presented are discussed in rela
tion to the corresponding properties of the wild-type enzyme 
and in relation to the flavin movement observed in the crystal 
structures. Some preliminary results have been reported else
where (van Berkel et al., 1994a). 

MATERIALS AND METHODS 

General. Chemicals used have been described elsewhere 
(Eschrich et al., 1993). 2-Fluoro-4-hydroxybenzoate was synthe
sized and purified as reported earlier (van Berkel et al., 1994b). 
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Fig. 1. Schematic representation of the active site of the enzyrae«ubstral£ complex of o-hydroxybenxoate hydroxylase from P. fluorescein. 
Data according to the crystal structure refined to 0.19-nm resolution (Schreuder et al., 1989). The FAD is grey, the aromatic substrate is white, and 
protein residues are black. The si face of the flavin is the back of the page in this view; the re side is the front, as seen with the substrate phenol 
pointing out of the page. 

Fig. 2. Superposition of the structures of the 2-hydroxy-4-amlnobenzoate complexes of wild-type and [A222]p-hydroxybenzoate hydroxylase. 
Data according to the crystal structures determined at 0.28-nm and 0.27-nm resolution (Schreuder et al.. 1994). The wild type is drawn with solid 
lines and the Tyr222—-Ala mutant with open bonds. Dashed lines show hydrogen bonds between the OH of Tyr222 and the 0 2 and carboxyl oxygen 
of the substrate analog and a hydrogen bond between the 0 2 of the analog and the N3 of the flavin ring. The flavin ring has the 'out' conformation 
in both complexes. 

Optical (difference) spectra were recorded on an Aminco 
DW-2000 spectrophotometer. Fluorescence binding studies were 
performed on an Aminco SPF-500C spectrofluorimeter. '"F-
NMR spectra were recorded on a Broker AMX 300 NMR-spec-
tromeler (Peelen et al., 1993). Rapid-reaction kinetics were car
ried out using a High-Tech Scientific SF-51 stopped-flow spec
trophotometer (Eschrich et al., 1993). All instruments were ther-
mostatted at 25 °C, unless stated otherwise. 

Preparation of enzymes. Site-specific mutagenesis was per
formed according to the method of Kunkel et al. (1987), essen
tially as described elsewhere (van Berkel et al., 1992). Mutations 
were introduced into the Escherichia coli gene encoding the 
microheterogeneity-resistant Cysl 16—*Ser mutant protein (Esch
rich et al., 1990, 1993). The oligonucleotide GCCGCTAC-
GYCGTACAGGTGC was used for construction o f Tyr222 mu
tants, where Y is either C ([A222]p-hydroxybenzoate hydrox
ylase) or T ([V222]p-hydroxybenzoate hydroxylase). The muta
tions were confirmed by nucleotide sequencing using the M13 
dideoxy-chain-termination method (Sanger et al., 1977). Mutant 
proteins were expressed in transformed £. coli TG2 and purified 

at pH 8.0 (Van Berkel et al., 1992). The expression and yield o f 
the mutant proteins is in the same range as found for wild type 
(Eschrich et al., 1990; van Berkel et al., 1992). Initial analysis 
of the mutants revealed marginal differences between the kinetic 
and spectral properties of [A222] and [V222]p-hydroxybenzoate 
hydroxylase. From this it was decided to study the Tyr222—Ala 
mutant in further detail. 

Analytical methods. Kinetic experiments were performed at 
25°C in 100 mM Tris/sulfate pH 8.0 (Eschrich et al., 1993) un
less stated otherwise. The anaerobic reduction of enzyme-sub
strate complexes by NADPH was followed at 450 nm using the 
stopped-flow spectrophotometer. Steady-state and rapid reaction 
kinetic parameters were determined as described (Eschrich et al., 
1993). 

The hydroxylalion efficiency of mutant proteins was deter
mined from oxygen consumption experiments performed in the 
absence or presence of catalase (Eschrich et al., 1993). Aromatic 
products were identified and quantified by reverse-phase HPLC 
(Entsch et al., 1991). Formation of 3-hydroxy-4-aminobenzoate 
from 4-aminobenzoate was determined colorimetrically (Entsch 
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Table 1. Dissociation constants of complexes between [A/V222]p-hy-
droxybenzoate hydroxylase and benxoate ligands. Dissociation con
stants (standard error < 10%) were determined fluorimelricaUy at 25°C 
in 100 mM Tris/S04 pH 8.0. The fluorescence quantum yield (Q) is ex
pressed relative to that of uncomplexed wild-type enzyme (100%). All 
experiments were performed in duplicate. 

Substrate (analog) 

4-Hydroxybenzoate 
2-Hydroxybenzoate 
2,4-Dihydroxybenzoate 
3,4-Dihydroxybenzoate 
4-Aminobenzoate 
2-Hydroxy-4-aminobenzoate 

Dissociation constant 
(fluorescence quantum 
yield) of the complex 

wild-type 
(C=100) 

mM(%) 

0.04 (20) 
0.20 (40) 
0.09 (25) 
0.28 (10) 
0.02 (12) 
0.03 (10) 

A222 
(0=200) 

130(36) 
0.18 (22) 
0.08 (8) 
1.00 (4) 
1.60(20) 
0.02(22) 

V222 
(6=117) 

1.10(39) 
0.13 (14) 
0.07(11) 
1.50 (8) 
1 JO (21) 
0.02 (8) 

et al., 1976). The same colorimetric procedure was used to mea
sure the enzymatic conversion of 2-hydroxy-4-aminobenzoate. 
The orange color, formed upon complexation of 2,3-dihydroxy-
4-aminobenzoate with potassium ferricyanide, was only tran
siently stable, probably due to air oxidation of the dihydrox-
ylated product (Bhattacharyya and Seymour, 1950). "F-NMR 
product analysis was done as described (van Berkel et al., 
1994b). 

Dissociation constants of enzyme/ligand complexes were de
termined fluorimetrically (van Berkel et al., 1992). Molar ab
sorption coefficients of protein-bound flavin were determined by 
recording optical spectra in the absence and presence of 0.1 % 
SDS (Entsch et al., 1991). Flavin perturbation difference spectra 
were recorded essentially as described previously (van Berkel 
el al., 1992). The ionization state of enzyme-bound 2-fluoro-4-
hydroxybenzoate was measured by recording ultraviolet absorp
tion difference spectra as a function of ligand concentration and 
of pH (Eschrich et al., 1993). Binding studies as a function of 
pH were performed in 40 mM Mes (pH 5-7) and 40 mM Hepes 
(pH 7-8). Buffers were adjusted to 50 mM ionic strength with 
0.5 M sodium sulfate (Wijnands et al., 1984). 

RESULTS 

Binding studies. The side chain of Tyr222 in p-hydroxyben-
zoate hydroxylase interacts with the carboxy moiety of the sub
strate (Fig. 1). The effect of removing the aromatic side chain 
on substrate binding was tested by fluorimetric titration experi
ments. As can be seen from Table 1, replacement of Tyr222 with 
Ala or Val drastically decreases the affinity for 4-hydroxyben-
zoate, 4-aminobenzoate and 3,4-dihydroxybenzoate. Substrate 
analogs with a 2-hydroxy group interact more strongly with the 
Tyr222 mutants and the dissociation constants of these enzyme-
ligand complexes are comparable to wild-type (Table 1). A plau
sible explanation for the relatively tight binding of the 2-hydro-
xybenzoate ligands is provided by crystallography data. The 
structures of 2-hydroxy-4-aminobenzoate complexed wild-type 
and (A2221p-hydroxybenzoale hydroxylase show nearly indis
tinguishable binding modes for this substrate analog (Schreuder 
et al., 1994). In both 2-hydroxy-4-aminobenzoate complexes, the 
flavin ring occupies the 'out' conformation with the flavin N3 
in close contact to the 2-hydroxy group of the substrate analog 
(Fig. 2). The same substrate-flavin interaction is present in the 
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Fig. 3. Flavin perturbation difference spectra induced upon binding 
of substrates to wild-type or (A222|p-hydroxyben2oate hydroxylase. 
The absorption spectra were recorded at 25°C in 100 mM Tris/S04 
pH 8.0. The enzyme concentration was about 40 uM. The absorption 
difference spectra are extrapolated to infinite substrate concentrations. 
(A) [A222]fi-Hydroxybenzoate hydroxylase complexed with 2-hydroxy-
4-aminobenzoate; (B) wild-type complexed with 4-aminobenzoate; (C) 
|A222]p-hydroxybenzoate hydroxylase complexed with 4-hydroxyben-
zoate. 

structure of wild-type complexed with 2,4-dihydroxybenzoate 
(Schreuder et al., 1994; Gatti et al., 1994) supporting the view 
that in [A222]p-hydroxybenzoate hydroxylase, the absence of 
H-bond interaction between the side chain of residue 222 and 
the carboxy moiety of the substrate (cf. Fig. 1) is compensated 
by hydrogen-bond formation between the 2-hydroxy group of 
the substrate analogs and the N3 of the flavin ring (Fig. 2). 

The flavin conformation observed in the crystal structures 
correlates with the optical difference spectrum induced upon 
substrate binding (Gatti et al., 1994). This property was used to 
study in more detail the interaction of the Tyr222 mutants with 
4-hydroxybenzoate, 4-aminobenzoate, 2,4-dihydroxybenzoate 
and 2-hydroxy-4-aminobenzoate. Replacement of Tyr222 by Ala 
or Val does not significantly change the optical properties of 
the uncomplexed enzyme. Unfolding experiments reveal molar 
absortion coefficients, e,„ = 8.5 mM"1 cm"1 and e,x = 10.2 
mM"' cm ' for the absorption maxima of the flavin in both 
Tyr222 mutants which are the same values as reported for the 
wild type (van Berkel et al., 1992). Binding of 2,4-dihydroxy
benzoate or 2-hydroxy-4-aminobenzoate to wild-type or mutants 
results in nearly identical spectral perturbations. As an example, 
the flavin difference spectrum obtained upon binding of 2-hy-
droxy-4-aminobenzoate to [A222]p-hydroxybenzoate hydrox
ylase is presented in Fig. 3 A. This difference spectrum reflects 
the flavin 'out' conformation (Gatti et al., 1994), which is in 
accordance with crystallographic data (Schreuder et al., 1994). 
In analogy, binding of 4-aminobenzoate (or 4-hydroxybenzoate) 
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Table 2. Catalytic properties of [A/V222]p-hydroxybenzoate hydroxylase with 4-hydroxybenzoate. Kinetic parameters were determined at 25 °C 
in 100 mM Tris/SQ, pH 8.0. Turnover rates (k,J are maximum values extrapolated to infinite concentrations or 4-hydroxybenzoate and NADPH. 
Reduction rates (£„,) and dissociation constants for NADPH (£, NADPH) were determined from anaerobic stopped-flow experiments performed 
in the presence of 3 mM 4-hydroxybenzoate. Product. 3,4-dihydroxybenzoate. B,OH. 4-hydroxybenzoate. Results for the wild-type enzyme are 
taken from van Berkel et al. (1992). 

Enzyme 

Wild-type 
A222 
V222 

Product 

% 

98 
5 
9 

*«, 
s"' 

300 
55 
51 

*» 

55 
30 
10 

«Td NADPH 

mM 

0.15 
0.43 
0.59 

K„ NADPH 

0.07 
0.28 
0.39 

A^B^H 

0.02 
0.33 
0.18 

table 3. Catalytic properties of [A/V222]p-hydroxybenzoate hydrox
ylase with 2,4-dihydroxybenzoate. Apparent rate constants were deter
mined at 25 °C in 100 mM Tris/SQ, pH 8.0, containing 0.5 mM EDTA. 
0.2 mM NADPH and 2.5 mM 2.4-dihydroxybenzoate. Product. 2.3.4-
trihydroxybenzoate. 

Enzyme K, Product 

Wild-type 
A222 
V222 

1.1 
0.9 
0.3 

0.7 
0.6 
0.2 

87 
57 
64 

to the wi ld type results in spectral perturbations reflecting the 
flavin ' in ' conformation (Fig. 3 B). It should be mentioned here 
that the shape of the difference spectrum of the wild-type en
zyme complexed with 4-hydroxybenzoate is somewhat depen
dent on the pH of the solution (van Berkel and Mailer, 1989). 
These results support the proposal that in the oxidized state, 
binding of 2-hydroxybenzoate ligands shifts the equilibrium of 
flavin conformers towards the 'out' position. Binding of 4-hy
droxybenzoate or 4-aminobenzoate to the Tyr222 mutants is ac
companied with spectral changes, intermediate between the 
changes observed for the ' i n ' and 'out' conformations (Fig. 3C). 
Although the affinity of [A/V222]p-hydroxybenzoate hydrox
ylase for 4-hydroxybenzoate and 4-aminobenzoate is rather 
weak, this suggests that removal of the aromatic side chain at 
position 222 influences the mutual orientation o f these substrates 
and the flavin. 

Catalytic properties with 4-hydroxybenzoate and 2,4-di
hydroxybenzoate. In the presence o f 4-hydroxybenzoate, 
[A222] and [V222]p-hydroxybenzoate hydroxylase largely act 
as oxidases forming hydrogen peroxide as the main product (Ta
ble 2). From rapid reaction studies, performed with [A222]p-
hydroxybenzoate hydroxylase from P. aeruginosa at pH 6.6 and 
4°C, it was suggested that this is due both to a slow rate of 
hydroxylation and the instability of the flavin hydroperoxide 
(Entsch et al., 1994). As can be seen from Table 2. replacement 
of Tyr222 by Ala or Val results in increased K„ values for the 
substrate and NADPH. Although the affinity of 4-hydroxyben
zoate for the reduced states is unknown, this suggests that the 
oxidase activity o f the Tyr222 mutants partially results from 
weak substrate binding (cf. Table 1). 

HPLC analysis revealed that |A222] and [V222]/>-hydroxy-
benzoate hydroxylase exclusively form 2,3,4-trihydroxyben-
zoate from 2,4-dihydroxybenzoate. The hydroxylation of 2,4-di
hydroxybenzoate by the Tyr222 mutants is far more efficient 
than that of 4-hydroxybenzoate (cf. Table 2), yielding more than 
50% of aromatic product per catalytic cycle (Table 3). This con
firms that tight binding of substrates (cf. Table 1) is a prerequi

site for efficient hydroxylation (van Berkel et al., 1992) and 
furthermore shows that the lack o f an aromatic side chain at 
position 222 does not prohibit the reduced flavin from attaining 
the productive ' i n ' conformation. The percentage of hydroxyla
tion of 2,4-dihydroxybenzoate by [A222]p-hydroxybenzoate hy
droxylase is considerably lower than with the wi ld type (Table 
3), confirming that Tyr222 is important for the stability and/or 
reactivity o f the flavin hydroperoxide. 

Effector specificity. The effector role o f 4-hydroxybenzoate is 
not lost in the Tyr222 mutants. Table 2 shows that in the pres
ence o f 4-hydroxybenzoate, the maximal rate of reduction o f 
the Tyr222 mutants by NADPH is about SO s~'. Binding of 4-
hydroxybenzoate stimulates the rate o f reduction of [A222] and 
[V222]p-hydroxybenzoate hydroxylase by about four orders o f 
magnitude as deduced from the very slow reduction of the free 
mutants. As discussed elsewhere (Entsch and van Berkel, 199S), 
this suggests that the hydrogen-bond network connected to the 
phenolic moiety o f the substrate is conserved in the Tyr222 mu
tants. In the presence of 2,4-dihydroxybenzoate, the apparent 
rate o f turnover of the Tyr222 mutants is in the same range as 
found for the wi ld type (Table 3). With this substrate analog, 
reduction is rale limiting in catalysis (Table 3) and about two 
orders o f magnitude slower than with 4-hydroxybenzoate (cf. 
Table 2). 

From Tables 1-3 it is clear that replacement of Tyr222 by 
Ala or Val results in nearly identical properties. In view of the 
available crystallographic data (Schreuder et al., 1994), 
|A222)p-hydroxybenzoate hydroxylase was selected for further 
studies. Binding of 4-aminobenzoate hardly stimulates the rate 
of reduction o f the Tyr222—Ala mutant (data not shown). Sim
ilar results were obtained for the wi ld type (Entsch et al., 1976) 
and other active-site mutants (Eschrich et al., 1993). As noted 
before (Entsch et al., 1991), the poor effector role of 4-amino
benzoate provides an important metabolic control function in 
vivo, preventing both the conversion o f this growth factor and 
the wasteful utilization of valuable reducing equivalents. The 
substrate analog 2-hydroxy-4-aminobenzoate completely fails to 
stimulate the rate of reduction o f wild-type and [A222]p-hydro-
xybenzoate hydroxylase (data not shown). Because of tight bind
ing (Table 1), this compound is a strong competitive inhibitor. 
Crystallographic data suggest that the 4-amino group induces 
small changes in the H-bond network formed by the substrate 
and the side chains of Tyr201 and Tyr385 (Schreuder et al., 
1994). Therefore, and in accordance with other mutagenesis 
studies (Entsch et al., 1991; Eschrich et al., 1993), this H-bond 
network presumably plays a crucial role in the as yet unknown 
conformational changes involved in the reduction reaction 
(Entsch and van Berkel, 199S). From the comparably poor effec
tor roles of 2,4-dihydroxybenzoate and 2-hydroxy-4-aminoben-
zoate in wild-type and [A222)/>-hydroxybenzoate hydroxylase 
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Table 4. Hydroxyiation efficiency of wild-type and [A2221p-bydroxy-
bemoate hydroxylase with substrate analogs. Hydioxylation effi
ciencies were determined at pH 8.0. For experimental details see Materi
als and Methods. 

Substrate (analog) Hydroxytation efficiency of 

wild-type A222 

% 
4-Hydroxybenzoate 
4-Airunobenzoate 
2,4-Dihydroxybenzoate 
2-Hydroxy-4-aminobenzoate 
2-Fluoro-4-hydroxybenzoate 

98 £ 2 
90S 5 
87+ 5 
80+10 
95S 5 

5 ± 2 
3 ± 2 

57 ± 5 
30 ± 10 
20 ± 5 

we propose that, in the oxidized state, the type of substrate pre
dominantly dictates the thermodynamically most favorable fla
vin conformation (cf. Fig. 3). 

Conversion of 4-aminobenzoate and 2-hydroxy-4-aroinoben-
zoate. Because 4-aminobenzoate and 2-hydroxy-4-aminobenzo-
ate are very poor effectors for p-hydroxybenzoate hydroxylase, 
the enzymatic conversion of these potential substrates was tested 
by single-turnover experiments. As repotted earlier (Entsch et 
al., 1976), wild-type enzyme efficiently converts 4-aminobenzo
ate to 4-amino-3-hydroxybenzoate (Table 4). In contrast, 
[A222]p-hydroxybenzoate hydroxylase almost completely fails 
to convert 4-aminobenzoate, resulting in hydrogen peroxide as 
the main product (Table 4). Quantification and identification of 
the product formed from 2-hydroxy-4-aminobenzoate was com
plicated by the instability of the dihydroxylated product (see 
Materials and Methods). Nevertheless, wild-type p-hydroxyben
zoate hydroxylase forms more than 0.7 mol of the presumed 
product 2,3-dihydroxy-4-aminobenzoale/mol oxygen consumed 
(Table 4). This suggests that, upon reduction, the flavin ring in 
the wild type complexed with 2-hydroxy-4-aminobenzoate eas
ily attains the productive 'in' conformation. Despite tight bind
ing, hydroxyiation of 2-hydroxy-4-aminobenzoate by [A222Jp-
hydroxybenzoate hydroxylase is far less efficient, yielding about 
0.3 mol dihydroxylated product/mo] oxygen consumed (Table 
4). These results provide additional evidence that Tyr222 is 
essential for the stability and/or reactivity of the flavin hydroper
oxide. 

Studies with 2-fluoro-4-hydroxybenzoate. The binding mode 
of 2,4-dihydroxybenzoate and 2-hydroxy-4-aminobenzoate ob
served in the crystal stuctures (Schreuder et al., 1994) prompted 
us to study the interaction between |A222]p-hydroxybenzoate 
hydroxylase and 2-fluoro-4-hydroxybenzoate. Flavin fluores
cence titration experiments showed that [A222]p-hydroxyben-
zoate hydroxylase binds the fluorinated analog much more 
strongly than 4-hydroxybenzoate. At pH 8.0, binding of 2-flu-
oro-4-hydroxybenzoate results in an about 60% decrease of the 
fluorescence of protein-bound FAD. Fluorescence quenching 
follows simple 1:1 binding. From this a dissociation constant 
for the complex between [A222]p-hydroxybenzoate hydroxylase 
and 2-fluoro-4-hydroxybenzoate, ATU = 80 ± 5 uM, is estimated. 
This value is more than one order of magnitude lower than the 
corresponding value for the complex between [A222]p-hydroxy-
benzoate hydroxylase and 4-hydroxybenzoate (cf. Table 1), 
showing that the electronegative fluorine substituent at the 2'-
position of the aromatic ring considerably increases the substrate 
binding strength. Binding of 2-fluoro-4-hydroxybenzoate to 
[A222]p-hydroxybenzoate hydroxylase is somewhat weaker 
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Fig. 4. Flavin perturbation difference spectra Induced upon binding 
of 2-fluoro-4-hydroxybenzoate to wild-type and [A222]p-hydroxy-
benzoate hydroxylase. Absorption spectra were recorded at 25 "C in 
100 mM Tris/SO, pH 8.0. The enzyme concentration was about 40 uM. 
The absorption difference spectra are extrapolated to infinite substrate 
concentrations of 2-fluoro-4-hydroxybenzoaie. (A) Wild-type; (B) 
|A2221p-hydroxybenzoate hydroxylase. 

than with wild-type (Husain et al., 1980), presumably due to the 
absence of hydrogen-bond interaction with the carboxy moiety 
of the fluorinated substrate. 

Studies with wild-type p-hydroxybenzoate hydroxylase have 
shown that 2-fluoro-4-hydroxybenzoate is mainly converted to 
2-fluoro-3,4-dihydroxybenzoate (van Berkel et al., 1994b) and 
that enzyme reduction is tightly coupled to substrate hydroxyia
tion (Husain et al., 1980). Because frontier orbital energy distri
bution calculations predict a comparable reactivity for 3'- or 5'-
hydroxylation (Vervoort et al., 1992), this suggests that the fluo
rinated substrate binds to wild-type in a regioselective way with 
its 2-fluoro substituent pointing towards the flavin ring. In con
trast to wild-type enzyme, conversion of 2-fluoro-4-hydroxyben-
zoate by [A222]p-hydroxybenzoate hydroxylase results in strong 
uncoupling of hydroxyiation (Table 4). From oxygen consump
tion experiments and HPLC analysis it is deduced that [A222]p-
hydroxybenzoate hydroxylase forms about 20% of fluorinated 
product per catalytic cycle. '"F-NMR product analysis showed 
that [A222]p-hydroxybenzoate hydroxylase exclusively hydrox-
ylates 2-fluoro-4-hydroxybenzoate at the 3'-position. This sug
gests that the fluorinated substrate binds to the Tyr222 mutant 
in the same orientation as in the wild type (van Berkel et al., 
1994b). This conclusion is supported by substrate perturbation 
difference spectroscopy. As can be seen from Fig. 4, binding 
of 2-fluoro-4-hydroxybenzoate induces nearly identical spectral 
perturbations in the optical spectra of wild-type and [A222]p-
hydroxybenzoate hydroxylase. As noted above, such spectral 
perturbations may reflect the equilibrium conformation of the 
flavin (Gatti et al., 1994). From the relatively high magnitude of 
the difference peaks at 390, 450 and 470 nm, and according to 
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Fig. 5. Ultraviolet-absorption properties of free 2-flaoro-44iydroxy-
benzoate. Absolute spectra of 65 uM 2-fluon>4-hydroxybenzoate. From 
bottom io lop: pH 7.0, pH 7.3. pH 7.6. pH 8.0. pH 8.S. pH 8.9. pH 9.2 
and pH 9 .5. From the molar absorptions at 267 nm an apparent pff, value 
of 8 .5 is estimated. 

this proposal, we tentatively conclude that binding of the fluori
nated substrate analog shifts the equilibrium of flavin conform
ed to the 'out' position. 

Binding of 2 fluoro-4-hydroxybenzoate highly stimulates the 
rate of reduction of [A222]p-hydroxybenzoate hydroxylase by 
NADPH. At pH 8.0 and 25 °C, the maximum reduction rate is 
36 s"' with an apparent K, NADPH = 0.35 mM. The rate of re
duction of [A222kr-hydroxyben2oate hydroxylase in the pres
ence of 2-fluoro-4-hydroxybenzoate is comparable to the rate of 
reduction in the presence of 4-hydroxybenzoate (Table 2) and 
comparable to the rate of reduction of wild-type enzyme com-
plexed with 2-fluoro-4-hydroxybenzoale (not shown), support
ing the above proposal that replacement of Tyr222 by Ala does 
not change the effector specificity. 

Substrate activation. Ionization of the phenolic moiety is ex
pected to activate the substrate for electrophilic attack by the 
flavin hydroperoxide (Vervoort el al., 1992). In /Miydroxyben-
zoate hydroxylase, the activation of 4-hydroxybenzoate is pre
sumably achieved through a network of hydrogen bonds con
necting the hydroxy group of the substrate with the side chains 
of Tyr201 and Tyr385 (Lah et al., 1994; Schreuder et al., 1994). 
Upon binding to the oxidized wild-type enzyme, (lie phenolic 
prT. of the substrate is decreased to about 7.2, compared to a 
pAf. of 9.3 free in solution (Shoun et al., 1979; Entsch et al., 
1991; Eschrich et al., 1993). 

The weak binding of 4-hydroxybenzoate to [A222]p-hydro-
xybenzoate hydroxylase does not allow the ionization slate of 
the substrate in the mutant to be probed by absorption spectral 
analysis. To circumvent this experimental limitation, the ioniza
tion state of protein-bound 2-fluoro-4-hydroxybenzoate was 
studied in more detail. From the absorption spectra recorded in 
Fig. S, a pK. of 8.S is estimated for the fluorinated substrate, 
free in solution. This is in perfect agreement with the value re
ported before (Husain et al., 1980). Upon titration of wild-type 
enzyme with 2-fluoro-4-hydroxybenzoate at pH 7.0, a large 
increase in absorption around 290 nm is observed, indicative for 
substrate deprotonation (Fig. 6 A). From titration experiments as 
a function of pH and from extrapolating the absorption changes 
to saturating amounts of substrate, an apparent pAT, value of 
about S.8 is estimated for protein-bound 2-fluoro-4-hydroxyben-
zoate (inset Fig. 6A). The strong decrease in prv„ suggests that 
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Fig. 6. Ultraviolet-absorption difference spectra observed upon bind
ing of 2-fluoro-4-hydroxybenzoate to wild-type or (A222Jp-hydroxy-
benanle hydroxylase. Both sample and reference cell were titrated with 
2-fluoro-4-hydroxybenzoate at 25 °C. The sample cell contained 10 pM 
enzyme. For buffers used, see Materials and Methods. Difference spectra 
were computed by subtraction of the spectrum of free enzyme from the 
spectrum of enzyme after the addition of substrate. (A) Titration of wild 
type at pH 7.5; from bottom to top: difference spectrum at 12.5, 25, 
50 and 100 uM 2-fluoro-4-hydroxybeiizoate. (B) Titration of [A222]p-
hydroxybenzoate hydroxylase at pH 7.5; from bottom to lop: difference 
spectrum at 30, 59,87,115 and 143 uM 2-fluoro-4-hydroxybenzoate. In 
the insets the molar absorption differences at (O) 290 nm (wild-type) 
and (•) 295 nm ([A222]/>-hydroxybenzoate hydroxylase) are extrapo
lated to infinite 2-fuioro4-hydroxybenzoate concentration and plotted 
against pH. The data shown in the inset of Fig. 6 A were best fitted with 
a theoretical curve for a plf. value of 5.8 and a maximum difference 
absorption coefficent of Jem, = 19.8 mM~'cm~' at 290 nm. 

the fluorinated substrate becomes activated upon binding. This 
is the expected result from theoretical considerations (Vervoort 
et al., 1992) and in accordance with the efficient hydroxylation 
observed (Husain et al., 1980). The ionization of 2-fluoro-4-hy-
droxybenzoate is also in accordance with the effector property 
of this substrate analog. The dissociation constant of the com
plex of wild-type and 2-fluoro-4-hydroxybenzoate is slightly de
pendent on the pH of the solution. From non-linear fitting and 
treating the data according to 1:1 binding, excellent fits are ob
tained yielding dissociation constants ranging from Kd = 20 uM 
at pH 7.5 to Kd = 45 uM at pH 6.0. 

Binding of 2-fluoro-4-hydroxybenzoate to [A222]p-hydro-
xybenzoate hydroxylase at pH 7.5 also results in large absorp
tion changes in the near ultraviolet (Fig. 6 B). The shape and 
intensity of the difference peak are consistent with the formation 
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of the phenolate form of 2-fluoro-4-hydroxybenzoate (cf. 
Fig. 6A). From die absorption changes at 295 nm, the binding 
of 2-fluoro-4-hydroxybenzoate to [A222]p-hydroxybenzoate hy
droxylase is described by simple binary complex formation, 
yielding a dissociation constant, Kd = 90 ± 10 uM at pH 7.5. 
This value is in good agreement with the above reported value 
obtained from fluorescence quenching studies. As can be seen 
from the maximal molar absorption differences plotted in the 
inset of Fig. 6B, the degree of ionization of 2-fluoro-4-hydroxy-
benzoate is nearly independent between pH 6.3 and pH 7.5. In 
this pH range the dissociation constant for the complex between 
[A222]p-hydroxybenzoate hydroxylase and 2-fluoro-4-hydroxy-
benzoate gradually increases from *fu - 90 ± 10 uM at pH 7.5 
to Kj = 240 ±30 uM at pH 6.7. At lower pH values, estimation 
of the maximal absorption difference is complicated by the weak 
binding of the fluorinated substrate (Jtd = 720±90uM at 
pH6.3). Nevertheless, from the data reported in Fig. 5 and 
Fig. 6 B it is clear that upon binding to [A222]p-hydroxyben-
zoate hydroxylase, the pit. of the phenol of 2-fluoro-4-hydroxy-
benzoate is lowered by at least 2. The above results indicate that 
under the conditions for maximal turnover (pH 7-8), removal 
of the aromatic side chain at position 222 does not dramatically 
influence the binding mode of the fluorinated substrate. This 
supports the proposal that inefficient hydroxylation by [A222Jp-
hydroxybenzoate hydroxylase is caused by the decreased sta
bility and/or reactivity of the flavin (C4a)-hydroperoxide. 

DISCUSSION 

Tyr222 is strictly conserved in the p-hydroxybenzoate hy
droxylases sequenced so far (Entsch and van Berkel, 1995). The 
hydroxy group of Tyr222 is at short distance of the carboxy 
moiety of the substrate, suggesting a strong hydrogen bond 
(Schreuder et al., 1989). It is clear from the present study that 
removal of the aromatic side chain of residue 222 strongly im
pairs the binding of 4-hydroxybenzoate and 4-aminobenzoate. 
In the 2,4-dihydroxybenzoate- or 2-hydroxy~4-aminobenzoate-
complexed Tyr222—Ala mutant, this loss in binding energy is 
partially compensated by interaction of the 2-hydroxy group of 
the substrate analogs with the N3 of the flavin, promoting the 
flavin 'out' conformation. Flavin motion presumably also ac
counts for the relatively tight interaction between (A222)p-hy-
droxybenzoate hydroxylase and 2-fluoro-4-hydroxybenzoate. 
This suggests that in the oxidized enzyme, the hydrogen bonding 
capacity of the 2'-substituent of the substrate is of major impor
tance in determining the equilibrium of flavin conformers. The 
substrate binding properties may provide an explanation why no 
crystals were obtained of [A222]p-hydroxybenzoate hydroxylase 
complexed with 4-hydroxybenzoate or 4-aminobenzoate 
(Schreuder et al., 1994). The impaired binding of these com
pounds likely increases the protein conformational flexibility in
hibiting crystallization. 

In wild-type p-hydroxybenzoale hydroxylase, the interior po
sition of the flavin allows the efficient hydroxylation of sub
strates (Schreuder et al., 1992; Entsch and van Berkel, 1995). 
The flavin perturbation difference spectra presented in this study 
indicate that the Tyr222—«Ala replacement shifts the equilibrium 
of flavin conformers in the direction of the 'out' position. In 
analogy with the Tyr222—Phe mutant (Gatti et al., 1994), this 
could explain the high degree of uncoupling observed. More
over, the absence of an aromatic side chain at position 222 pre
sumably facilitates the formation of hydrogen peroxide by 
increasing the solvent accessibility of the active site. The present 
study shows that [A222]p-hydroxybenzoate hydroxylase forms 
considerable amounts of 2,3,4-trihydroxybenzoate from 2,4-di

hydroxybenzoate. This confirms that, upon reduction, the flavin 
ring in [A222]p-hydroxybenzoale hydroxylase can easily adopt 
the productive 'in' position. Furthermore, it is likely that a 2-
hydroxy (or 2-fluoro) substituent in the aromatic ring of the sub
strate inhibits the uncoupling of hydroxylation in the Tyr222— 
Ala mutant by affecting the polarization of the oxygen-oxygen 
bond of the flavin (C4a)-hydroperoxide. 

Replacement of Tyr222 by Ala in p-hydroxybenzoate hy
droxylase does not change the effector specificity. Like the wild-
type enzyme, catalytically competent reduction of the Tyr222-» 
Ala mutant is induced upon binding of 4-hydroxybenzoate and 
2-fluoro-4-hydroxybenzoate (Husain et al., 1980). With the sub
strate analogs 2,4-dihydroxybenzoate, 4-aminobenzoate and 2-
hydroxy-4-aminobenzoate flavin reduction is slow to extremely 
slow, preventing rapid turnover. In analogy to the wild-type en
zyme, [A222]p-hydroxybenzoate hydroxylase preferentially 
binds the phenolate form of 2-fluoro-4-hydroxybenzoate. The 
rapid reduction of [A222]p-hydroxybenzoatc hydroxylase com
plexed with the deprotonated form of 2-fluoro-4-hydroxyben-
zoate is in accordance with the view that the effector specificity 
is tuned by the orientation of the H-bond network connecting 
the substrate with the protein surface (Entsch and van Berkel, 
1995). The role of flavin mobility in the reduction process re
mains unclear. To gain more insight into the factors regulating 
flavin motion and its role in substrate binding and product re
lease, we are addressing the dynamic properties of the flavin by 
time-resolved polarized fluorescence spectroscopy (Bastiaens et 
al., 1992). 
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support. This research was carried out under the auspices of the Nether
lands Foundation for Chemical Research (SON) with financial aid from 
the Netherlands Organization for Scientific Research (NWO). 
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ABSTRACT The regiospecificity of hydroxylation of tetrafluoro-4-hydroxybenzoate (F4-POHB) by p-
hydroxybenzoate hydroxylase (PHBH) and its active site mutant Y385F was investigated by "F NMR. 
Evidence is provided that the hydroxylation of F4-POHB is not restricted to the C3 center of the aromatic 
ring but rather involves sflqnwuial oxygenation and dehalogenation steps. The catalytic efficiency of 
PHBH and Y385F with F4-POHB was optimal near pH 6.5. Below pH 7.0, substantial substrate inhibition 
occurred. Diantonic F4-POHB was a competent effector, highly stimulating upon binding the rate of 
flavin reduction by NADPH. Hydtaxylatfon of F4-POHB fovolved bte ibrinatu^ 
as primary products of oxygenolytic defluorination. Ascoibate competed favorably with NADPH for the 
nonenzymatic reduction of these reactive intermediates and prevented the accumulation of nonspecific 
oxidation products. PF NMR showed that the initial aromatic product 2^,6^riflnoro-3,4-dihvdroxybenzoate 
(F3-DOHB) was further converted to 5,6-dMuoro-2,3,4-trmydroxybenzoate(5,6-rVTOHB). This reaction 
was most efficient with Y385F. Fa-DOHB was not bound in a unique regiospecific orientation as also 
2,6-dSfluoroO,4,5-tribydToxybenzoate (2.6-F2-TOHB) was formed. The oxygenolytic dehalogenation of 
F3-DOHB by PHBH and Y385F is consistent with the electrophilic aromatic substitution mechanism 
proposed for this class of flavoenzymes. Nucleophilic attack of the carbon centers of F3-DOHB onto the 
distal oxygen of the electrophilic flavin C(4a)-hydroperoxide occurs when the caifaon center has a relatively 
high HOMO density and is relatively close to the distal oxygen of die flavin C(4a)-hydroperoxide. 

Flavoproteiu aromatic hydroxylases are inducible enzymes 
involved in the biodegradation of aromatic compounds by 
soil microorganisms (Stanier & Oraston, 1973; van Berkel 
& MOller, 1991). Through the initial action of these NAD-
(P)H-dependent monooxygenases, many breakdown products 
of lignin can be metabolized. The enzymatic hydroxylation 
of an organic compound under physiological conditions 
requires the activation of oxygen. With flavoprotein mo
nooxygenases, mis is achieved through the formation of a 
transiently stable flavin C(4a)-hyduipeiu»idc species (Entsch 
et aL, 1976a; Vervoort et al., 1986; Massey, 1994). 

In addition to the hydroxylation of their natural substrates, 
flavoprotein hydroxylases can mediate fortuitous dehaloge
nation reactions (Fetzner & Lingens, 1994). Examples of 
such reactions include the 3-hydroxylation of tetrafluoro-4-
hydroxybenzoate (F4-POHB)1 by p-hydroxybenzoate hy
droxylase (PHBH)1 (Husain et al., 1980), the dechlorination 
of 2-cMorophenol by salicylate hydroxylase (Suzuki et al., 
1991), and the defluorination of 2-fhiorophenol by phenol 
hydroxylase (Peelen et aL 1995). The oxygenolytic cleavage 
of the carbon—halogen bond has been proposed to proceed 
through the formation of a quinonoid product intermediate 
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Research (SON) with financial aid from the Netherlands Organization 
tor Scientific Research (NWO to FJ.T.vdB.). 
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(Husain et al., 1980). This intermediate presumably is 
reduced nonenzymatically by an additional equivalent of 
NAD(P)H, resulting in the dihydroxy product (Husain et al., 
1980). A similar unusual reaction stoichiometry was re
ported for the para-hydroxylation of the wood preservative 
prmtachlorophenol by pentachloropbenol hydroxylase (Xun 
et al., 1992). This enzyme belongs to an emerging group 
of flavoprotein hydroxylases which use a halogenated organic 
contaminant as the natural substrate (van Berkel et at, 1997; 
Wieser et al., 1997). 

Relatively little is known about the structural features 
which determine the substrate specificity of flavoprotein 
aromatic hydroxylases. Oidy for PHBH, a three-dimensional 
model of the enzyme-substrate complex is known in atomic 
detail in die oxidized and two-election reduced state (Scbreud-
er et al., 1989,1992; Gatti et aL, 1996), as is the mode of 
binding of the aromatic product and several substrate analogs 
(Schreuder et aL, 1991,1994; Gatti et aL, 1994). With the 

1 Abbreviations: EfHOMO), energy of the highest occupied mo
lecular orbital; HOMO, highest occupied molecular orbital; PHBH, 
piydroxybenzoate hydroxylase; Y201F, p-hydroxybemoate hydroxy
lase with Tyr201 replaced by Phe; Y385F, p r̂ydroiybeuzoate hy
droxylase with Tyi385 replaced by Phe; POHB, 4-hydroxybenzoate; 
DOHB, 3,4-dttydroxybenzoate; TOHB. 3,4,5-trihydioxybenzoaIe; F4-
POHB, 2̂ ,5,6̂ errafllloro-4-hy<rroxybenzoate; F3-DOHB, 2A6-trif-
luaro-3,4-daydroxybenzoate; 2,6-Fr-TOHB, &6-du%oro-3.4,5-trihy-
droiybenzoate; 5,6-FrTOHB, 5,6-dffiucro-23,4-trihyclroxybenzoate; 
5-F-TeOHB, 5-thion>23,4,««rahydroxybnrjzoate; 6-F-TeOHB, 6-fluoro-
2,3,4,5-tetrahydroxybenzoate. 

SOO06-2960(97)O1213-O CCC: $14.00 © 1997 American Chemical Society 
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FIGURE 1: Schematic icprcisffltanrm of ihe active site of PHBH 
lesohoion (Schreuder etaL, 1989). t i e FAD i» grey, die aiomatic 

exception of p-mercaptobenzoate, which is hydroxylated at 
the nucleopbjlic highly reactive sulfur atom (Entsch et al., 
1976b), all FHBH substrates have been proposed to become 
exclusively hydroxylated at the C3 position of the aromatic 
ring (Husain et al., 1980). The specificity for C3 hydroxy-
lation is in keeping with the mutual orientation of 3,4-
dihydroxybenzoate(DOHB)' and the flavin prosthetic group 
observed in the crystal structure (Schreuder et aL, 1988). 
Recent studies have shown that the active site mutant Y385F 
has lost the specificity of C3 hydroxylation (Entsch & van 
Berkel, 1995), leading to toxic 3,4^-trihydroxybenzoate 
(TOHB).1 Tyr385 is part of a hydrogen bond network, 
including Tyr201 and the 40H of the substrate (Schreuder 
etaL, 1989; Figure 1). Mutational analysis established that 
both tyrosines are involved in substrate activation by 
stimulating the deprotonation of the 40H group (Entsch et 
aL, 1991; Eschrich et aL, 1993; Lah et al., 1994). 

*Tff gnfa m«m inmgfit in rtwt nrafthamam « f flavju-mtltiflt?^ 

oxygcnolytic dehalogenation of haloaromatic compounds and 
the role of substrate and enzyme dynamics (Peden et al., 
1993), we have addressed in die present study the re-
giospecificity of hydroxylation of F4-POHB by PHBH. "F 
NMR was used for the unambiguous assignment of aromatic 
products, and mutant Y38SP was selected as a tool to 
modulate the enzyme specificity. Because quinones are 
highly electrophilic compounds involved in several toxico
logies! processes (Rietiens et aL, 1997), the effect of 
ascot-bate as chemical reducing agent was studied as well. 
Evidence is presented that the PHBH-mediated conversion 
of F4-POHB involves several consecutive oxygenation and 
dehalogenation steps including hydroxylation at the substrate 
C2 position. The results are discussed in relation to the 
frontier orbital characteristics of the aromatic substrate and 
products and their orientation in the active site. A prelimi
nary account of this work has been presented elsewhere (van 
Berkel et aL, 1997). 

MATERIALS AND METHODS 

Materials. Mes, Hepes, Hepps, and Tris were from Sigma. 
NADH, NADPH, catalase, and superoxide dismnntsc were 
purchased from Boehringer Mannheim, Inc. F4-POHB was 
prepared from pentafluorobenzoic acid (Aldrich) as described 
(Husain et al., 1980). 
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with POHB. Data according to the crystal structure at 1.9 A 
substrate is white, and the protein residues are black. 

Enzyme Purification. PHBH and Y385F w e n purified as 
described before (Eschrich etaL,1993). p-Hydroxybenzoate 
1-hydroxylase (decaiDOxylatmg) from the yeast Candida 
parapsilosis was isolated according to the pmedure reported 
by van Berkel et al. (1994). 

Enzyme Kinetics. The activity of PHBH was determined 
spectrophotometrically by measuring the F^POHB-stimu-
lated oxidation ofNADPH at 340 nm (25 °C). pH-deoeodent 
activity measurements were perfbrmed in 80 mM Mes (pH 
5.6-6.6) and 80 mM Hepes (pH 7.0-8.0), in either the 
absence or the presence of 2 mM ascorbate. Buffers were 
brought to constant ionic strength (/ = 0.1 M) with sodium 
sulfate as described (van Berkel & Miiller, 1989). For 
estimation of steady state kinetic parameters, NADPH and 
F4-POHB were varied using 0.15 mM (F4-POHB) and 0.18 
mM (NADPH) of the fixed substrate. Kinetic data were 
analyzed by n"»'"yi""" least-squares fitting routines (van 
Berkel et aL, 1991; Eschrich et aL, 1993). Rapid-reaction 
kinetics were carried out at 25 °C using a temperature-
controlled single-wavelength stopped-flow spectrophotom
eter, type SF-51, from High-Tech Scientific Inc. with 1.3 
msdeadtime. Rate constants for the anaerobic reduction of 
F4-POHB complexed enzymes were estimated from kinetic 
traces recorded at 450 mn at variable concentrations of 
NADPH (Bppink et aL, 1995). 

Oxygen Uptake Experiments. Oxygen consumption was 
measured polarigraphically at 25 °C by using a Clark 
electrode. Assay mixtures contained 100 mM Mes, pH 6.0, 
or 50 mM potassium phosphate, pH 7.0, and varying amounts 
of aromatic substrate, NADPH, and enzyme. The degree 
of uncoupling of hydroxylation was determined with catalase 
(Eschrich etaL, 1993). For the establishment of the reaction 
stoichiometry, the oxygen consumption experiments were 
performed in either the absence or the presence of 2 mM 
ascorbate. F4-POHB (150/iM) was incubated with 50,100, 
150,200,250,300, and 350 fM NADPH, respectively, and 
the reaction was started by the addition of 1.5 fiM enzyme. 
At the end of the initial rapid phase of oxygen consumption 
(5—lOmin), the residual amount of NADPH was determined 
by the addition of 1 mM POHB. 

Substrate Binding Studies. Dissociation constants of 
binary complexes between oxidized enzyme and F4-POHB 
were determined fluorimetrically using an Aminco SPF-5O0 
spectrofluorimeter (van Berkel et al., 1992). 
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NMR Measurements. "F NMR measurements wens 
perframed on a Broker AMX3WOT Broker DPX-400 NMR 
spectrometer, essentially as described elsewhere (Peelen et 
al, 1993, 1995). Proton-decoupled spectra were obtained 
a t7°C . Between 5000 and 15 000 scans were recorded, 
depending on the concentrations of the fluorinated products 
and the signal to noise ratio required. The sample volume 
was 2.0 mL. A coaxialary capillary contained 4-flnoroben-
zoate as a standard and 2HjO for locking the magnetic field. 
Concentrations of fluorinated products were calculated by 
comparison of the integral of the "F NMR resonances of 
the products to die integral of the "F NMR resonance of 
4-Suorobenzoate. Chemical shirts are reported relative to 
CFC13. 'H NMR analysis was carried out on a Broker AMX 
500 MHz spectrometer. Samples were prepared as described 
for "F NMR. At the end of the reaction the incubation 
mixtures were freeze-dried and dissolved in 0.5 mL % 0 . 

Product Identification. "P NMR product analysis revealed 
that the addition of ascorbate to the incubation mixtures was 
essential to prevent the accumulation of nonspecific coddation 
products. Incubation mixtures (25 "Q contained 100 mM 
Mes, pH 6.0, or 50 mM potassium phosphate buffer, pH 7.0, 
a i 7 mM FrPQHB, 0 .05-03 mM NADPH, 1 mM ascor
bate, 150urirtsofcatalase,andlJ/(M enzyme. The reaction 
was monitored specbnphotometricaUy by following the 
absorbance decrease at 340 run until all NADPH was 
consumed. In time-dependent experiments, reactions with 
tin fluorinated substrate were stopped by die addition of 1 
mM POHB. Before recording the NMR spectra, samples 
were made anaerobic by five cycles of flushing with argon 
and degassing. Oxidative decarboxylation of fluorinated 
products was achieved by incnbadon wim^hydroxybenzoate 
1-hydroxylase from C. parapsilosis (van Berkel et al., 1994). 
Initial incubations (total volume 2.0 mL, 25 °C) contained 
50 mM potassium phosphate buffer, pH 7.0, 0.17 mM F4-
POHB, 0 3 mM NADPH, 1 mM ascorbate, 150 units of 
catalase,30/iMFAD,andlJ^MY385F. After analyzing 
the sample by "F NMR, 0.6 mM NADH, 50 units of 
superoxide dismutase, and 1 /M p-hydroxybenzoate 1-hy-
droxylase from C parapsilosis were added, and die reaction 
was followed specrrophotometrically until no absorption 
decrease at 340 run was observed. The sample was then 
again analyzed by "F NMR for die formation of fluorinated 
phenolic products. 

Identification of fluarinated aromatic rsoducts was achieved 
by (a) the "F-"F coupling patterns and (b) on the basis of 
the chemical shift values of the "F NMR resonances of a 
set of fluorinated benzene derivatives (Rietiens et a l , 1993; 
Peelen et al., 1995). No proton coupling to the fluorine 
resonances was observed on comparison of 'H decoupled 
"F NMR spectra with 'H coupled "F NMR spectra. The 
quality of the spectra was good enough to observe small 
coupling constants (0.3—0.5 Hz). From the ortfto-hydroxy-
lation of fluorinated phenols by phenol hydroxylase from 
Trichosporon cutaneum (Peelen et al., 1995), it is known 
that substitution of a fluorine atom by a hydroxyl group 
results in a chemical shift of a fluorine substituent located 
at an ortho position of +2.2 ( ± 0.9) ppm, at a meta position 
of +1.0 ( ± 0.9) ppm, and at a para position of —5.4 (± 
0.9) ppm. 

Molecular Orbital Calculations. Molecular orbital cal
culations were performed on a Silicon Graphics Indigo 2 
workstation with Insight (Biosym Technologies, CA). The 
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FIOURE2: pH-dependrat binding properties of PHBH and Y385F 
with F4-POHB. The iHsnodation constants of the complexes were 
determined from flavin flnorimetric titration experiments: PHBH 
(x), Y385F (O). 

seimerrrpirical molecular orbital method was used, applying 
the AMI Hamiltonian from the MOPAC program. All 
calculations were carried out, essentially as described by 
Peelen et al. (1995). 

RESULTS 

Fluorescence Binding Studies. Previous studies have 
shown that PHBH preferentially binds F4-POHB between 
pH 6 and 7 with an apparent p*T, of about 7.6 in die oxidized 
state (van Berkel & MBUer, 1989). Because the pK, of the 
fluorinated substrate free in solution is 5.3 (Husain et a l , 
1980), weak binding of F4-POHB at pH 8 was tentatively 
ascribed to the ionization of one of the tyrosines in the active 
site (van Berkel and Mflller, 1989). Titration of Y385F with 
F4-POHB was accompanied by quenching of the fluorescence 
of protein-bound FAD and followed simple 1:1 binding. 
Figure 2 shows that the binding properties of F4-POHB to 
Y385F were nearly indistingmahable from PHBH, excluding 
the possibility that the apparent p& observed originates from 
the deprotonation of Tyr385. 

Catorytic Properties of PHBH with Fr POHB. To identify 
the optimal conditions for tile enzymatic conversion of F4-
POHB, steady state kinetic parameters were w ™ x < as a 
function of pH. As can be seen from Table 1, Y385F 
catalyzed the ErPOHB-stimnlarrd oxidation of NADPH at 
approximately the same rate as PHBR With both enzymes, 
substantial substrate inhibition occurred below pH 7.0 (Table 
1). A similar type of inhibition was reported for other 
fluorinated substrate analogs (Husain et at, 1980). Table 1 
also shows that the apparent Km values for F4-POHB and 
NADPH decreased with decreasing pH, resulting in an 
optimal catalytic efficiency near pH 6.5. This is clearly 
different from the reaction with the physiological substrate 
where optimal catalysis takes place around pH 8.0 (van 
Berkel & Mtttler, 1989). 

The turnover rate of Y385F with F4-POHB was about 1 
order of magnitude higher than with POHB (Bschrich et al., 
1993) where flavin reduction is rate limiting in catalysis 
(Entsch et aL, 1991; Eschrich et al., 1993). This suggests 
that F4-POHB is a better effector for Y385F than POHB. 
The effector role of F4-POHB was addressed in more detail 
by studying the reductive half-reaction by anaerobic stopped 
flow experiments. At pH 7.0, 25 °C, flavin reduction of 
the F4-POHB complexed enzymes was a simple monoex-
ponential process. The extrapolated rate constants for 
reduction at infinite NADPH concentrations were 12-5 s~~> 
for PHBH ( & of NADPH = 0.81 mM) and 19.3 s~' for 
Y385F (Kd of NADPH = 0.79 mM), respectively. This 
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Table 1: Steady Stale Kinetic Parameters of PHBH and Y385F 
withFrPOHB 

apparent AVa 
apparent Jt̂ FrFOHB NADPH 

enzyme pH km'If1) 0*1) <pM) 

Biochemistry. Vol 36, No. 46, 1997 

(mM) 
PHBH 

4*ascoxbate 

Y385F 

+ascartaale 

6.0 
6\S 
7.0 
8.0 
6.0 
6.5 
7.0 
8.0 
6.0 
65 
7.0 
8.0 
6.0 
63 
7.0 
8.0 

3.7 
3.8 
4.1 
4.0 
3.0 
32 
3.5 
3.4 
3.9 
4.1 
5.1 
4.1 
2.7 
3.1 
3J 
3.0 

36 
43 
67 

156 
36 
68 

10Z 
120 
43 
36 
66 

154 
41 
51 
68 

112 

51 
73 

145 
280 
30 
66 

112 
225 
47 
67 

127 
154 
36 
49 

105 
152 

>0.08 
>0.1 
>03 
>1.0 
>0.1 
>0.15 
>0S 
>L0 
>O08 
>0.15 
>03 
>L0 
>0.1 
>0.15 
>0.4 
>1.0 

'Turnover mimheis and apparent Kn values for F4-POHB and 
NADPH were detennintd from the initial vetodty of NADPH 
consumption at 25 *C in air-saturated buffer, variable [F4-POHB] or 
[NADPH] and 02 mM of the fixed substrate. Experiments (n — 2) 
wens perfumed in the absence or presence of 2 mM ascofbate. 

concentrations of F4-POHB and NADPH and taking into account 
subsbato mUtntioii. ine I * M * standaid uiui of values of lunatic 

s abont 10%. 

shows that the F4-POHB stimulated rate of reduction of both 
enzymes is not tale limiting in catalysis (cf. Table 1) and 
confirms mat F4-POHB is a better effector for Y385F man 
POHB. 

Stoichiometry of the Reaction. The sfoicmometry of the 
reaction of PHBH and Y385F with Ft-POHB was studied 
by oxygen consumption experiments. In analogy with 
published results (Husain et aL, 1980), PHBH fully coupled 
oxygen consumption to F4-POHB hydroxylation. With 
Y385F, some uncoupling of hydroxylation was observed as 
evidenced by the formation of hydrogen peroxide. The 
efficiency of hydroxylation by Y385F was somewhat de
pendent on die reaction conditions yielding about 0.15 mol 
of hydrogen peroxide/mol of oxygen consumed at pH 7.0. 
This degree of uncoupling is in me same range as observed 
with the Y385F catalyzed conversion of POHB (Entsch et 
aL, 1991; Eschrich et aL, 1993). 

When the reaction of PHBH (or Y385F) with F4-POHB 
was performed with varying concentrations of NADPH (pH 
7.0), about 2 equiv of NADPH was consumed/equiv of 
oxygen (Figure 3). Comparable results were obtained at pH 
6.0 (data not shown). These results are consistent with an 
earlier proposal (Husain et aL, 1980) that the utilization of 
2 mol of NADPHAnol of oxygen can be ascribed to the initial 
formation of a quinonoid product intermediate. When the 
same set of experiments was repeated in the presence of 
ascorbate, nearly equal amounts of oxygen and NADPH were 
consumed (Figure 3). The reaction stoichiometry did not 
change when the concentration of ascorbate was varied 
beween 1 and 10 mM, indicating that 1 mM ascorbate is 
sufficient to compete favorable with NADPH for quinone 
reduction. In line with this, the presence of ascorbate 
significantly decreased the rate of NADPH consumption 
(Table 1). Interestingly, in the presence of ascorbate and at 
high NADPH/F4-POHB ratios, more than 1 equiv of NADPH 

g 10a 
S 

'S* 
0 

• A 

100 200 300 
NADPH bill) 

FIGURE 3: Reaction stoicUoineny of the reaction of PHBH and 
"Y385F wan F4-POHB as dwmnliird by oxygen consumption 
experiments. F4-POHB (ISO /(M) was incubated with varying 
concentrations of NADPH in air-saturated butler, pH 7.0, and the 
reaction was iiittlakd by Iliea&Jnian of 1.5/iM enzyme: PHBH 
in the absence (A) or presence (O) of ascorbate, Y38SF in the 
absence (A) or presence (•) of ascorbate. The plotted at-axls values 
are the actual amounts cf NADPH consumed. For other experi-
mental details, see Materials and Methods. 

and oxygen was consumed per substrate molecule (Figure 
3). Tras prompted as to study the reaction stoichiometry in 
more detail by "F NMR. 

Product Identtficatum by "F NMR. Conversion of F4-
POHB by PHBH or Y38SF did not result in the exclusive 
formation of 23,6-trifliioro-3,4-dihydroxybenzoate (rV 
DOHB). Especially with Y385F, several other fmorinated 
aromatic products were formed. Figure 4A shows die "F 
NMR spectrum of an incubation of Y385F in the presence 
of equimolar amounts of F4-POHB and NADPH. The "F 
NMR resonances at -150.3, -157.1, and -171.1 ppm are 
assigned to IVDOHB, whereas the resonances at -153.1 
ppm and -170.7 ppm are ascribed to residual F4-POHB 
(Table 2). The resonance at —123.1 ppm originates from 
fluoride anion, released upon dehalogenation. The two 
additional mam resonances at —154.7 and —177.2 ppm in 
Figure 4A showed identical integrals, and both resonances 
have the same J coupling, suggesting that these resonances 
are derived from an aromatic product with two fluorine 
subsrhnents ortho positioned to each other. This indicates 
that the initial product Fj-DOHB was subject to further 
hydroxylation at the C2 position of the aromatic ring. The 
formation of 5,6^d1fhK)ro-23,4-trihydroxybenzoate (5,6-PV 
TGHB) was in good agreement with chemical shift predic
tions of — 176J5 ppm for the C5 fluorine snbstituent and 
-156:1 ppm for the C6 fluorine substinient, respectively 
(Table 2). All together, die results presented in Figure 4A 
suggest that conversion of F4-POHB by Y385F involves the 
consecutive formation of F3-DOHB and 5.6-F2-TOHB. 

Further evidence for hydroxylation at the C2 center of the 
aromatic ring was obtained when the NADPH/F4-POHB ratio 
mtheim»bationmixtnreofY385Fwasucreased. Addition 
of an extra equivalent of NADPH resulted in the complete 
depletion of F4-POHB and in a nearly 2-fold increase in die 
intensities of the resonances assigned to 5,6-tVTOHB 
(Figure 4B). Moreover, some extra "F NMR resonances 
of relatively low intensity were observed at —153.6 ppm and 
—171.4 ppm, indicative for the formation of additional 
fluorinated products. The intensities of these two resonances 
were different, suggesting that they belong to different 
hydroxylation products. Furthermore, both these resonances 
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ROURE4: "FNMR product analysis of the reaction of FrPOHB with Y385F: (A) N ADPH/F«-POHB ratio 0.9; (B) NADFHrtVPOHB 
ratio 1.8.170 (M F4-POHB was incubated with NADPH in air-saturated buffer pH 7.0, containiiig 1 mM ascorbate. Resonances were 
idenMcd on the basis of trie resoltssiiiumaitmini Table 2. The resoo 

showed no /F -P coupling. Earlier studies have shown that 
Y385F hydroxylates the physiological product DOHB to 
TOHB (EntschetaL, 1991; Eschrichetal., 1993). On the 
basis of these data, the resonance at —153.6 ppro is assigned 
to 2£diuuoro-3 A54iiliydioxvbeimoa1e (2^-rVTOHB) (Table 
2). The "F NMR resonance at -171.4 ppm (Figure 4B) 
could originate from either 5-fluoro-23,4,6-tetrahydroxy-
benzoate (5-F-TeOHB) or 6-fluoro-23^,6-tetrahydroxyben-
zoate (6-F-TeOHB). On the basis of chemical shift values 
of the difluorinated products and theoretical considerations 
(Peelen et al., 1995), this resonance is assigned to 5-F-
TeOHB (Table 2). 

The identity of the reaction products was confirmed by 
'H-NMR. For this purpose, F4-POHB was incubated with 
a 2-fold excess of NADPH either in the absence or presence 
of Y385F. In the presence of Y385F, no extra resonances 

were observed in the 6—8 ppm region of the 'H NMR 
spectrum. Trus shows that no products with aroniatic protons 
were formed. Moreover, in all "F NMR spectra, no 'H 
proton coupling could be observed. 

FllrthlT idmrifjiMrtimi of fliinrinatml nmmnrif pmHim* mag 

achieved by incubation of the reaction samples with p-
hydroxybenzoatB 1-hydroxylase from the yeast C. poropsi-
losis. Recent studies have shown that mis HADfFjH-

of POHB, yielding 1,4-dihydroxybenzene (van Berkel et al., 
1994). Figure 5A illustrates that p-hydroxybenzoate 1-hy-
droxylase from C. parapsilosis forms a single aromatic 
product from F4-POHB which is ascribed to the formation 
of tetrafluoro-l,4-dihydroxybenzene. Figure 5B shows the 
"F NMR spectrum of F4-POHB, successively incubated with 
Y385F and p-hydroxybenzoate 1-hydroxylase from C. parap-
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FIGUHBS: '^Mffi spectra of UKtconversiro of fluoraialedPOHBderf^^ 
(A) conversion of F4-FOHB; (B) conversion of hydroxylation products obtained fitim die inciibatkni of F4-FOHB with Y38SF at a NADPH/ 
F«-POHB ratio of 1.8 (cf. Figure 4B). New resonances are indicated by an asterisk. Hie resonance at -1142 ppm is from the internal 
standard, 4-fluorobenzoate. 

silosis. This spectmm revealed six new resonances in 
relation to the same sample incubated in die absence of the 
yeast enzyme (cf. Figure 4B). From tte difference spectrum, 
it could be established that three of the new resonances were 
derived from 2£,6-tifflioTO-13,4-trihyaroxybenzene, one 
resonance from 5,6-difluoro-l,23,4-tetrahydroxybeTizene, 
one resonance from 2,6-<tffluoro-lJ,44-tetrahydjuxybenzene 
and one resonance from 5-fluoro-l,23,4,6-peiitabydroxy-
benzene. This confirmed mat all hydroxylation products 
formed by Y38SF contained a carboxync group. The 
polyhydiDxylated fluorobenzene products formed by p-
hydroxybenzoate 1-hydroxylase from C. parapsUosis were 
rather stable in the presence of ascorbatc. This is concluded 
from the nearly identical "F NMR spectrum recorded after 
several hours. 

Reaction Stoichiometry as Measured by "F NMR. The 
hydroxylation pattern of the enzymatic conversion of F4-
POHB was strongly dependent on the reaction conditions. 
With PHBH (pH 7.0), depletion of F4-POHB resulted in 

nearly equal amounts of F3-DOHB and 5,6-FrTOHB (Figure 
6A, Table 3). With Y385F, the initial product F3-DOHB 
was rather efficiently converted to 5,6-FrTOHB (Figure 6B) 
and, to a minor extent, to 2,6-FrTOHB (Table 3). Unlike 
Y385F, PHBH produced minor amounts of 5,6-FrTOHB 
at pH 6.0 (Table 3). During the conversion of F4-POHB 
and in contrast to published data (Hnsain et at, 1980), 
considerable higher amounts of fluoride anion were produced 
as expected from the amount of hydroxylated fluorinated 
aromatic products formed. From the concentrations of 
fjucainated aromatic substrate and products observed at the 
end of the reactions (Table 3), it could be calculated that, 
during the conversion of F4-POHB, 10-20% of the fluori-
nated aromatic reaction products were lost and that the excess 
fluoride released increased with increasing concentrations 
of NADPH. Increasing the concentration ofascorbatem the 
incubation mixtures to 10 mM or addition of superoxide 
rfignrnrtuM HiH nfft ftignififfMlriy phimgft I tw Bmmir t iff f f o w y j ^ 

anion formed. On the other hand, conversion of F4-POHB 
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Table 2: Chemical shifts of "FNMR Resonances of Identified 
Fborinated Products Banned from me Conversion of F4-POHB by 
PHBH and Y38SP 

conuKKnui 

F4-POHB 

FrDOHB 

2,6-FrTOHB 

5.6-FrTOHB 

5-F-TeOHB 

cfaemiciil shift 
(ppm) 

-153.1 (E2(F6) 

-170.7 (F3/F5) 

-1503 (F2) 

-171.1 (F5) 

-157.1 (M) 

-153.6 (F2/F6) 

-154.7 (F6) 

-177.2 (F5) 

-171.4 (P5) 

23A6-tetraftaorophcnol(F3/F5) 
(-1493 ppm, VFF = 18.0 Hz) 
23 .̂6-tetrafluorophejiol(I:2/F6) 
(-170Jppm,5/FP= 18.0 Hi) 
o-OH shifts F2 by+2.8 ppm 
(Vw = 5.1 HE, 'Jn = 7.6 Hz) 
m-OH shifts F5 by-0.4 ppm 
Cfe = 24.2 Hz,'Jtr = 7.6 Hz) 
p-OH sldfts P6 by -4.0 ppm 
(VFF = 242 Hz.4Jb = 5.1 Hz) 
o-OH shifts F6 by+3.5 ppm 
p-OH shifts F2 by-3.3 ppm 
m-OH shifts F6 by+2.4 ppm 
(V,,=22*Hz) 
p-OH shifts F5 by-6.1 ppm 
(>&, = 219Hz) 
o-OH shifts F5 by +5.8 ppm 

* The cItfiiiiftal slrfws (as dettiiniiied in 50 mM potiwsfam phosphate, 
pH7.Q are relative to CFCb. (Tiwnirnl shifts were ascribed to specific 
fpurine wihillltifnts on the basis of relative peak iiitMisHics, proton-
dtcoupled spliomg patterns, and the knowledge thamaatiibslminius 
influence chemical shifts far has man pom or onto subsliliwns 

in the absence of ascorbate led to FrDOHB, several 
unidentified flnorinated reaction products, and only minor 
amounts of 5.6-F2-TOHB (data not shown). This raised the 
possibility that the fluorinated quinone formed upon enzy
matic attack of Ft-POHB undergoes a Michael addition by 
water at ate 2-posuion, leading to fluoride elimination and, 
after reduction, the rrihydroxy product Because fluorinated 
benzoquhwnes are highly reactive species which become 
dehalogenated upon reaction with nucleopbiles (den Besten 
et al., 1993), such a nonenzymatic mechanism could also 
explain the high amount of side-products formed in the 
absence of ascorbate. 

In order to establish whether the conversion of FrDOHB 
to S,6-rVTOHB was enzyme mediated, the following experi-
ments were performed. F4-POHB was completely converted 
by PHBH (cf. Figure 6A, Table 3) and the resulting mixture 
of FrDOHB and 5,6-rVTOHB was incubated in aerated 
buffer in die absence or presence of excess NADPH. "F 
NMR analysis revealed that in the absence of NADPH no 
reaction occurred. In the presence of NADPH, FrDOHB 
was further converted to 5,6-FrTOHB, providing direct 
evidence for an enzyme-mediated hydroxylation step. As 
already noted from the "F NMR experiments reported above, 
the extent of conversion of FrDOHB was strongly dependent 
on the reaction conditions. With PHBH, formation of 5,6-
FrTOHB was most efficient at pH 7.0, but in contrast to 
pH 6.0, also minor amounts of 2,6-FrTOHB and 5-F-
TeOHB were formed. Furthermore, the reaction of F3-
DOHB with PHBH was not complete, most probably as a 
result of product (5,6-Fz-TOHB) inhibition. This is in 
keeping with the results presented in Figures 3 and 6 and 
the fact that the NADPH left was readily consumed after 
the addition of 1 mM POHB. The reaction of FrDOHB 
with Y385F was rather efficient At both pH 6.0 and 7.0, 
more than 80% of FrDOHB was converted to 5,6-FrTOHB. 
Again, additional formation of 2,6-FrTOHB and 5-F-TeOHB 
was only observed at pH 7.0. 
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FIOURB6: NADPH dependence of the conversion of F4-POHB by 
PHBH and Y38SF as determined by "F NMR. ErPOHB (170/AQ 
was incubated with varying concentrations of NADPH in air-
saturated buffer pH 7.0, containing 1 mM ascorbate and the reaction 
was initiated by the addition of 1 3 /M enzyme: (a) PHBH, (b) 
Y385F; F4-POHB (OX FrDOHB (A), 5,6-rVTOHB (D). The 
standard gnur in the conrnutiaiions of fluorinatrd cunipounds was 
about 3%. For other experimental details, see Materials and 
Methods. 

Table 3: Conversion of F.-POHB by PHBH and Y385F as 
I by "F NMR" 

concennanon of fbrannated prodoct ̂ tM) at 
NADPH/F4-POHB ratio of 0.9 (1) or 1.8 (2) 

flnnrinnlsBft 

compound 

F4-POHB 

FrDOHB 

2,6-IVTOHB 

5,6-rVTOHB 

5-F-TeOHB 

fluoride ttnioD 

pH 

6.0 
7.0 
6.0 
7.0 
6.0 
7.0 
6.0 
7.0 
6.0 
7.0 
6.0 
7.0 

(1) 
32 
41 
79 
56 

30 
42 

191 
203 

PHBH 

(2) 

1 
101 
68 

1 
41 
66 

1 
245 
302 

Y385F 

(1) 
56 
65 
32 
28 

1 
52 
56 

1 
203 
217 

(2) 

49 
32 

6 
89 

102 

3 
327 
392 

•The initial ErPOHB concentration was 170 ± 8 11M and the 
enzyme concentration was 
performed in the presence 
fluorinated products have a 

1.5 /iM. All experiments (n = 2) were 
of 1 mM ascorbate. Concentrations of 
standard error <5%. 

Further support for the consecutive hydroxylation at the 

3 and C 2 position o f the aromatic ring was obtained by 
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FIGURB 7: Proposed taydtoxylatkm pathway of F4-POHB by PHBH and Y385F. 

Table 4: E(HOMO) and HOMO Density Characteristics of 
Dimdonic POHB Derivatives' 

compooofl 

POHB 
F4-POHB 
F3-DOHB 

5,6-Fj-TOHB 

2.6-F2-TOHB 

£(HOHO) 
dp eV 

4 044 
4 - 0 4 9 
4 -0A3 
3 - 0 2 3 
4 - 0 3 0 
3 -0 .15 
4 - 0 3 2 
3 - 0 1 3 

HOMO density 

CI 
029 
025 
025 
OOO 
025 
OOO 
024 
OOO 

C2 
O01 
O01 
OOO 
018 
0.00 
016 
O01 
0.18 

C3 
021 
020 
018 
0.07 
019 
0.08 
017 
O06 

nt carbon center 

C4 
005 
O05 
O06 
018 
0.06 
017 
0.08 
017 

C5 
021 
O20 
OU 
O01 
018 
O02 
017 
0.02 

OS 
0.01 
0.01 
002 
025 
002 
022 
0.01 
025 

'Molecular orbital chmderifltlca nf dianionic tonne of POHB 
derivatives of uupoitance for """^uriiiMi' attack on ass flavin C(4a)-
hvdropero»ide,a»ial(ndstedbylbeAMlHaiiiilliiiiiauoflheMOPAC 
module of the Insight II package (Biosytn, San Diego). Cdcnlanons 
wen iaiiiwl ont with ottner a deumumated 4-hydroxyl or 3-hydnnyl 
gronp (dp)* oVv eleUiuuvohs. 

recording "F NMR spectra at different time intervals. 
Spectra recorded of samples which were incubated for only 
30 s after •nft.iitmg the reaction of PHBH with equmtolar 
amounts of F4-POHB and NADPH showed nearly the 
exdusive formation of IVDOHB. With Y385F, the forma
tion of F3-DOHB as me first product was more difficult to 
assign because of its rapid conversion to 5,6-FVTOHB. The 
spectra recorded with time dearly showed the accunmlation 
of 5,6-FrTOHB and rather slow formation of 2,6-FrTOHB 
andS-F-TeOHB. All together, the above results from NMR 
product analysis are consistent with the hydroxylation 
pathway presented in Figure 7. 

Frontier Orbital Characteristics cf Fluorinated Hydroxy
lation Products. In order to explain the observed hydroxy
lation pattern from a chemical point of view, molecular 
orbital calculations were performed to mvestigate the intrinsic 
electronic characteristics of the fluorinated POHB derivatives. 
For PHBH it was reported that the turnover rates for the 
conversion of a series of fluorinated POHB analogs correlate 
with the £(HOMO) of their dianionic forms (Vervoort et 
aL, 1992). From this it was suggested that a high £(HOMO) 
and HOMO density on C3 of the aromatic substrate will 
favor the electrophOic attack by the flavin C(4a)-hydroper-
oxide. Table 4 shows that the dianionic form of F4-POHB 
has a relatively low £(HOMO) explaining the low turnover 
rate (Vervoort et aL, 1992), but mat the electron density at 

die C3 (C5) atom is comparable to that of POHB. This may 
explain the rather efficient C3 hydroxylation of F4-POHB 
by PHBH at pH 6. In analogy to F4-POHB, the fluorinated 
aromatic ramducts tbnned fiuui the enzymatic conversion of 
F4-POHB showed considerable HOMO density (reactive 
electron density) at the Hum inaled caibun atom ortho at para 
tt a a^irotonated hydroxyl group (Table 4). This suggests 
that the luriiialion of 5,6-rVTOHB from Fs-DOHB rosuhs 
from the (partial) ionization of the 30H of FrDOHB. In 
line with mis proposal, formation of 2^-rVTOHB must then 
result from the (partial) ionization of the 40H of F3-DOHB. 

DISCUSSION 

Tteflavomoumwiiitfalrfoxygennryhc 
baJoaromatic substrates requires two NAD(P)H molecules 
per turnover (Husain et aL, 1980; Suzuki et aL, 1991; Xun 
etaL, 1992; PeeknetaL, 1995; WieseretaL, 1997). On 
the basis of studies of PHBH with fluorinated substrate 
analogs it was proposed that mis unusual stoichiometry is 
due to the nonenzymatic reduction of a qmnonoid species 
formed as the primary product of oxygenolytic dehalogena-
tkm (Husain et aL, 1980). In the present study, the 
stoichiometry of die PHBH-catatyzed conversion of F4-
POHB was studied in the presence of ascorbate. Addition 
of ascorbate nearly restored the 1:1 reaction stoichiometry, 
indicative for the rapid chemical reduction of qumone 
intermediates by ascorbate. In line with earlier results on 
nteoxygeaoryikidehalngffiafinnof^ 
(Peelen et aL, 1995), ascorbate prevented the accumulation 
of nonspecific oxidation products. However, "F NMR 
analysis revealed that even in the presence of high concen
trations of ascorbate, part of the fluorinated quinones were 
dehalogenated in a nonenzymatic process. These findings 
are of physiological relevance far flavoprotein hydroxylases 
which use a polyhalogenated aromatic compound as then-
natural substrate, because in vivo qumone reduction might 
compete with covalent binding to cellular macromolecules 
(den Besten et aL, 1993; Rietjens et aL, 1997). 

The pH optimum of PHBH catalysis with F4-POHB was 
around pH 6^. This acidic shift in pH optimum with respect 
to the reaction with POHB is ascribed to the weak binding 
of dianionic F4-POHB at pH 8.0. From mass spectral 
analysis, it was previously concluded that die conversion of 
F4-POHB by PHBH results in the formation of F3-DOHB 
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ROURE8: Stereo view of the flavin Q4a)-hyihppnoxide model in the active site of Ihe enzyme substrate complex of PHBH. Bala according 
to Sdnenderet aL (1990). In the depicted orientation, the distal peroxide oxygen is closest (2.4 A) to the C3 and at 3.2 A from the C2 of 
POHB. The FAD is grey, the aromatic substrate is white, and the protein residues are black. 

as sole aromatic product (Hnsain et aL, 1980). However, 
the "F NMR results presented in this paper provide clear 
evidence for a consecutive hydroxylation process leading to 
successive fluoride elimination at C3 and C2 of Ihe substrate 
aromatic ring. I t e extent of C2bydroxylation was depend
ent on the reaction conditions and the type of enzyme used. 
With PHBH, conversion of Fj-DOHB to 5.6-F2-TOHB was 
less efficient than with VMKF, mnflrmliig nW th» hyitmry. 
latxon of FrDOHB is enzyme •™*i*irA The observed 
differences in the extent of C2 hydroxyumon might be caused 
by the relative binding strengths of F4-POHB and Fj-DOHB 
and the different degree of substrate and product inhibition. 
However, other factors like die effector properties of FV 
DOHB might also influence the outcome. 

Fluoride elimination from ErPOHB was not restricted to 
C3 and C3 of the aromatic ring. In the presence of excess 
NADPH, Y38SP catalyzed the production of significant 
amounts of 2,6-Fj-TOHB from Fj-DOHB, a reaction nearly 
abolished in PHBH. These results are consistent with earlier 
observations (Bntsch et aL, 1991; Eschrich et aL, 1993) mat 
Y385F, unlike PHBH, can catalyze the C5 hydroxylation of 
DOHB, presumably by binding the physiological product 
with the 30H rotated around the CI -C4 axis of the aromatic 
ring. From the structure of Y38SFm complex wim POHB 
it was deduced that the lost hydrogen bond between Tyr201 
and Tyi385 in Y385F probably allows some displacement 
of Tyr201 (Lah et aL, 1994). This would abolish the 
unfavorable contact between the 30H of DOHB and the 40H 
of Tyr201, presumably present in PHBH with DOHB bound 
in the flipped orientation (Lah etaL, 1994). The predominant 
formation of S,6-FrTOHB observed in the present study 
indicates mat Y385F favors F3-DOHB binding with the 30H 
pointing toward die flavin. However, a similar reorientation 
of Tyr201 as envisioned from die Y385F structure, might 
induce the alternative binding mode of F3-DOHB and lead 
to the formation of significant amounts of 2,6-rVTOHB. 
Moreover, the lost interaction between the side chains of 
Tyr201 and Tyr38S in Y385F might also explain the 
formation of small amounts of SF-TeOHB from 5,6-Fr 
TOHB (cf. Figure 4B). 

As already pointed out before (Husain et al., 1980; 
Vervoort et aL, 1992), dianionic F4-POHB is a rather slow 
substrate for PHBH because of the deactivating effect of the 
fluorine substitnents. The frontier orbital substrate charac

teristics presented m this paper suggest that C2 b ^ 
of F3-DOHB is feasible when this substrate is activated at 
die C3 position, Le., by deprotonation of the 30H group. In 
keeping wim their electron-withdrawing properties, die 
fluorine substituents of F3-DOHB obviously stimnlate the 
deprotonation of the 3QH moiety by ririocaliring the negative 
charge. Upon deprotonation of the 30H moiety, HOMO 
density and, thus, nucleophUic reactivity is redistributed and 
becomes located to a significant extent at the C2 center of 
F3-DOHB. hi line with this, the inability to a êprotonate the 
30H group explains why DOHB is not a substrate for PHBH 
but rather an effector. 

The enzymatic conversion of F3-DOHB to 5,6-FVTOHB 
implies that Fj-DOHB binding "*dwcr« the stabilization of 
the flavin C(4a)-hydroperoxide. Furthermore, it indicates 
mattheDeroxio^bondoftheoxygeiiaJedflavmintennedJate 
becomes favorably oriented to allow C2 hydroxylation. 
Using die crystal structure of the reference compound 4a4-
epoxyethano-3-methyl-4s^S-dttrydrolunn^vm (Bolognesi et 
al., 1978), Schreuder et al. (1990) have built a structural 
model of the flavin C(4a)-hydroperoxide in the active site 
of PHBH wim bound POHB. In this model (Figure 8), the 
distal oxygen of the oxygenated flavin mlermedialeismclose 
vicinity (2.4 A) of the C3 but also rather close (3.2 A) to 
the C2 of the substrate. In the structure of the DOHB-
complexed enzyme (Schrender et aL, 1989), the plane of the 
aromatic ring of DOHB is slightly rotated around the Cl-
C4 axis wim respect to the plane of POHB, and the 30H of 
mepiodui»isinshortny(lrogenrK>ndd%tanc»ofmecarbonyl 
oxygen of Pro293. Because of steric constraints, this 
geometry will likely prevent the peroxide moiety of die 
oxygenated flavin to occupy the same orientation as modeled 
in the enzyme—substrate complex. From the conserved 
mode of binding of several substrate analogs (Schreuder et 
al., 1994), it is reasonable to assume that the binding mode 
of F3-DOHB will resemble that of DOHB, leaving the salt 
bridge with Arg214 intact (cf. Figure 1). From this and the 
above considerations, we conclude that, in the FrDOHB 
complexed enzyme, the distal oxygen of die flavin C(4a>-
hydroperoxide will approach the C2 atom. Moreover, 
enzyme dynamics will allow some rotational mobility of the 
substrate aromatic ring, facilitating a proper attack (see also 
below). 
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Several lines of evidence have indicated that the ionic slate 
of die substrate is linked to the rate of flavin reduction by 
NADPH (Entsch & van BerkeL 1995). Our results are in 
accordance with this hypothesis. Unlike POHB binding 
(Entsch et aL, 1991; Eschrich et aL, 1993), binding of 
diamonic F4-POHB highly stimulates the rate of reduction 
of Y385F. This supports the view that replacement of 
Tyr385 by Fhe influences the ionization slate of bound 
POHB (Eschrich etaL, 1993). CrystaDogtapbic studies have 
in(tifMtedthatdeprotonationofPOHBmducesaconfoiiiia-
tional change in the active she loop extending from Pro293 
to Ala296 (Oatti et aL, 1996). It was inferred from these 
data that deprotonation of POHB might change the orienta
tion of hydrogen bunds in the hydrogen bond network around 
the 40H of the substrate. Binding of dianionic F4-POHB 
might induce similar changes in the conformation of the 
active site loop. However, it seems obvious that in Y385F, 
the lost interaction between Tyr385 and Tyr201 will disrupt 
the potential chain of hydrogen bonds, which extends from 
the 40H of POHB to His72 at the protein surface (Schreuder 
et aL, 1994; Oatti et aL, 1996). The conformation of the 
Pro293-Ala296 segment is probably also linked to die ionic 
state of F3-DOHB. For instance, the depratonated 30H 
species of F3-DOHB might be stabilized by hydrogen bond 
formation between the protonated 40H and the carbonyl 
oxygen of Pro293. The deprotonation of the 30H could be 
a transient one, Le^ under die influence of enzyme dynamics 
(Oard etaL, 1996). ThU suggests that the hydroxylation of 
die C2 center of rVDOHB predominantly is dictated by the 
HOMO density distribution of the JI electrons in die substrate 
aromatic ring which is in accordance with the electrophilic 
aromatic substitution mechanism proposed for this class of 
flavoenzymes (Entsch et aL, 1976a; Vervoort et aL, 1992; 
Massey, 1994). 

In conclusion, this paper demonstrates for the first tune 
that C2 hvdroxybtion by PHBH is feasible when the 
chemical properties of the substrate favor (or allow) i t To 
get more insight in the dynamic factors which determine the 
regiospecificity of the hydroxylation reaction, we are pres
ently aikhessing the imxie of bindir^ of fluormated substrate 
analogs by "FNMR. 
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Abbreviations and nomenclature 

0-value 

DOHB 

EFlox 

EFU 

EPR 

£ 

E(HOMO) 

FADHOH 

FADHOOH 

Fobs 

FrDOHB 

F4-POHB 

G 

HOMO 

/ 

1 

k 

neat 

fQ 

kOa 

Am 

nm 

NMR 

NO 

P 

PHBH 

pobA 

POHB 

R 

Rab proteins 

displacement of an atom from thermal motion, conformational disorder, 

and static lattice disorder 

dihydroxybenzoate 

oxidized flavoenzyme 

reduced flavoenzyme 

electron paramagnetic resonance 

molar absorption coefficient 

energy of the highest occupied molecular orbital 

flavin C(4a)-hydroxide 

flavin C(4a)-hydroperoxide 

fluorescence observed 

2,5,6-trifluoro-3,4-dihydroxybenzoate 

2,3,5,6-tetrafluoro-4-hydroxybenzoate 

Gauss 

highest occupied molecular orbital 

ionic strength 

inhibitor 

rate constant 

turnover rate 

dissociation constant 

kilodalton 

Michaelis constant 

nanometer 

nuclear magnetic resonance 

nitric oxide 

product 

p-hydroxybenzoate hydroxylase 

gene encoding p-hydroxybenzoate hydroxylase 

p-hydroxybenzoate 

correlation coefficient 

(diverse group of) mammalial GTPases involved in intracellular transport 
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R factor crystallographic refinement factor (degree of correspondence of 

calculated and observed amplitudes) 

RP reverse phase 

Rsym internal measure of the accuracy of a data set 

S substrate 

5-F-TeOHB 5-fluoro-2,3,4,6-tetrahydroxybenzoate 

6-F-TeOHB 6-fluoro-2,3,4,5-tetrahydroxybenzoate 

TOHB 3,4,5-trihydroxybenzoate 

2.6-F2-TOHB 2,6-difluoro-3,4,5-trihydroxybenzoate 

5,6-F2-TOHB 2,6-difluoro-2,3,4-trihydroxybenzoate 

Tris 2-amino-2-(hydroxymethyl)-1,3-propanediol 

QAE quaternary aminoethyl ion 
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Summary 

Enzymes, which utilize molecular oxygen either to hydroxylate or to break the benzene 

nucleus, are known as monooxygenases or dioxygenases, respectively. Monooxygenases mostly 

contain a small organic molecule (prosthetic group or cofactor) such as heme, flavin, pterin or a 

transition metal ion in their active site, for oxygen activation. The dioxygenases mostly contain a 

metal ion. 

This thesis focuses on parahydroxybenzoate hydroxylase (PHBH), a flavoprotein 

monooxygenase involved in the mineralization of aromatic compounds in soil microorganisms. 

These organic molecules may originate from environmental pollution but also from natural 

sources since they are liberated during the biodegradation of lignin, one of the principal 

components of wood. Thus, understanding the action of flavoprotein monooxygenases is of 

importance for the so-called process of agrification, including the development of processes that 

enable the use of agro materials as sources for energy and industrial productions. PHBH has 

become a model for flavoprotein monooxygenases since its crystal structure is known and many 

aspects of the catalytic mechanism have been unravelled by rapid reaction techniques. In this 

thesis, the structure-function relationship of PHBH was addressed by the study of site-directed 

mutants. 

Substrate binding 

PHBH from Pseudomonas fluorescens is rapidly inactivated by mercurial compounds and 

the inactivation is strongly inhibited in the presence of 4-hydroxybenzoate. However, each PHBH 

subunit contains five sulfhydryl groups and it was unclear which cysteine(s) are protected from 

mercuration by substrate binding. Therefore, we selectively changed all cysteines into serines by 

site-specific mutagenesis and studied the recombinant enzymes for their catalytic properties and 

thiol reactivity (Chapter 3). By this approach, it was clearly established that the cysteine residues 

of PHBH are not essential in catalysis and that Cys211 was the main target of modification by 

spin-labeled p-mercuribenzoate. Spinlabelling of Cys211 resulted in 100-fold impaired binding of 

the aromatic substrate, 4-hydroxybenzoate, but had no effect on fca. This suggests that the 

covalently bound spin label is located at or near the substrate binding site. Moreover, it raises 

the possibility that modification of Cys211 perturbs flavin motion (see Chapter 5 and 6). 

Substrate activation 

The phenolic moiety of 4-hydroxybenzoate interacts in PHBH with the side chain of Tyr201, 

which is close to the side chain of Tyr385. Selective Phe replacements clearly revealed the 
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important role of this hydrogen bond network in substrate activation (Chapter 4). Both tyrosines 

are needed for the (transient) deprotonation of the phenolic moiety of 4-hydroxybenzoate, which 

stimulates the electrophilic attack of the flavin C(4a)-hydroperoxide. From anaerobic reduction 

experiments with a series of substrate analogs, it was established that both tyrosines are also 

important for the effector specificity. 

In contrast to the wild-type enzyme, both Tyr->Phe mutants catalyzed the hydroxylation of 

the physiological product 3,4-dihydroxybenzoate to 3,4,5-trihydroxybenzoate. This showed that 

both tyrosines are also important for preventing the aromatic product from binding in the flipped 

orientation, i.e. with the C5 atom pointing towards the flavin ring. Together the results presented 

in Chapter 4 demonstrate that the tyrosine hydrogen bond network is important for substrate 

activation, for the effector specificity and for the regiospecificity of substrate hydroxylation. 

Moreover, the biocatalytic production of the anti-oxidant 3,4,5-trihydroxybenzoate (gallic acid) is 

of interest for the fine chemical industry. 

Flavin movement and proton channel 

In Chapter 5, the crystal structures of native PHBH complexed with the substrate 

analogues 4-aminobenzoate, 2,4-dihydroxybenzoate and 2-hydroxy-4-aminobenzoate, and the 

crystal structure of Y222A in complex with 2-hydroxy-4-aminobenzoate are described. These 

data revealed a new aspect of importance for the catalytic mechanism of PHBH. Binding of 

substrate analogues bearing a hydroxy! group at the 2-position leads to a displacement of the 

flavin ring outside the active site. From this it is proposed that FAD movement provides an 

entrance for the substrate to enter the active site and an exit for the product to leave. 

The crystallographic data also revealed that binding of 4-aminobenzoate derivatives 

induces the binding of a water molecule next to Tyr385. As a result, a continuous hydrogen 

bonding network is formed between the 4-amino group of the substrate analogs and the side 

chain of His72, located near the protein surface. During normal catalysis, such an extended 

hydrogen bonding network may function as a proton channel, assisting substrate activation. 

Substrate specificity 

In Chapter 6, the role of Tyr222 in the active site of PHBH was investigated. This tyrosine 

interacts with the carboxy moiety of the substrate. Replacement of Tyr222 by Ala resulted in 

inefficient hydroxylation of 4-hydroxybenzoate, due to impaired substrate binding. However, 

Y222A tightly interacted with 2,4-dihydroxybenzoate. From crystallographic data (Chapter 5) it is 

inferred that this is due to the movement of the flavin ring out of the active site. 

Y222A catalyzed the rather efficient hydroxylation of 2,4-dihydroxybenzoate to 

2,3,4-trihydroxybenzoate. This indicates that reduction of Y222A by NADPH stimulates the flavin 
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ring to occupy the interior position in the active site. Spectral studies suggested that oxidized 

Y222A binds 2-fluoro-4-hydroxybenzoate in the phenolate form. From this and the reduction 

properties of Y222A it is concluded that the effector specificity of PHBH is mainly dictated by the 

protein-substrate interactions at the re-side of the flavin ring (Chapter 5). Altogether, Chapter 6 

demonstrates that Tyr222 is crucial for the optimization of the substrate specificity of PHBH. 

Regiospeciftclty of hydroxylation 

Finally, in Chapter 7 it is shown that hydroxylation of tetrafluoro-4-hydroxybenzoate 

(F4-POHB) by PHBH and Y385F is not restricted to C3, but rather involves sequential 

oxygenation and dehalogenation steps. The hypothesis presented to explain this observation 

relates to the electron withdrawing capacity of the fluorine substituents at C2 and C6 decreasing 

the pKa of the 3-hydroxy moiety in the initially formed aromatic product (F3-DOHB), facilitating its 

deprotonation, which is required for the activation of the C2 and C6 centre for an electrophilic 

attack by the flavin C(4a)-hydroperoxide cofactor. 

The results of Chapter 7 also point at the perhaps unexpected mobility of the flavin 

C(4a)-hydroperoxide cofactor, able to reach not only the C3 position but clearly also able to 

interact with the C2 and C6 position of F4-POHB. This also implies that C5 hydroxylation of 

F3-DOHB should be possible. In wild-type PHBH, this hardly occurs due to a preferred orientation 

of FrDOHB in the active site. However, in Y385F hydroxylation at C5 is actually observed, 

confirming that Tyr385 is involved in the regiospecificity of hydroxylation (Chapter 4). 

Substrate burying 

In conclusion, this thesis shows that PHBH is highly optimized for its function by evolution. 

This optimization includes all residues involved in substrate binding and the dynamic movement 

of the flavin ring. Flavin movement opens the active site cavity to allow substrate binding and 

product release. The mobility of the flavin is also required for the efficient reduction of the 

enzyme by NADPH. Following reduction, the flavin swings back into the active site pocket in 

order to shield the hydroxylation site from solvent. The closure of the active site stabilizes the 

flavin C(4a)-hydroperoxide which becomes optimally oriented to allow efficient substrate attack. 

Substrate burying is a recurrent property of flavoenzymes with a PHBH fold. In cholesterol 

oxidase, glucose oxidase and D-amino acid oxidase, the embedding of substrates is achieved by 

movement of an active site lid. The recently determined structure of phenol hydroxylase from 

yeast suggests that flavin movement might be a common feature of flavoprotein aromatic 

hydroxylases. 
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Samenvatting 

Biochemie is de wetenschap die zich bezighoudt met de bestudering van biologische 

processen. In alle levende wezens spelen eiwitten een zeer belangrijke rol. Eiwitten zijn 

moieculen, die opgebouwd zijn uit aminozuren, waarvan er twintig bestaan. Door de 

aaneenschakeling van verschillende aminozuren, kunnen een oneindig aantal variaties in lengte 

en in samenstelling gemaakt worden. De code voor de volgorde van de specifieke aminozuren 

en de lengte van de aminozuurketen ligt opgeslagen in het DNA, de ertelijke informatie van elk 

organisme. De lineaire rangschikking van aminozuren in een polypeptideketen wordt de primaire 

structuur genoemd. Deze primaire structuur bepaalt de ruimtelijke structuur van een eiwit. Hierbij 

onderscheiden we de secundaire (o.a. a-helices en p-sheets), de tertiaire en quatemaire 

structuur. De ruimtelijke structuur van een polypeptideketen wordt aangeduid met de tertiaire 

structuur terwijl de assemblage van verschillende polypeptide ketens wordt aangeduid met de 

quatemaire structuur. Om de functie van een eiwit te kunnen begrijpen is het niet voldoende om 

de tertiaire structuur op te helderen. Ook inzicht In het dynamisch gedrag van aminozuren en 

liganden is noodzakelijk om het functioneren van het eiwit te leren begrijpen. 

Eiwitten die een chemische reactie katalyseren worden enzymen genoemd. Enzymen 

bevatten soms een cofactor (bv. FMN, FAD) en zijn in staat bepaalde omzettingen die onder 

normale omstandigheden niet of zeer langzaam veriopen, snel en efficient te laten plaatsvinden. 

In dit proefschrift wordt ingegaan op de relatie tussen de structuur en functie van 

p-hydroxybenzoate hydroxylase (PHBH) uit P. ftuorescens. Dit enzym is een flavine-afhankelijk 

monooxygenase dat voorkomt in bodem-microorganismen die betrokken zijn bij de aerobe 

afbraak van aromatische verbindingen. Aromaten komen van nature veel in de bodem voor door 

het rottingsproces van hout. Echter, door onzorgyuldig gebruik zijn met name in de eerste helft 

van deze eeuw ook veel recalcitrante niet-natuurlijke aromatische stoffen in de bodem 

terechtgekomen. Deze milieubelastende verbindingen worden langzaam maar zeker ook 

aangepakt door microorganismen omdat deze het vermogen bezitten de hiervoor geschikte 

enzymen aan te maken. In het kader van het milieu is het van belang om meer inzicht te 

verkrijgen in de precieze working van de enzymen die kunnen fungeren als biologische 

schoonmaakmiddelen. PHBH is als model gekozen om de biologische activering van zuurstof te 

bestuderen omdat de kristalstructuur en vele aspecten van het katalytische mechanisme van dit 

enzym bekend zijn. De structuur-functie relatie van PHBH is in dit proefschrift onderzocht aan de 

hand van plaatsgerichte aminozuur veranderingen. Het onderzoek is uitgevoerd binnen de 

Wageningse onderzoeksschool Milieuchemie en Toxicologie (M&T). 
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Inactivering van PHBH door aromatische kwikverbindingen kan sterk geremd worden door 

de aanwezigheid van het substraat 4-hydroxybenzoaat. In hoofdstuk 3 wordt aangetoond dat 

Cys211 verantwoordelijk is voor de kwikvergiftiging van het enzym waardoor het substraat geen 

toegang meer heef t tot het actieve centrum. 

Activering van 4-hydroxybenzoaat door middel van deprotonering van de phenolische 

groep is van essentieei belang voor de electrofiele aanval van het flavine C(4a)-hydroperoxide 

intermediair op het substraat. In hoofdstuk 4 blijkt dat deze activering wordt bewerkstelligd door 

een waterstofbrugnetwerk wat loopt van His72 aan de buitenkant van het enzym via Tyr385 naar 

Tyr201. Beide tyrosines zijn ook belangrijk voor de stimulering van de reductiesnelheid en voor 

de substraatspecificiteit. Door de verandering van een van de tyrosine residuen wordt de 

regiospecifieke binding van het aromatisch produkt opgeheven. Hierdoor wordt 

3,4-dihydroxybenzoaat verder omgezet tot cytotoxisch 3,4,5-trihydroxybenzoaat. Controversieel 

genoeg wordt deze verbinding ook toegepast als anti-oxidant. 

Tot voor kort werd algemeen aangenomen dat prosthetische groepen in enzymen star 

gebonden zijn. Echter, de mobiliteit van het flavine molecuul blijkt een zeer belangrijk nieuw 

aspect te zijn voor het katalytisch mechanisme van PHBH (hoofdstuk 5). In aanwezigheid van 

bepaalde substraatanalogen beweegt het flavine naar een positie buiten het actieve centrum. 

Deze mobiliteit is essentieei voor het toelaten van het substraat en het vrijkomen van het 

product. Verder is het zeer aannemelijk dat de mobiliteit van het flavine ook belangrijk is voor 

een efficiente reductie door NADPH. Deze laatste verbinding is een essentiele hulpstof 

(coenzym), waarvan onduidelijk is hoe het precies aan het enzym bindt. 

De substraatspecificiteit van PHBH wordt mede bepaald door Tyr222 (hoofdstuk 6). De 

mutant Y222A bindt 4-hydroxybenzoaat slecht omdat er een H-brug interactie verioren gaat met 

de carboxyl groep van het substraat. Het substraatanaloog 2,4-dihydroxybenzoaat daarentegen 

wordt zeer stevig gebonden door een extra interactie met de flavine cofactor die uit het actieve 

centrum beweegt. Dit laatste verhindert echter niet de omzetting van 2,4-dihydroxybenzoaat wat 

er op wijst dat in de gereduceerde toestand het flavine weer naar binnen klapt. Uit de studies 

met de Y222A mutant kan ook worden afgeleid dat Tyr222 niet belangrijk is voor de effector 

specificiteit, m.a.w. voor de manier waarop substraat binding de juiste confrontatie van flavine 

en NADPH reguleert. 

In hoofdstuk 7 is aangetoond dat hydroxylering van tetrafluoro-4-hydroxybenzoate 

(F4-POHB) door PHBH niet gelimiteerd is tot de C3 positie van de aromatische ring, maar dat er 

opeenvolgende oxygeneringsstappen en defluorineringsstappen kunnen plaatsvinden. De unieke 

C2 hydroxylering wordt toegeschreven aan de reaktiviteit van het initieel gevormde produkt 

(F3-DOHB) en de mobiliteit van het flavine hydroperoxide. Verder bevestigt de C5 hydroxylering 
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van FrDOHB door mutant Y385F dat Tyr385 betrokken is bij de regiospecificiteit van 

hydroxylering (zie hoofdstuk 4). 

Concluderend kan gesteld worden, dat PHBH geoptimaliseerd is voor zijn f unctie tijdens de 

evolutie. Deze optimalisatie geldt voor alle aminozuren die betrokken zijn bij de substraatbinding 

en de beweeglijkheid van de flavine ring. Het naar buiten gaan van de flavine opent net actieve 

centrum waardoor het substraat naar binnen kan. Na enzymreductie (op een nog onbekende 

plaats) beweegt de flavine naar binnen om de hydroxyleringsplaats af te sluiten voor 

oplosmiddel. Hierdoor wordt het flavine hydroperoxide gepositioneerd en gestabiliseerd, wat 

efficiente hydroxylering mogelijk maakt. Na reoxidatie van het flavine gaat het actieve centrum 

weer open en het produkt wordt uitgewisseld voor een nieuw substraatmolecuul. 

Het afschermen van het substraat is een eigenschap die gedeeld wordt door andere 

flavoproteinen met een soortgelijke domein structuur als PHBH. Echter, bij deze enzymen zorgt 

het eiwit zelf voor het dichtgaan van het actieve centrum. De recentelijk opgehelderde 

kristalstructuur van phenol hydroxylase suggereert dat flavine beweeglijkheid een typische 

eigenschap is van aromatische hydroxylases. 
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