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Stellingen

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

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

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

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

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

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

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

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

tot een onderzoeksvraag.

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

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

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

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

1.1  General introduction

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

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

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

- flavin-dependent catalysis

- heme-dependent catalysis

- metal cluster-dependent catalysis

- pyridoxal phosphate-depandent catalysis

- quincid cofactor-dependent catalysis

- nicotinamide-dependent catalysis

- blotin-dependent catalysis

- thiamine pyrophosphate-dependent catalysis

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

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

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

0" O
Figure 1.  Reaction catalysed by PHBH

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

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

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

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

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

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

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

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

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

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

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

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

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

Introduction

21 Flavosnzymes

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

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

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

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

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

Category Examples Charactoristics

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

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

substrates

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

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

hydroquinone forms

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

Heme-containing flavocytochrome b2 contains heme as an extra redox

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

Metal containing xanthine oxidase bound transition state metal ions

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

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

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

PHBH
+ NADPH+ H'+ O ———»= + NADP*+ H0

Figuwe 2. Reaction catalyzed by PHEBH

2.2.2 Proteln structura

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

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




Figure 3.  Ribtbon structura of PHBH

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

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

Residues 176-290; the subsirate binding domain,

Residues 291-3%4: the interface domain.

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

10
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223 Struciure and function

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

2 m2
1

Figure 4.  Stereoview of the substrate binding site of PHBH

1
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2.2.4 Catalytic mechanism

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

Raductive haif reaction

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

EFly + S - RFloyS )

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

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

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

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

Oxidative half-reaction

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

EFleqH -S + O - EFIHOO -S 3

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

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

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

EFIHOOH-S : - - EFIHOH-P )

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

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

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

product (Schopfer et al., 1997).
g
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Schemne 1. Catalytic cycle of lavoprotein aromatic hydroxylases.

14




introduction

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

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

EFIHOH-P - EFloy + P + HO 6)

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

2.2.5 Reactivity with haloaromatic compounds

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

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

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

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

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

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

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

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

Indroduction

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

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

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

crysiallographic
" 1991). Mmfmmhmldmmmdmexphinwm
Schreuder

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

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

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

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

The oligonucleotides
TCCGACTACATC-3' (Cys1528en), 5-COCCGACTCCGAT-
GGCTTC-3' (Cys1388er), 5'-CGCCCTGTCCAGCCAGCG-3
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(Cys2t18er) and 5'-CGGCAATCTCCCTGCGGCG-3'
(Cys3328er) were used as primers for the construction of muziants,
All mutations were introduced into the Escherichic coli gene
encoding muteat Cyz116Ser (Eschrich er at., 1990). The catalytic
properties and the crystal structure of this mutant are identical
to wiki-ype (Bschrich er al, 1990). All mutations were
confirmed by nucleotide sequencing according to Sanger er al.
o7,
Emw-epudﬁmm

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

Audydmlnuhods

Standard activity measurements were at 25°C in 100

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

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

1993). mhydmyhmeﬁmmyofmmlmuiuwns

ammdﬁ«noxywmmnmmemum et

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

proteins by spin-labeled
ot pH 7.0, esscatially

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

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

Resuits

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

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

'mmmtusmmlmum eurapolsied to infinite

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

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

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

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

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

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

Electron spin resonance specira

The EPR of the mutants  CysiS2Ser,

spin-labeled

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




C1528 C1588

Spla ool i
(mol/iuol PAD)

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

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

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

For experimental details see footnote 10 Table I

Properties of spin-labeled musans proteins

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

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

Chapter 3

Thiol reactivity of p-hydronybemmate bydruxylase

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

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

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

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

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

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

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

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

Acknowledgemenis

Wemmnammmmhag discussion, This research was
the

Boyer,P.D. (1954) J. Am. Chem. Soc., 76, 4331 —4337
Ditarco,AA., Averhoff,B.A., Kim,E.E. end Ornston,L.N. (1993 Gene, 125,
25~33
Emtoch,B., Nan,Y., Weaich,K. and SootK.E, (1988) Gene, 71, 279—291,
Entwh,B., Palfey,B.A., Ballou,D.P. end Masscy,V. (1991) J, Biol. Chem., 266,
17341 1T,
Eschrich,K., vos Berkel, W.J.H., Westphal A.F., Do Kok,A., Matievi,A.,
Obookova,G., Kalk K H. arsl Fiol,W.GL. (1990) FEBS Lett., 277, 197— 199,
Pucheich ., mum_r . De Kok, A. and van Beckel, W 1H. (1993) Ear.
7. Biockem , 206, 137 146.
HowellL.G., Spector,T. and Mazwy V. (1972) . Biol. Chemn., 47, 4340—4350.
lncelynl’c (1967) Meshods Exgpmol., 143, 44—67.
T.A., Roberts,1.D. and Zakowr,R.A. ¢1987) Meshods Engymal., 154,
m-m.
Millor,F. amd vors Berkel, W.LH. {1962) Eur. J. Biochen., 118, 2027,
Mélllec.F., Voardouw,G., vam Berkel, W.J.H., Siceonis,P.J., Visser,S, and van
Roollen.P. (1979) Eir. J. Biockem., 101, 235244,
Swnger,F., Nicklen. 5. and Coulson, A . (1977 Proc. Nad Aeod Sci. USA, 74,
5467

Schreuder,H.A., Prick,P., Wierenga,R.K., Vriend, G., Wilkon X 5., Hol,W.G.J.
aod Dreath,f. (1989) J. Mol. Bol., 208, 679896,

Schrouder,H.A., v der Lum .M., Hol,W.G.J. amd Dresth,). {1981) In
Miller,F. (2d.), Chemisry and Bochemistry of Flavoerzymes. CRC Press,
Boca Raton, FL, Vaol. 2, pp. 31-64.

Stwman,B. and Dix,T.A. (1993} /. Blol Chem., 248, 1705717062

Stander,R.Y. and Omston,L.N. (1973) Adv. Microb. Physiol,, 9, 89—151.

van Berkel W.F.H. and Miillec,F. (1987) Ewr. J. Blochem., 167, 3546,

van Berkel, W.1LH. and Milller,F. (1989) Sur. J. Bochem., 179, 307 -314.

van Berkel, W.JH. and Midler,F. (1991) in Miiller,F. (cd.}, Chemistry and
MJW.CRCPB, Boca Raton, FL, Vdl. 2, pp.

mh‘H.WJ.H unW.I Milor,F., Jekel,P.A. and Belniama 1.5 (1984)
Eur. J. Biochen., 145, 245—256.

van Berkel, W.5.H,, Miiller,F., Jekel P.A. WaquJ s:hmdeA and
Wioeoga,R.K. (1985 Exr. J, Biockan., 176, 449

van Berkei,W.J.H., Wesiphal A.H., BEschrich. K., wunu and De
Kok,A. (1992) Ear. J. Blochem,, 219, 411-319.

26

van, der Laap J.M., Sware, M.B.A., CGroendik,H., Hol,W.GJ. and Dremh I,
(1980 Bur. J, Biochem., 179, 715-TH.

Weijer,W.1., Hofeengo,J,, Veseijken, M., Jekel,P.A. and Beinecren,).J. (1982)
Biodlim. 4, 385-388.

‘Beintoma, .. Wiereaga,&.K. and Drevah . (1983)

Wiereags. R.K... chou.M Kalk,X.H.. Fiol,W.G.1. and DrenshJ, (1979) J.
Mol, Bok., 131, 55

ZII?.A., V@l.HJ. m(l Robilland,G.T. (1979) Eur J, Bloches., 96,

-463.
Received November 15, 1993; revived Jonmary 27, 1994: acoepted March 4, 1994




Chapter 4

Role of Tyr201 and Tyr385 in substrate activation by p-hydroxybenzoate
hydroxylase from Pseudomonas fluoreacens

Ktaus Eschrich, Frank J.T. van der Bolt, Arie de Kok
and Willem J.H. van Berkel

Eur. J. Biochem. 216: 137-146 (1993)

27




Euor. 1. Biochem. 276, 137— 146 (1993)
© FEBS 1993

Chapter 4

Role of Tyr201 and Tyr385 in substrate activation
by p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens

Kimus ESCHRICH, Frank 1. T. ven der BOLT, Aric de KOK and Willem 1. H. van BERKEL
Department of Biochemmistry, Agricultural University, Wageningen, The Netherlunds

{(Received March 16/May 25, 1993) — EIB 93 03882

‘The crystal structere of the enzyme-substrate complex of p-hydroxybenzoate hydroxylase from

Pseudomonas flucrescens shows that the hydrexyl group of 4-hydroxybenzoate interacts with the
side chaln of Tyr201, which is in close contact with the side chain of Tyr385. The role of this
hydrogen bonding netwark in substrate activation was studied by kinctic 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 ing
mutant proteins of p-hydroxybenzoate hydroxylase from P aeruginosa [Entsch, B., Palfey, B. A,
Ballou, D. P. & Massey, V. (1991) J. Biol. Chem. 266, 17341 —17349), Enzyme Tyr201—Phe has
a high K, for NADPH and produces only 5% of 3,4-dihydroxybenzoste/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 tumover rate is only
2% of wild type. Despite rather efficient hydroxylation, and deviating from the description of the
corresponding £ aeruginosa enzyme, mutant Tyr385-3Phe prefers the binding of the phenalic 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 diffeventially stinpulates the stabilization of the 4a-
hydrepesoxyflavin intermediate. Unlike wild type, both Tyr mutants produce 3,4,5-trihydroxyben-
zoate from 3,4-dihydroxybenzoate. The affinity of enzyme Tyr201—Phe for the dianionic substrate
2.3,5,6-tetrafluoro-4-hydroxybenzoste is very low, probably because of repulsion of the substrate

_phenclate in a more nonpolar microenvircnment, :

In contrast to data reposted for p-hydroxybenzoate hydroxylase from P. aeruginasa, 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 phenclate form of the inhibitor. In enzyme Tyr385—
Phe, the phenolic pK, of bound 4-hydroxycinnamate is increased with respect to wild type. It is

proposed that Tyz385  + is involved in substrate activation by facilitating the deprotonation of
Tyr201.

p-Hydroxybenzoate hydroxylase is the paradigm of the
class of flavoprotein aromatic hydroxylases (Van Berke! and
Miiller, 1991}, The enzyme catalyzes the conversion of 4-
hydroxybenzoate to 3.4-dihydroxybenzoate, an intermediate
step in the degradation of aromatic compounds in soil bacte-
ria (Stanier and Omston, 1973). For p-hydroxybenzoate hy-
droxylase from Pseudomonas fluorescens, high-resolution
crystal structures of the enzyme-substrate, enzyme-product
end reduced enzyme-subsirate complex are available
{(Schreuder et al., 1991). The highly similar genes encoding

Correspondence to W, J. H. van Betkel, Depariment of Bio-
chemistry, Agricultural University, Dreyenlsan 3, NL-6703 HA Wa-
geningen, The Netherlands

Enzymes. p-Hydrosybenzoate hydroxylase {EC 1.14.13.2); cata-
lase, hydrogen-peroxide oxidoreductase (EC 1.11.1.6}; glucose oxi-
dase, f-D-glucose:oxygen 1-oxidoreductase (EC 1.1.3.4); glucose-
G-phosphate dehydrogenase, D-glucose-G-phosphate;NADP 1-oxi-
doreductase (EC 1.1.1.49).

p-hydroxybeazoate hydroxylase from £ aeruginosa (Entsch
et af?%&) and P. fluorescens (Van Berkel et al., 1992) have
been cloned and expressed in Escherichia coli and the prop-
erties of & set of mutated enzymes are known (Eschrich et
al., 1990; Entsch et al., 19912, b; Van Berke] et al., 1992).
Like most other flavopiotein aromatic hydroxylases, p-
hydroxybenzoste hydroxylase shows a rather narrow sob-
strate specificity (Husnin et al., 1980). Scheme 1 shows the
reaction cycle, as deduced from stopped-flow techniques
{Entsch et al., 1976; Entsch and Ballou, 1989). The substrate
acts also as an effector, strongly stimulating the rate of flavin
reduction by NADPH (Hosokawa and Stanier, 1966). After
NADP* release, the reduced enzyme-substrate compiex re-
acts with molecular oxygen forming a labile covalent 4a-
hydroperoxyflevin adduct. This intermediate then attacks the
substrate under formation of 4a-hydroxyflavin and product.
Finatty, the 4a-hydroxyflavin is rapidly dehydrated and prod-
uct is released. The exact mechanism of hydroxylation re-
mains o be elucidated (Merényi et al,, 1991; Entsch et al.,
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Scheme 1. Reaction cycle of p-hydroxybenzoate hydroxylase,

FADH" = reduced flavin (adenine dinucieotide). FADHOOH = re-

duced da-hydroperoxyflavin. FADHOH = reduced 4o-hydroxy-

flavin,

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

ic 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). Swudies of Arg214-mutated
enzymes have shown that this salt bridge is essential for tight
bmdnngmﬂooﬂectoﬁmtmonofthemuueby
increasing the stabilization of the transient 42-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 (Schrender et al,, 1990),
Chemical modification of either one or both of these tyrosine
residues abolishes the effinity of the enzyme for 4-hydroxy-
benzoate (Wijnands et al., 1986). Rapid reaction studies on
‘Tyr—»Phe mutants from P. aeruginosas (Entsch et al., 1991b)
bave confirmed an carficr proposal (Van Berke! and Milller,
1989 that Tyr201 activates the substrate for efficient hydrox-
ylation. Forthermore, it was shown that both mutations
demmethemeofenzymredmon.%hmdmnbe
the catalytic and binding properties of Tyr201—»Phe and
Tyr385—Phe mutated p-hydroxybenzoale hydroxylase
from P. flnorescens. As expected from the strongly conserved
amino acid (Entsch et al., 1988), the catalytic
properties of these mutants are highly cnmpmble with those
of the 22 aeruginosa Tyr—Phe mutant proteins. From binding
studies, we present here a refined working hypothesis for
the role of Tyr2(1 and Tyr385 in substrate activation. Same
preliminary results have been reported elsewhere (Westphal
et al., 1991).

MATERIALS AND METHODS
General

Restriction endonucleases, DNA polymerase 1 (Klenow
fragment) and T4-DNA ligase were from Bethesda Research

Laboratories. Universal M13 sequencing primer, dNTPs,
2' ¥ -dideoxy-nucleoside 5' lnphnnphates (ddN'I'P}, caif in-
testinal phosphatase, glucose oxidase (grade II), glucose-6-
phosphate dehydrogenase from Leuconostoc mesenteroides,
glucose G-phosphate, NADPH and dithiothreitol were all
products of Boehringer. [a-"FAATP (3000 Ci/mol) was ob-
tained from New England Nuclear. Oligonucleotides for mu-
tagenesis were prepared nsing an Applwd Biosystems DNA
synthesizer. Mcs, Hepes, Hepps and Cibacron-blue-3GA—
agarose (type 3000-CL) were from Sigma. QAE-Sepharose
fast-flow was from Phanmacia/l.XB,

4-Hydroxybenzoate and substratc analogues were pur-
chaged from Aldrich. 4-Hydroxyci 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).

Mutsagenesis

E. coli TG2 (pAWA4S5), containing the gene
hydroxybenzoate hydroxylase from P. ﬁuomsms. has been
described elsowhers (Van Berkel et al., 1992). Site-directed
mutagenesis, using E. cofi RZ1032 for generation of uracit-
comaining single-stranded DNA, was performed in the bacte-
riophage M13mp18 according to the method of Kunkel et al.

(1987).
igonucleotides 5CGAACTGATCITCGCCAAC-
CATC (Tyr201—5Phe) and 5"-COGAGAACTTTIGTCGGCC-
TG (Tyr385-3Phe) were used for the construction of mutants.
Both mutations were introduced into the E. coli gene encod-
ing the microheterogeneity-resistant Cys116—Ser mutant en-
zyme (Eschrich et al., 1990; Van Berkel et al., 1992). The
mumons were confirmed by nucleotide sequencing using
the M13 dideoxy-chain-termination method of Sanger et al,
{1977).
Mutated p-hyt droxybenzoau hydroxylase genes were ex-
pressed in ransformed E. coli TG2 grown in 6-1 batches of
medium containing 75 ng/ml ampicillin at
37°C with vigorous acration (Westphal and de Kok, 1988).
Mutated enzymes were purified from E. coli TG2, essen-
tially as described (Van Berkel ct al., 1982). The expression
and yicld of the enzymes Tyr201—Phe and Tyr385-»Phe is
comparable to wild-type and enzyme Cys116—Ser. For con-
venience, and in view of identical catalytic properties (Esch-
rich et al., 1990), enzyme Cyst16—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 (100X 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 Bruker AMX
500-MHz spectrometer. Samples were dissolved in deuter-
ated dimethylsulfoxide.

4-Hydmxycmnmmc acid was parified befare use by pre-
parative HPLC using a Llchrcmorb 10 RP-18 (250X 9 mm)
column. In each runm, 10mg 4-hydroxycinnamic acid was .
purified isocratically using a mixture of 25% methanol and
1% acetic acid. The flow rate was 2 mb/min and 5-ml frac-
tions were collected. Purified 4-hydroxycinnamic acid eluted
on analytical HPLC as a single symmetrical peak and con-




tained more than 98% of the rrans-isomer as evidenced by
'H-NMR.

Absorption spectra were recorded at 25°C on an auto-
mated Aminco DW-2000 spectrophotometer. Enzyme con-
cenlrations were determined specuophotomemeallyusmg
molar absorption coefficient £, = 10.2 mM~* cm™* for pro-
tein-bound FAD (Van Berkel et al., 1992).

p-Hydmxybelmwe hydroxylase activity was roatinely

ly at 340 nm by measuring the
ondmon of NADPH in 100 mM Tris/sulfatz pH 8.0 and
25°C (Milller et al., 1979). Steady-siate kinetics were per-
formed at 25°C in air-scaturated 100 mM Tris/sulfate pH 8.0
of 50 mM potassium phosphate, pH 7.0, 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 efficicncy of the mutated
cazymes in the above-mentioned mixiures was estimated
from oxygen consumption experiments using 0.2mM
NADPH and 1 mM of aromatic substrate (s), performed
cither in the absence or presence of 150 unils catalase
(Entsch ct al., 1976). Pmductaua!yms,mngaNADHl-m

generating system, was done by cither analytical HPLC

(Entsch et al., 1991b) or recording sbsorption spectrs (Hu-
sain et &l., 1980).

Rnpnd -reaction kinetics were carried out using a temper-
ature-controlled High-Tech Scientific SP-51 spectrophotome-
ter {dead time, 1.3 ms). The instrument was interfaced 1o an
IBM microcomputer for data acquisition and analysis, using
software from High-Tech Scientific Inc. All experiments
were performed anserobically at 15°C in 50 mM potassium
phosphate pH 7.0, containing 0.5 mM EDTA, essentially as
described (Entsch et al., 1976; Husain and Massey, 1979). In
favin reduction experiments, 25 units glucose oxidase and
20 mM glucose were added in order to achieve optimal an-
serobiogis. Flavin reduction-was monitored at 450 nm, either
in the absence or presence of saturating concentretions of

and varying concentrations of NADPH.
Second-order rate constants and dissociation constants were
determnined from nonlinear least-square analysis (Van Berkel
et al., 1992). In flavin reoxidation experiments, protein-
boundFADwasanwohcallytechwedbyusmallemessuf
sodium dithionite (Entsch et al., 1976).

Fluorescence-cmission spectra were recorded on an auto-

maled Aminco SPF-500C spectrofluorimeter, Dissociation
of enzyme/ligand complexes were determined fluo-
nmelncall at pH 7.0, essentinlty as reported cartier (Van
ButelandMﬂller 1989). Binding studies as a function of
pH were performed in 40 mM Mes (pH 5--7), 40 mM Hepes
{pH 7—8) and 40 mM Hepps (pH 8—9). Buffers were ad-
justed to 50 mM ionic streagth 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
opr(Shounetal 1979). The [ength of the (wo-compant-
ment cell used was 0.875 cm. The jornization staie of en-
zyme-buund 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 3.0. De-
protonation of enzyme-bound 4-hydroxycinnamate was mon-
itored either at 353 nm (enzyme Cys116—Ser) or 370 nm
{enzyme Tyr385—Phe) using an LKB Ulrospec 1II spectro-
photometer. All messurements were corrected for the
increase in absorption of samples titrated in the absence of
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Table 1, Dissociation censiaats of some complexes between mu-
tant p-hydroxybenzonte hydrexylase amd bemzomte

Dissocistion constants were determined at 25°C in 50 mM potes-
sium phosphaie pH 7.0 by flucrimetric titration experiments, essen-
tially as described (Van Berkel et al., 1992). The fivorescence
quantum vield (Q) s expressed relative to that of fiee enzywme
(100%). Q was determined relative to free FAD.

Ligand Dissociation constant (fluorescence
quanium yield) of the complex

Cystié—  Tyr201—  TyrdB5-
Ser Phe Phe
@=06 (@=073) (@=072)

UM (%)
Benzoate 156 (33) 20 (19) 34 (60)
4-Hydroxybenzoate 30 (20) 3300 11 (20)
4-Amincbenzoate 16 (9) 6(16)  35(14)
4-Fluorobenzonte 120 (3%) 28(18) 44 (52)
24-Dihydroxybenzoate 89 (11) 813 28(12)

34-Dihydroxybenzoste 284 (10) B45(18)  150(12)
2,3,5,6-Tetrafluoro-4-
hydroxybenzome 300 (42) 2550(14) 250 (42)

enzyme and for dilution. All data from binding studies were
evaluated by a singular-value-dwompwuon—hmd analys:s
algorithm using the PORTRAN Numerical

routine package (Press et al., 1986) of KALEJDAGRA.PH
(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 restmble that of wild type (Van Beckel and
Milfler, 1989), indicating that the mutations cause no major

changes. For enzyme Tyr385—Phe from P. cerugi-
nose it was reporied that the crystal structure of the enzyme-
substrate complex is the same as for wild type (Bntsch: et al.,
1991b),

In the oxidized state, binding of benzoale analogues re-
sults in quenching of the ﬂwmofpmmu-hwnd FAD,
‘This property was used for the estimation of the dissociation
constants of the enzyme-benzoate ligand complexes. Thble 1
shows that the affinity &r4—hydrmybenzoale1snmmmgly
influenced by the mutations. Most benzoaie analogues tested
ineract 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
showsamoredivagentbmdmgbdmvmur 'I‘heumapo!ar

benzoate and 4-flnorobenzoate strongly interact
w:r.ht!us 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 wi]d
type. The results obtained with the tetrafluoro compound
{phenolic pK,, free in solution = 5.3) indicate that the interac-
tion of the phenoiate form of subsirates with the introduced
phenylalanine side chain of enzyme Tyr20H—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 M) and the fluorescence
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mzmmﬂmmﬂm-
p-lmirw hydeexylase from P finorescens. All ex-
were performed at 25°C in sir-saturated 50 mM potassium
phnspbana pH70 or 100mM Tris/sulfate pH 8.0, contsining
0.5 mM EDTA, 10 pM FAD. Tumover aumbers (k) are maximum
values ex 10 infinite concentrations of 4-hydroxybenzoate
and NADPH. For other detnils see Materials and methods. BzOH,
4-hydroxybenzoate. Product, 3.4-dihydroxybenzoate.

Enzyme pH  Product ke K.
NADPH B=zOH
% 5! M
Cysl16-25er 70 100 37 73 20
80 100 55 50 25
TV2015Phe 70 5 25 0 30
80 5 65 1300 55
Tyt385-3Phe 70 75 0.6 18 B
80 78 09 15 15
quantum Yyield of the enzyme-NADPH complexes are in the

same range as found for wild type (Wijnands et al., 1984).
This is not unexpectad because the adencsine 2',5'-bisphos-
phate moiety of the 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 tumover of
the wild-type enzyme (Van Berkel and Miiller, 1989), the
turnover rate of enzyme Tyr201—Phe is about 10% of that
of wild-type and the K., for NADPH is relatively high
{Teble 2). The turnover rate of enzyme Tyr201—Fhe is much
higher than the value reported for the corresponding enzyme
from P. aeruginosa. For the Tyr-»Phe mutants from £ aeru-
ginosa, however, no maximal rates and K., values were esti-
mated (Entsch et al., 1991b). Table 2 also shows that X, for
NADPH for enzyme Tyt201—FPhe is more pH dependent
than for wild type (see also below). Replacement of Tyr201
with Phe decreases the efficiency of hydroxylation. With this
mutant, &hydroxybenzoate mainly acts as an effector and
only 5% of the product 3.4-dihydroxybeazoate is formed/
catalytic cycle (Table 2).

The rnover rate of enzyme Tyr385—Phe is only 2% of
wild type (Table 2). In contrast 0 enzyme Tyr201—Phe, for
this mutant X, for NADPH is somewhat decreased as com-
pared to wild type. With enzyme Tyr385-3Phe, relatively ef-
ficient hydroxyletion occurs and abowt 75% of 3,4-dihy-
droxybenzoate is produced/catalytic cycle. The values for hy-
droxylation are in good agreement with those reported for
tll;ag?gnespunding enzymes from P. aeruginosa (Entsch et al.,

).

Under NADPH-regenerating conditions, enzyme Tyr
385—Phe from P. @eruginosa catalyzes the conversion of the
product of the physiological reaction, 3.4-dihydroxybenzoate
to the cytotoxic 3.4,5-trihydroxybenzoate {(Emtsch et al.,
1991b). We have studied the reaction of the Tyr mutants from
P. fluorescens with 3,4-ditrydroxybenzoate in somewhat more
detail. Bspecially at high pH values, 3,4-dihydroxybenzoate
is a relatively good effector for enzyme Tyr383-—Phe
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draxyiase from P fluorsscens with 34-tihydroxybenznate, Al

experiments were petfomedatli"Cmmmnmdbnlfmmn-

taining 0.3 mM NADPH asd | mM 3A-dihydroxybenzoate. For

buffers used see Materials and methods. Relative activity of enzyme

Cy!ii.s—bSu(O) . enzyme Tyr201-»Phe (A) and enzyme Tyr385—
(@),

Talle 3. Effector of rwinwt hy-

specificity p-Rydroxybenzonte
droxyluse from F. fivorescersy. All experiments were performed a2
15°C in 50 mM potassiom phosphate, pH 7.0. Flavin reduction was
monitored a1 430 nm by convemtional or stopped-flow
specimscopy, either in the sbsence or pressnce of saturnting concen-
trations of effector and varying concentrations of NADPH. Rate con-

sianis snd dissociation constants were determined from now-linear
least-square analysis as described (Van Berkel et al., 1992).
Effector Reduction raie (K, NADPH) of the
complex
Cys116— Ty201—  Tyr3B5-s
Ser Phe Phe
5~1 (mM)
Nobe 0.003 (0.26) 0.1 (0.62) D.01 (0.81)
4-Hydroxybenzoate 122 (0.25) 34 (0.87) 053 (0.16)
24-Dihydroxybenzoate  0.61 (0.06)  0.03 (0.42) 0.12 (0.15)
34-Dihydroxybenzonte 33 (075) 1.1 (1.70) 0.33 (0.03)
4-Amincbenzoate 003040 1.0(4.0) 002 (2.0)
4-Fluorobenzonte D0 (1.50) 0.6 (0.21) 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-sPhe partially hydroxylates 34-
dihydroxybenzoate, vieiding 3.4,5-trihydroxybenzoate as a
product. The efficiency of hydroxylation is relatively low and
only slightly dependent on pH. Oxygen-consumption experi-
meats, performed cither in the absence or presence of cats-
lase, showed that abom 20% of 3.4 S-Inhydroxybuwmle is
pmdm:ed}cmnlym cycle. This value is in full agreement with

reported for the corresponding P aerugifiosa enzyme.
Hydmxylatmn of 3,4-dihydroxybenzoate is also catalyzed by
enzyme Tyr201—Fhe. 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 constanis for 3,4
dihydroxybenzoate and NADPH {cf. Table 1 and Table 3).
The percemage of hydroxylation is rather low and vasies be-
tween 5% and 15%. These values, however, are significantly




higher than observed for wild type (<C1%). This implies that
with both Tyr mutants, and in contrast to wild type (Entsch
et al., 1976), binding of 3.4-dihydroxybenzoate induces the
stabilization of the 4a-hydroperoxyflavin iniermediate. The
above results also show that 3.4-dihydroxybenzoate can be-
come orientated in budl'lyrmmnw in such a way that hy-
droxylation at the 5’-position is feasible, The X-ray straciurc
of the enzyme-product complex indicates that in the wild-
type enzyme the orientational freedom of the product is re-
mcmdbyhydmpnbmdmgofﬂw?—hydmylgwofﬂw

with the carbony! oxygen of Pro292 (Schreuder et
al,, 1989).

p-Hydroxybenzoate hydronylase shows a narrow effector
specificity (Spector and Massey, 1972). Except for the physi-
ological substrate, only flucrinated 4-hydroxybenzoate deriv-
atives strongly stimulate the rate of enzyme reduction (Hu-
sain ct al., 1980). The potential substrate p-aminobenzoate is
very slowly hy(hmylmd by the wild-type enzyme because
flavin reduction is rate-limiting (Emsch et al 1976). This
points to a direct role of Tyr201 and/or Tyr385 mthereguh
nonofumcﬁecmmﬁgifly WGMWW x
wr wild lype mutants by

spmﬁ%g:pﬂhﬁ reduction experiments in the absence and
preseace of some suhsirate analogs. Binding of 4-hydroxy-
benzoate stimulates the rate of reduction of ecnzymes
Tyr201—Phe and Tyr385—>Phe by NADPH to a much
smaller degree than observed with wnldtype('l‘able3)md1n
accordance with data reported for the corvesponding
from P aeruginosa (Enmch et al.,, 1991b). Reduc:lon of en-
zyme Tyr385—Phe is rab-llmning in overall catalysis (cf.
Table 2). The mate of reduction of em.ym'lyrlm—»m'm
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 atill 40 times
faster. The apparent K, for NADPH for the temary complex
of enzyme Tyr201—Phe is relatively high and in accordance
with the high K, for NADPH obtained from steady-state ki-
netics. It should be noted here that the apparent X, for
NADPH reflects the ratio of k., and k. for NADPH in the
enzyme-subsirste complex. As noted above, fluorescence
quenching studies indicate that the affinity for NADPH is not
changed in mutant Tyr201 —Fhe. 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 appareat K, for NADPH.

Stabilization of the 4a-hydroperoxyflavin intermediate is
essential for the efficlent hydroxylation of substrates. This
stabilization is strongly influenced by the type of substrate/
effector present in the active site (Entech et al., 1976; Entsch
and Ballou, 1989). In order to probe the effect of the mo-
tations on the stabilization of the 4a-hydreperoxyflavin, the
reaction of oxygen with the reduced enzymes was studied in
the presence of the non-hydroxylatable effector 4-fluoroben-
zoate. NMR studies with [*CJFAD-enriched apopratein have
shown that this ligand induces electronic apd 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-hydroperoxyflevin is observed. Table 4 shows that oxi-
dized flavin is fonmed with rates comparable to wiid type. In
the presence of 4-fluorobenzoate, a rapid increase of absorp-
tion at 390 nm is followed by a much slower monophasic
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wm&n:mmmmcw
oxyflavin in mwiant p-Eydroxybenzoate hydroxylose from B

5. Dithionite-reduced enzymes wore mined with oxygen-
ated buffer a1 15°C, pH 7.0, cither in the sbeence or presence of
1 mM 4-Ruorobenzoate. For further experimental details see Materi-
sls and Methods. For explanation of symbols see Scheme 1.

Bazyme k ks
M-t s §!
Cys116-38er 26X 10° -
Complex 15%10° 2
Tyr201-+Phe 24X10° -
Complex 25X 108 14
Tyr385—Phe 23X10° -
Camplox 20x 1P 13

increase at 430 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 Tyr2(1—Phe, the transicnt oxygenated flavin is sta-
bifized considerably. For enzyme Tyr385—Phe, the stabiliza-
tion of the 4a-hydroperoxyflavin is comparable to wiid 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-pasition of the substrate do not
strongly influence the micropolarity near the Aavin ring. The
different lifetimes of the 4a-hydroperoxyflavin intermediate
in the 4 ﬂumubenzonle—complex enzymes suggest, how-
ever, that small variations in the clectronic structure of the
flavin are induced,

Binding studies

For p-hydroxybenzcate hydroxylase from P desmolytica
(Shoun ¢t 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 slectrophilic attack of the 4a-hydroperoxyflavin
(Husain et al.,, 1980; Vervoort et al., 1992). For the P. fluo-
rescens enzyme, Tyr201 was postulated io possess a lowered
pK., thereby facilitating the activation of the substraie (Van
Berkel ardd Miiller, 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 the dissoci-
ation constant of the wild-type enzyme-substrate complex is
hardly pH-dependent in the pH range 5.5—8.5 (Van Berkel
and Milller, 1989) and assuming a maximum value of
16mM~* cm~* for the molar difference absorption coeffi-
cient of the phenolye form of bound substrate at 290 nm
(Shoun et 8l., 1979), a pK, 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 Tyr3B5—Fhe from P, aeruginosa preferential bind-
ing of the phenolate form of substrate was reporied but no
data were presented (Entsch et al.,, 199tb). The present re-
sults indicate that both tyrosines are important for the optimal
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Fig.2. Absscption differesce spectra observed upon binding of
1o mutant hydroxylase

Trom P. fluorescens. Both cuvettes contained 1.0 ml 20 uM enzyme
in one compartment and 1.0 ml 200 pM J-hydroxybenzoate in the
5o bulfer in the other companment. The temperaties was 25°C.
For buffers used see Materials and methodds, Before mixing the solu-
tions in the two compartments of the sample cell, a baseline was
recorded, From botbom 1o top: difference spectrum of enzyme Cys-
116—DSerlpHﬁB.pH72.pH7.ﬁ pH 8.0 and pH 8.4, respectively.
The inset shows the molar absorption difference at 290 nm as a
function of pH: enzyme Cysi16—8er (O): enzyme Tyr201—Phe
(A); enzyme Tyr385—Phe (9).

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 aeginosa was ob-
tained from binding studies with the inhibitor 4-hydroxycin-
namate (Entsch et al, 1991b). It was rcported that at
pH values above pH 7.5, wild type and enzyme Tyr385—Phe
predominantly bind the phenolate form of ihe inhibitor
whereas enzyme Tyr201—Phe only binds the pheaolic form.
For all three enzymes, binding of 4-hydroxycinnamate was
described by simple binary complex formation, yielding
dissociation constants ranging over 100—200 gM. For the 2
fluorescens enzymes, binding of 4-hydroxycinnamate does
not follow simple 1:1 binding. Fig.3A shows that at
pH values below 7, titration of wild-type enzyme mitiaily
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-hydroxycinnemate are indepen-
dent of the enzyme concentration (using 210 uM enzyme)
excluding possible FAD dissociation. Fig. 3A also shows
that, in contrast (o the free enzyme (Van Berkel and Mitller,
1989), the Nuorescence 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
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changes. This is followed by a fuorescence dectease at
higher concentrations of the inhibitor. At pH values above 7,
addition of low concentrations of the inhibitor immediately
multsmamngdmnmofﬂavmﬂumm'lhebmd
ing data of wild-type enzyme fit well, assmmng binding of
4-hydroxycinnamate at two independent sites:
AF, ] + (AFy IR )
Kop + 0+ (TFK)

where F. is the experimental flsorescence observed, [1] the
concentration of the inhibitor and 4F,, AF,, K, and Kp
mprmmdnﬂummemwmydnngsmddimm
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, sbove pH 7.2, data of the wild-
type enzyme can also be fitted assuming simple binary com-
plex foomation. The much higher variation in dissocidtion
constants and correlation coefficicats, however, strongly sug-
gess that above pH 7.2 secondary binding
conclusion is supported by fuorescence 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
followed by & decrease at higher concentrations of the inbibi-
tor (Fig. 3C, E). In contrast io 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
Eqnﬂ).valuesofabotltSOpMaudm;uMareobuinedfor
the dissociation constants of the high-affinity and low-affin-
ity sites, respectively (Fig, 3D, F). For both mutants, the
dissocistion constant for the high-affinity site is only :Ilgh:ly

pH dependent.

Over ihe entire pH interval and for all threeenzymes.
secondary binding of the inhibitor results in quenching of
flavin fluorescence. Filting the fluorescence data of Fig. 3
according to Bgn (1} yields values of F, ranging over 5—
10% for the fluorescence quantem yield of the ternary en-
zyme-inhibitor complexes. For the high-affinity site, how-
ever, replacement of Tyr201 or Tyr3g5 for Phe feads fo
changes in the fluorescence guantum yield of the enzyme-
inhibitor complex. For enzyme Tyr201—Phe, the fluores-
vence quantum Yyield of the complex is ncarly pH indepen-
dent (Fig. 4). In contrast, the flucrescence 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 Miller,
1989):

Fu=F+ (1)

qu Flin
= +
Fam GHD +1  ((HYK) +1

yielding an apparent pK, value of 6.5 for the optimal fit (R =
0.998) where F,., = 298% ad F.. = 27% of the flavin
fluorescence of the free enzyme. For enzyme Tyrig5—
Phe (Fig. 4), the fluorescence quantum yicld of the complex
only gradually decreases with increasing pH. When treating
the data of enzyme Tyr385—Phe according to Eqn (2), a less
optimat fit (R = 0.992) is obtained, yielding an apparcnt pK.
value of 6.9 with F.,, =212% and F__ = 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 flusrescence properties of mutant p-hydroxybenzoate hydroxylase upon titration with 4-hyd
2 M enzyme was tivmied with 4-hydroxycinnamate at 25°C. Flavin fluorescence was monitored at 525 nim with excitstion set at 450 nm,
The fluocescence quantum yield of the free enzymes is given a value of 100%. mmwmmmmmnn;a;dhhw-

affinity siwes, uubuhwdmrd:ngwﬁln(umpbmduammﬁmufmmwmmmmw
Materials and methods, (A) Humm trmonofmynuCysllﬁ—rs«upHS.S(O).pHﬁ.J{l).pHM[A).pHGNA).pI-!N(D}

and pH 8.0 (.) (B)Pﬂdepan the dissociation constant of the complex between cnzyms Cysil and 4-hydroxycinnamate:
km-afﬁnityme(.) (C} Fluorescence titration of enzyme Tyr201—Phe at pH 5.6 (O), pH 6.5 (@), pH 7.1 (A)
andeBﬂ(A) (D) pH Dependence of the dissociation constant of the complex between enzyme Tyr201—Fhe and 4-hydroxycinaamate:

high-affinity site (O) and Iow-ufﬁmty sue (.). (E) Fluorescence tiustion of enzyme Tyr385—Phe at pH 5.6 (O0), pH 6.5 (@), pH 7.1 {A)
and pH 3.0 (A). (F) pH dependence of 1he dissociation constam of the complex between enzyme Tyc385—Phe and 4-hydroxycinnamate:
high-affinity site {O) and low-affivity sitc (®). )

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
4 (Entsch et al., 1991b). As alrcady noted above, for the P,
aeruginosa enzymes, however, secondary binding of the in-
] hibitor was not taken into acconnt.
r The ionization staie of bound 4-hydroxycinnamate was
studied in more detail by recording absorption spectra as a
h fuection of pH. Fig. 5A shows that titration of wild-type en-
4 zyme with 4-hydroxycinnamate results in large pH-depen-
dent absorption changes around 350 nm. Over the entire
pH interval, the data of Fig. SA At well, assunting simple
binary complex fonmation. By treating the data in this way,
Fig 4. The pil of the el of the dissociation constant of the wild-type enzyme—~4-hydro-
dependence orescenice quantum yl xycinnamate complex is only slighly pH-dependent and var-
,hwmmm,‘:"g Wm%mf ies from 156 uM a1 pH 6.4 to 80 uM at pH 8.0. The maxi-
and 4-hydroxycinnamste. uorescence mum difference ahsorption coefficient at 353 nm is about
the binary complexes between cazyme and 4hydroxyclnnamate, 23mM~' cm™' and an apparent pK, value of 6.9 for the ion-

using the data from Fig, 3 and as weated according to Eqn (1). The =2 © h e
quanum ;‘,’wm of the free enzymes :;ggm?: valve of  ization of bound 4-hydroxycinnamate is estimated (Fig, 5C).

flucrescence .
100%. Enzymt. Cys116—Ser (O), enzyme Tyr20t—Phe (x) and The above results are in close agreement with the come-
enzyme Tyr385—Phe (@). sponding values reported for the P, aeruginosa wild-type en-
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Fig.5. pH-dependent proporties of mulant

20 M zazyme was tirsted with

or 370 nm (enzyme Tyx385—Phe). For buffers used and other x|
Cys116—8er at pH 6.0 (O),

enzyme

molar absorption from A aod B werc ¢

pH: cnzyme Cys11635er (O), enzyme Tyr335-3Phe (@),

zyme (Entsch et al,, 1991b). In contrast to the fluorescence
titration experiments, the absorption data do not yicld infor-
mation shout secondary binding of the inhibitor. This might
axplain the variation in the pK. values and dissocistion con-
stants as detived from both technigues.

Despile ight binding {cf. Fig. 3D), over the entire experi-
wental pH interval, fiiration of enzyme Tyr201—Phe with 4-
hydroxycinnzmate docs not result in significant absorption
changes around 350 nm. This is in full accord with data re-
ported for the comesponding enzyme from P. aernginosa
(Emtsch et al, 1991b), and clearly shows that enz
Tyr201—Phe only binds the phenolic form of the inhibitor.

For enzyme Tyr385—Fhe from P asruginoza (Entach ct
al., 1951b) it was reported that binding of the phenolate form

of 4-hydroxycinnametc is similar to wrld type, cxcept that
at high pH values hmdmg is with much lower
ahsorption changes. When enzyme Tyrd85—Phe from P

Sfluorescens 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. 5B shows the absorption
changes at 370nmasaﬁmclmuopr Again the binding
data fit well, assuming simple binary complex formaticn, and
yield dissociation constants varying between 47 aM (pH 6.1)
and 105 pM (pH 8.2). Interestingly, the derived maximum
absorption coefficients (Fig. 5C) are much more pH-depea-
dent when compared to the corresponding values reperted for
the P. seruginosa enzyme (Entsch et al., 1991b). An appareat
pK, value of 7.6 is calculated from the experimental data with
a maximum difference absorption coefficient of de,,. =

hydroxylase upon titratlen with

p-hydroxybenzoate
ycinaamate at 25°C. The increase io shsomtion was monitared st 353 pm (enzyme Cys116—Ser)

details see Materials and methods. {A} Tiration of cuz

experimental
pH 6.4 (03), pH 6.9 (©), pH 7.2 (X), pH 7.45 (+), pH 7.75 (A), pH 8.0 (@) and pH 2.25 (W), (B) m’?f
Tyr385—Phe at pH 6.1 (Q), pH 6.75 (0), pH 7.0 {C). pHL 7.25 (%), pH 7.5 (+), pHTT(A)-PH?N.)mde&Z (M) (C) The
differences obtained xtrapolased to infinite ntration and plotted

4-hydroxycinnamale conce against

16.8 mM~' cm™' at 370 nm. The above results show that the
electronic propertics of bound 4-hydroxycinnamate are infla- -
enced by the polarity of the microenvironment around the 4-

hydroxyl group.

DISCUSSION

Hydroxylation of substituted aromatic compounts by the
flavin-dependent aromatic hydroxylases is a highly sophiati-
cated process. Efficient hydroxylation of substrates is depen-
dent on () 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 (¢) the muoteal 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 achicved by
independently acting subunits (Van Berkel and Mdller,
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 nos-redox protein, cru-
cial for coupling the oxidation of NADH to substrate hydrox-
ylation (Amnachalam et al., 1992).

A further high level of control over the substrate specific-
ity is introduced by the effector specificuy The extremely
siow reduction of 4-amino exed wild-type en-
zyme is indicative of the fine tuning of the effector specific-
ity of p-hydroxybenzoate hydroxylase (Entsch ex al., 1976).
The stimulatory effect of substrate binding on the rate of
enzyme teduction is most probably due to alterations in the
mutual orientation of the flavin and the pyridine ring of




NADPH (van Berke] and Miller, 1991). The positioning of
the nicotinamide ring is presumably direcied by the confor-
mation of the active-site loop, residues 291298
(Sdmuder et al., 1991). This active-site loop is slm'ply bent
and in close contact with the hydrogen network
about the 4-hydroxyl group of the subsirats (Schreuder et
al., 1989).11wresulmpwaenwdmduspapm'slmwhtany
pexturbation of this hydrogen bonding network influsnces the
effector specificity. In this respect it is interesting to note
that the amiro acid sequence of the active-site loop and its
counected secondary structure elements (f-strand D3 and o-
helix H10) is conserved to a large extent in other FAD-de-
pendent external aromatic hydroxylases, sequenced so far
(Kilin 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-
meats which show that, in the reduced state, both p-hydroxy-
benzoate hydroxylase and salicylate hydroxylase cary a
negative charge a flavin Nt (Vervoort et al., 1991), For p-
hyckoxybeum hydroxylase it was suggeated that the in-
teraction between flavin N1 and the microdipole of a-helix
HlOispmhablyalsoemﬁalfmeﬂimmw&wmuofﬂw
enzyme-snhsirate complex (Miller et al., 1983).

In contrast with published data (Entsch et al., 1991b),
both Tyr-+Phe muiants are capable of hydroxylation of the
product 3, 4-diydroxybenzoate. This suggests more rofa-
tional fresdom for the product in these enzymes than in wild
type. This points o a weaker interaction of the 30H group
of the with the carbony! oxygen of Pro293
(Schreuder et al., 1989), possibly via some change in confor-
mation of the active-site loop. The formation of 3,4.5-triky-
droxybenzoate implics that, in contrast to wild-type (Entsch
et al,, 1976}, binding of 3.4-dihydroxybenzoate to the Tyr
mutents induces some stabilization of the da-hydroperoxy-
flavin intermediate. NMR studies that such a stabili-
zation is dictated by the electronegativity of the C (4a) atom
in the inermediate which again is dependent on the micropo-
lerity andfor 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-
aic state (Fusain et al,, 1980; Vervoort et al,, 1992), We

agree with Bntsch et al. (1991b) that Tyr21 activates the
suhwale (Van Berkel and Miller, 1989) by facilitating the
deprotonation of the 4”-hydroxyl group. From the observed
siabilization of the 4a-hydroperoxyflavin in enzyme Tyr
201—Phe (Entsch ct al, 1991b) it might be expected that
dianionic substrates are potential substrates for this mutant
The present binding stodies with 2,3,5,6-tetrafluoro-4-hydro-
xybenzoate however indicate that introduction of a more hy-
ic tesidue at position 201 highly disfavors the in-
teraction with the phenolate form of substrates. Enzyme Tyr-
385—+Phe rather siowly 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, Tye385 is essential for Jowering the pK, of the 4-OH
group of Tyr20t (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 Tyr20t
presumably is taken up by a water molecule, Jocated at the
substrate binding site.

Although providing indirect evidence, the imporiant role
of Tyr385 in the activation of the substrate is supported by
the binding studies with the inhibitor 4-hydroxycinmamate,

?
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Scheme 2. Hypothetical scheme for the (de)protesstion mal’
the active gite of B) Free

hydroxylase. (A,
enzyme; (C. D} enzyme 4-hydroxybenzoate complex.

With enzyme Tyr385-3Phe, 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-hydroxyphenylecetate (Van Berkel et al., 1992).
Morcover, from crystallographic data (Schreuder et al.,
1991), tight binding of the inhibitor is not expected because
of steric constraints, Wild-type enzyme preferentially hinds
the phenolate form of 4-hydroxycinnamate. This indicates
that in the enzyme-inhibitor complex, the hydrogea bonding
network formed by both tyrosines is highly conserved. We
therefore conclude that the side chain of Arg2i4, 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 bend. Modeling
studies (H. Schrender, personal communication) suggest that
the puanidiniom group of Arg214 shonld move about
0.15 nm for proper binding of the inhibitor.

Binding of 4-hydroxycinnamate to wild-type and mutant
enzymes is acoompnmed by variable pH-dependent changes
in flavin fluorescence. These changes are most simply ex-
platned 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 reporied to be
due to an effect in the oxidative half-reaction (Husain et al
1980). Additional information from other
isothermal titration calorimetry (Freire ot al., 1990), lmght
shed some more light on this poorly understood phenome-
noit.

We thank By 1. Vervoon for performing the NMR experiments
and Mrc J. Boeren for help in preparative HPEC. This work was
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Crystal Structures of Wild-Type p—Hydroxybenzoate Hydroxylase Complexed with

4-Aminobenzoate, 2,4-Dihydroxybenzoate, and 2-Hydroxy-4-aminobenzoate and of

the Tyr222Ala Mutant Complexed with 2-Hydroxy-4-aminobenzoate. Evidence for
a Proton Channel and a New Binding Mode of the Flavin Ring'
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Frank J. T. van der Bolt and Willem J. H. van Berkel
Department of Biochemistry, Agricultural University, Dreyenlaan 3, 6703 HA Wageningen, The Netherlands
Received Marck 25, 1994; Revised Monuscript Received June |5, 1994%

ABSTRACT: The crystal structures of wild-type p-hydmxybenzoate hydroxylase from Pseudomonas
Jluorescens, complexed with the substrate analogues 4-aminobenzoate, 2,4-dihydroxybenzoate, and 2-hydroxy-
4-aminobenzoate have been determined at 2.3-, 2.5-, and 2.8-A resolnum,mpecﬁvdy In addition, the
crystal structure of a Tyr222Ala mutant, complexed wnLh 2-hydroxy-4-aminobenzoate, hes been determined
at 2.7-A resolution. The structures have been refined to R factors between 14.5% and 15.8% for data
between B.0 A and the high-resolution limit. The differences between these complexes and the wild-typs
enzyme~substrate complex are all concentrated in the active site region. Binding of substrate analogues
bearing a 4-2mino group (4-aminobenzoate and 2-hydroxy-4-amincbenzoate) 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. [t is likely that this
hydrogen-bonding network is transiently present during normal catalysis, where it may or may not function
#5a proton channel assisting the deprotonation of the 4-hydroxyl group of the normal substrate upon binding
to the active site. Binding of substrate analogucs bearing a hydroxyl group at the 2-position (2,4-
dibydroxybenzoate and 2-hydroxy-4-aminobenzoate) leads Lo 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 cntrance for the substrate to enter the active site and an exit for the product to leave.

The Ravoprotein p-hydroxybenzoate hydroxylase {EC
1.14.13.2) catalyzes the conversion of the substrate p-
hydroxybenzoate (4-hydroxybenzoats) into the product 3,4-
dihydroxybenzoate with help of NADPH aad molecular
oxygen. It is first step of the S-keto adipic acid pathway by
which certain soil bacterie are able 1o degrade and utilize
hydroxytated aromatic compounds such as p-hydroxybenznate.
These compounds are liborated during the biodegradation of
lignin, one of the principle componenis of wood.

‘The reaction mechnnmmofp—hydrwbenuuhydmuyhse.
a6 deduced by Entsch and co-workers using

spectroscopic techniques (Eatsch et al,, l976). ndepmedm
Figure 1. Itisa multistep reaction involving three subetrates,
4-hydroxybenzoate, NADPH, and molecular oxygen, and
three products, 3,4-dihydroxybenzoate, NADP*, nnd watsr.
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Science Building, SM-20Schoo! of Medicine, University of Washington,
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Abstract published in Advance ACS Abstracts, August 1, 1994,

it is remarkable that a single polypeplide of 43 kDa
{p-hydroxybenzoate hydroxylase occurs in solution as 2
homodimer, but its active sites are independent) is able to
perform three different reactions: (i) the reduction of FAD
by NADPH to form FADH-, (ii) the reaction of FADH- with
molecular oxygen to form the Ravin 4a-hydroperoxide, and
(iii) the hydroxylation of the substrate by the flavin 4a-
hydroperoxide to form the product 3,4-dihydroxybenzoate.
In addition, the activity of this enzyme is tightly regulated,
Reduction of the enzyme in the absence of substrate leads to
the production of potentially harmful hydrogen peroxide
(Spector & Maszey, 1972) and the wasie of NADPH
equivalents, Theseeoventsdonotoccur because, under normal
conditions, the cnzyme is only reduced by NADPH when the
substrate is present (Hosain & Massey, 1979).

More than 20 years of research on p-hydroxybenzoate
hydroxylase have yielded detailed i¢ information
on every step of the ceaction (Entsch et al., 1976) and have
revealed many other aspects of the reaction such 28 the
stercochemistry of the reduction reaction (Manstein et al.,
1986) and the fact that the substrate binds to the active site
as a phenolate anion (Shoun ct al., 1979; Entsch et al., [991;
Eschrich et al,, 1993). Crystallographic studies of reduced
and oxidized forms of the enzyme—substrate complex and of
theenzyme-product complex {Wicrenga et al.,, 1979; Schren-
deretal., 1988a, 1989, 1992) have reveajed detailed structural
information on some key intermediates of the reaction cycle
and allowed molecular modeling of the flavin 4a-hydroperoxide

0006-2960/94/0433-10161504.50/0 @ 1994 American Chemica! Society
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3 and a Mavin 42-hydroxide termedi-
ate. The breaks down into 8 whier and

intermediate and the hydroxylation reaction (Schreuder et
al,, 19380, 1990). In addition, van der Laan et al. (1989a)
reported a crystal structureof p-|

in which the FAD molecule has been replaced by an ADPR
molecule. The latter complex was obtained by crystallizing
nalive p-hydroxybenzoate hydroxylase in the presence of
ADPR. The apparently casy replacement of bound FAD by
ADPR indicaind that the flavin ring itself does not contribute
strongly to the binding of the FAD molecule,

Despite a plethora of spectroscopic, biachemicsl, and
structural data, many questions are still unanswered. These
questions include the intevaction of NADPH with
benzvate hydroxylasc fsoo van Berkol ct al. (1988)], the

Influences the reactivity of the flavin and the vacious reactants
in order to achicve oplimal overall catalytic efficiency.
Thecloning of the pob A gene (encoding p-hydroxybenzoate
hydroxylase) of Psewdomonas aeruginosa (Entschetal, 1988),
followed by the cloning of this gene from
Sfluorescens (van Berkel ct al, 1992), and recently from
Acinetobacter calcoaceticus (DiMarco et al., 1993), opened
theway toaddress these questions by site-directed mutagenesis.
Mutations of Tyr20] and Tyr385 showed their role in the
activation of the substrate 4-hydroxybenzoate toward hy-
droxylation (Entsch et al., 1991; Eschrich et al., [993; Lah
etal., (994). 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 loca) structural
changesinthe protein (Lah et al,, 1994). Mutationsof residues
that are involved in binding the carboxylate group of the
substrate such as Arg214 (van Berkel et al., 1992) and Tyr222
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(van Beritel ctal,, 1993) showed that these residues are essential
for cfficient hydroxylation, presumably because they Bmit
the rotational freedom of the substrate.

Here we describe the crystal stroctures of the Tyr2224le
mutant complexed with the subsirate analogue 2-hydroay-
4-aminobenzoate and, in addition, crystal structures of wild-
type cazyme complexed with 4-lmobmmls, 2.4-d|hr
dmxybema!e.andz
ofthzlrultyndcduhof‘l‘ymzﬁmthmdtehm
Tyr222Ala mutant led to surprisingly small changes in the
crystal structure, while introduction of a single hydroxyl groop

* at the 2-position in substrate analogues lod unexpectedly to

an alternative position of the fiavin ring which is completely

differeqt from its norma! 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
ADPR as cheerved by vas des Laanctal, (1989b). Changing

the 4-hydroxyl group of the substrate to a 4-amino group in

substrate analogucs led to binding of an extra water molecule

next to Tyr385, resulting in & coatinmous hydroges-bonding

network between the 4-amino groap of thesubstrate analogue

and His72,

EXPERIMENTAL PROCEDURES

Preparation of the Enzymes. The Cys}16Ser mutant
{Bachrich ct al., 1990) was wacd az “wild-type”, in order to
prevent problems with the crystallization ascribed to the
oxidation of the cysteine at this position (van der Laan et al.,
1989h; van Borkel & Miiller, 1987). The position of residue
116 is far awey from the active site, and its mutation docs not
influence any of the catalytic propertics of the cnzyme. Sito-
specific mutagenesis was performed sccording to the method
of Kankel et al,, (1987), esseatiaily as described clsowhere
{van Borkel et al., 1992). The dligonucieotide GCOGC-
TACGCCGTACAGGTGC was used for the construction of
the mutant Tyr222Al. The Tyr222Als mutation, made in
the gene bearing the Cys | 16Ser mutation, was confirmed by
nucleotide suquencing using the M1 3 dideoxy-chain-termina-
tion method (Sanger et al., 1977). Mutant proteine were
cxpressed in transformed Escherichia coli TG2 and parified
at pH 8 (van Berkel ct al.,, 1992). The expression and yicld
of mutant Tyr222Ala is in the same range as found for wild-
type (Eschrich et al., 1990; van Berkel et al,, 1992).

Crystallization. Crystals of “wild-type” enzyme with 2,4-
dihydroxybenzoate and 4-amisobenzoate were obtained by
soaking crystals of the complex,
grown by the fres interface liquid-Hquid diffusion technigue
{Drenth et al., 1975; van der Laan et al,, 1989b), for 4 days
in mother liquor containing 38% saturated ammoniwum sulfate,
0.1 M potassium phosphate buffer (pH 7.5), 0.04 mM FAD,
0.3 mM EDTA, and 20 mM 24-dihydroxybenzoate or
4-aminobenzoate instead of the normal substrate 4-hydroxy-
benzoate.

Crystale of “wild-type" enzymeand the Tyr222Ala mutant,
both complened with the substrate analogue 2-hydroxy-4-
aminobenzoate, were obtained using the hanging drop method.
The protsin solution contained 10 mg/mL enzyme in 10 mM
potassium phosphate buffer (pH 7.5). The reservoir solution
contained 50% saturated ammoniom sulfate, 0.04 mM FAD,
0.30 mM EDTA, 2 mM substrate anslogue, 20 mM sodium
sulfitc-and 0.1 M potassium phosphats butfer (pH 7.5). Drops
of 2 uL. of protein solution and 2 xL of reservoir solution were
allowed to equilibrate at 4 °C against ! mL of reservoir
solution. Crystals with dimensions of up 10 0.2 X 0.3 X 0.4
mm?® grew within 7 days. It was not possible toobtain crystals




p-Hydroxybenzoate Hydroxylase Crystal Structures

Table 1: Data Collsction ond Refinement Statistics

WI't  WIh 2hdmey Zhysen-
+ .|
B 4amino- 24-dihydroay- 4-amies-  4-smiso-

code 4AB 24DOB 204AB Y2224
cell dimensions (A)

a 720 723 722 722

[ 146.6 1462 1463 146.5

c 86.7 £95.0 k88 BB.4
unique reflections 144340 15242 11352 11 648
resclution 23 25 23 27
R (%) 41 19 o8 B.6

(%) 618 913 96.8 B1.8

siarting model POHB 204AB POHB 204AB
initiad R factor 192 24 0.5 19.7
Gl R lacsor (%) 156 153 4.5 14.8
water 267 203 208 23
rms bood Jengths (R)  0.009 0.009 0.009 0.009
rust bond amgles ¢ .50 .53 1.57 1.56
weerage B Inctors (A7)

‘protsis 274 5.0 215 26

Ravin ring 0.1 168 15.3 18.2

subsienic ansiogn: 149 2.1 93 187

2 Cys) 16Ser "wild-type™. 4 [t shozld be moted thal the 4AB data sct,
although it extends ty higher resalution, comtains less reflections than the
24DOB datn set, owing to ite lower completomess, The 4AD data set is
90% complets t0 3.3 A, but drops toward hi
resalutivn. I the resolution shel] between 2.5 and 2.3 A, 40.0% of the
reflectipas have been observed, and 1he shell between 2.36 and 2.30
 31.6% comgplete. * p-Hydrory atraie jex (Scheeud
et al., 1989).

of the Tyr222A)a mutant in the pressnce of the normal
substraie. This may be due to the weak affinity (K3 = 1300
#M; van Berkel et al., 1993) of this mutant for the normat
substrate 4-hydroxybenzoate. The 2-hydroxy-4-aminoben-
zoate molecule binds much tighter (X3 = 20 £M), and its
complex could be crystallized.

Data Collection. Data of the crystals of wild-type with
2,4-tihydroxybenzoate and 4-aminobenzeate were collected
with & FAST television area detector (Encaf Nonius, Delft,
The Netherlands) mounted on an Blliot rotating anode
generator, aperating at 45 kV and 75 mA equipped with a
graphite monochromator. Madness software (Messerschmidt
& Pllugrath, 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 thecrystals of wild-type enzyme and the Tyr222Ala mutant
compiered with 2-hydroxy-4-aminobenzoate were collected
using a multiwire area detector (Siemens, Analytical Instru-
ments, Inc., Madizon, W1} mounied on a Siemens rotating
anade generator, operating at 45 kV and 100 mA, equipped
with a graphite monochromator. Data were processed with
the XDS package (Kabsch, 1988). Data callection statistics
are given in Table 1. The crystals obtained by liquid-Jiquid
diffusion were of better quality (larger and witha 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
iatter 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 .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 swdcter Bngh 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 while still allowing some

twisting or bending of the Mlavin ring.

The cell dimensians of the crystals listed in Tabde 1 deviate
less than 1% from each other and from the wild-type crystals
(celtdimensionsa=71.5A,5= 1458 A, c = 88.2 A; Schreuder
ctal,, 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 fractiona| coordinates and subsequently converted
back to orthoganal 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 1. The error in protein geometry
introduced by this method is of the same order as the rms
deviation of the bond lengths and is guickly corrected during
the first cycie 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 czll
dimensions as mentioned above. Refinement wasstarted with
manual inspection of unweighted 2F, — £, and F, - F, maps
based on the corrected starting model in order ta obtain a
clear view of the differences between the new crysial 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 cnergy minimization and
temperature factor refinement using XPLOR (Bringer, 1992).
Thestructures of “wild-type” with 2,4-dihydroxybenzoate and
the Tyr222Ala mutast complexed with 2-hydroxy-4-ami-
nobenzoate were refined using two macrocycles of map
inspection and refinement. Here the structurs of “wild-type”
complexed with 2-hydroxy-4-aminobenzoate was used as the
starting model. The ast three structures mentioned all have
an alternative binding mode for the flavin ring. The finat
statistics are listed in Table 1.

Superpositions. Prior to analysis, al! four structures
discussed in this paper wers supcrimposed onte the 1.9-A
structure of the enzyme—substrate complex (Schreuder et al.,
1989} using the algorithm of Kabsch (1976). Only Caatoms
were used for the superposition. In order to asses the
theoretical contacts of the 2-hydroxyl group of the 2,4-
diltydraxybenzoate molecule with the flavin ring occupying
the standard, well-known “in™ position (see Results and
Discussion), we measured thedistance between the 2-hydroxyl
group of the substrate unalogue in the enzyme—2 4-diby-
droxybenzoate complex and the flavin ring in the superimposed
enzyme—substratecomplex. Wedid not correct formovements
of the protein to adapt to the substrate analogue, 20 the
distances thus obtained do not represent the real situation but
indicate the magnitude of rearranpements necessary to
accommodate the substrate analogue.
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4ABM4OB Tyn201

His72

Fiouns 2: Sirwclure of ibe d-aminobenzoate complex. For clarity, caly the flavin, the substrate (analogue), and the residues involvod in the

bydrogen-honding network are shown. Abbrevistions: 40B, 4-hyd
40, The residues shown {His72, Tyr201, Tyr385, the flavin, the

te; 4AB, 4-aminobenzeate. (A) F, - F. omit me cantoused at
and both water molecules} ware from the map

uhhhm(B)Suwmmdmemmdmummbmuumﬂu(wud 1989) amd the 4-aminobénzoate
The the 4-aminobenzoal

bstrate complex is drawn with apen bonda,

complex.
te complex with solid bomds. Circles indicate bound water

molccules. Two water molecules are shown. W1 neat (o His?72 is preseat both in the 4-hydroxybeazoate and in the 4-aminobenzoate complex,

bt W2 next 1o Tyr3BS s only presest in the
N4 of the substrate analogue and the ND1 of Hie72.

RESULTS

The highly refined 1.9-A starting structure (Schreuder et
., 1989) resulted in well-refined structures of the p-

hydmxybmmu hydroxylase complexes presented here. Table .

1 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 {15-16%) arc excellent, Only two residues
(Argé4 and Aspl4d) have 4, ¢ angles outsids the allowed
regions. Even AlaB0, which deviates in the 1.9-A native
structure, is within allowed regions in the present structures.

Superpasition of the various complexes with the wild-type
enzyme-substrate complex shows that the overali folding did
not change in any of the structures, The rms deviations for
all 391 C= atoms present in our structures varies from 0.15
A for the 4-aminobenzoate complex to 025 A for the
Tyr222Ala mutant. The average B factors as listed in Table
1 da 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 A? for the flavin ring, and 15.7 A?
for the substrate).

4-Aminoberzoate Complex. Aunalysis of the electron
density maps of the “wild-type™4-aminobenzoate complex
indicated only a few but very clear differences between the
4-aminobenzoate complex and the 4-hydroxybenzoate com-
plex. Thesedifferencesinvolve the hydrogen-bonding network
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4-aminobenzoate complex, giving rise to a continwous hydrogen-bonding network between the

Table 2: Lengths of the Hydrogen Bonds Involved in
-Bonding Network around Tyrwl and 1’yr385 In Vasions

Hydrogen-]
Crystal Structures of p-Hydroxybenzoate H
Tougth of hydm.su boud (A) for complon®
hydrogen boad POHB XDOB 4AB 20MAB YI22A
Q4/NP-0H Tyr201 27 30 it 3l 3.3
OH Tyr201-OH Tyt385 23 2.5 29 26 27
OH Tyr285-wW 28 28 31
W2-Wi 30 3.0 29
Wi-ND1 His72 25 2.7 28 26 26

“Sec Table 1 for the codes of the differont p-hydroxybenzoats
hydmylnlewmpbxea *mrurlhed-h}d_lwybmum‘jd-ﬁhy-

&mnobeswtemalmh ‘Wl wnlunmlemlenmehH.WI.
wmmolecnlemmTerSS(mFing)

of the 4-amino and 4-hydroxyl group of the subsirate
{analogue) and, respectively, the active site tyrosines 201 and
385 (sce Figure 2 and Teble 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 O—OH hydrogen bond. it should, however, be noted
that in the 2,4-dihydroxybenzoate complex a rather long
hydrogen bord of 3.0 A is present between the O4 of the
substrate apalogue 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 the structures of the enzyme—substrate

The is drawa with the 4—d ibenzoat with solid
mmhmm wa i opnbomh,thmﬂiﬁm te complex

molecales, Broken lines
the OH of Tyr222 (3.0 A). The flavin does not occupy its normal “is” potition in the 2.4-dilydroxy
{black circles) ocoupy mmmmly N3, and O4 of the flavin

30° into the cleft to the active site, Three water

leading
whea it is in the “in" position. For clarity
der Waals distanes

molccules
claity, only a thin slice of the stracture is shown. As a result, the side

complex {Schreuder et al., 1989) and the z.d-dihydmyh:m!eemplu
a Circles indjcuts bound water

mmmmmormmm(ul)m
benzoate complex but bas rotated about

Argdd, which runs at van

behind the flavin in the “out™ conformation, is only visible from the CD onward,

Tabls 3: Contacts {d < 3.5 A) between the Flavin Ring and the Protein or Subsirate (Analogue)®

proicin atom in complex
flavin atam 4AD 24D0B 204AB Y2A

N1 {34) N Gly298 (3.3) Watl72 (3.3) Wati72 (3.0} Wa1209
{(3.1) N Leu299 {3.4) Watl36
{3.2) War230

c2 {34) 0 Aln296 (3.4) Watl87 (3.2) Wat209
(34) N Len209

02 (3.1} O Ala29%6 (.1) Watl2 {3.4) CB Alad$ {3.4) CB Ak4s
(2.9} N Leu29d {3.1) Wari82 (3.1) Wat18? (2.9) Wat29
(3.5) CA Leu29% {2.9) Wat186 {3.2) War202 {3.2) Wat222
{3.3) CB Leu293 (3.0) Wal06 {3.5) Wa224
{3.1) N Azn300
(3.1) ND2 Am300

N3 (3.0) O Val47 {2.8) 02 DOB (2.9) 02 HABS (3.0) Oz HAW
(34) 0 Ala29%

o2 {3.5) CB AladS

04 (3.2) N Glydé (3.9 OH Tyriz2 (3.4) OH Tyr222
(3.2} N valar

CéA (1.5) CA AlndS
(3.5} CB Alnd5

C3A (33)CD Argdd

Cé (3.5) CD Arg¢4 (3.4 CD Arg¥4

[+ ] (3.4) NH1 Arg44 (3.2) Waulll

C8M (3.3) Wat6? (3.4) Waili2 (34) Watl2l

(3.1) Watl 2l
o9 (1.2) Argt4 (2.8) Wat12L
(3.3) Watl15
N1o (3.3) Watz30

<1 (3.2) Wat2»0

#Distances (A) are gives botween brackets. ¥ Sce Table | for the codes of the different p-hydroxybentoate hydroxylase complexes. < 2.4-
Dikydroxyb 2 Laminnk

Miroxy

substrate molecule in the enzyme—substrate complex, and the
hydroxyls of Tyr201 and Tyr385 move 0.4 and 0.55 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 normai substrate now extends to His72 (see
Figure2). This“bridging™ water molecule appears to be fiemly
bound since its temperature Factor of 21.5 A? is even lower
than the overa)l temperature. factor of the protein (27.4 A%
Table 1).

2.4- Dikydroxybenzoate Complex. Seaking 2,4-dihydroxy-
benzoate inta the active site of p-hydroxybenzoate hydroxylase
crystals causes an entisely 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 toits 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” pasition (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 “aut” conformation. The only exception is
a rather long (3.3 A) potential hydrogen bond between the
flavin O4 and the hydroxyl group of Tyr222. However, a
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FiGuned: Electrondensityaroand themutationsits in thncrystal structure of ‘tho Tyr222Als mutant complened with 2-rydroxy-4-aminobenzoste.

The structure of the Tyr222Als muta is drawn with solid botds; the stracture of “wild-1;
drawn i broken linss. The electcon density shows cloarly the absonce of the bulky aide chain

" enzyme with 2-hydroay-4-aminobenzoate
wol"l‘yrmmrhmmnedamdeuﬂ;

also indicates that the side chain of ATg220 moves toward the now emply pocket of Tyr222,

strong hydrogen bond (2.8 A) scems to be present between
the 2-hydroxyl group of the substrate analogue and the N3
of the flavin ring. The O2 and O4 oxygens of the flavin ring
make hydrogen boads with fixed solvent molecules. Three
water molecales were observed in the flavin binding pocket
in the active sitec. Onc water molecule is present in the
carbonyl-oxygen binding pocket {Schrokder ¢t al., 1988b),
_ which normally binds the O4 of the Navin ring. Theother two
water molecules occupy the positions of the N1 and N3
i . Arg#4, which runs at 3.5-4.0 A distance at the
si-side of the flavin ring, may provide additional stabilization
for the flavin sing in the “out” position due to w-r stacking
interactions. Thenew positionof the flavin ring did not change:
the deviating ¢,¥ angles of Argd4. The rms difference for the
flavin ring between the *in® and the "out” position is 4.7 A.
The Oavin 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 temporatore factors in Table ),
does not seem to be significantly different in both orientations.
Finally, the oricntations of the bound 4-hydroxybenzoate and
2 4-dihydroxybenzoate mofecules ars virtually identical, sug-
gesting that the enzyme rigidly fixes the substrate (analogue)
molecule in the active sits. Superposition of the 4-hydroxy-
benzoate and 2,4-dihydroxybenzoate complexes shows that a
short cantact of 3.0 A would be present between the 02 of
the substrate analogue and the Cé carbon of the flavin ring
when the ring would ocoupy its standard, “in® pasition 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-aminocbenzoate,
shows that the effect of the 4-amino group (gs is found in the
4-aminobenzoate complex) and the effeet of an extra hydroxyl
group in the 2-position (as is observed in the 2,4-dihydroxy-
benzoatecomplex) are indspendent. Anextra water molecute
is present next to Tyr385, creating a continuous hydrogen-
bonding network between the 4-amino group and His72, just
as wasobserved for the d-aminobenzoatecomplex. The water
appears fo be less firmly bound than in the 4-amincbenzoate
complex. The bydrogen bond with Tyr385 is long (3.4 A),
and its temperature factor is rather high (36.9 A%), The flavin
ring occupies the “out”™ position, just as was found for the
2.4-dihydroxybeazoate complex. Two water molecules are
observed in the flavin-binding pocket. One occupies the
carbonyl-oxygen {O4) binding pocket; the other is near the
position of the C2 carbon of the fiavin in the “in” position. The
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lower resolution of this structare (2.8 A versus 2.5 A for the
structare of the 2,4-dihydroxybenzoate complex) makes the
position of these water molecules Jess certain than in the 2,4-
dihydroxybenzoate complex. In particular, the water near
the flavin C2 may represent the of the two water
motecules found near this position in the 2,4-dihydroxyben-
zoate complex,

Complex of the Tyr2224la Mutant with 2- Hydroxy-4-
amirobenzoate. The mutation of Tyr222 into Als 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 eazyme with 2-hydroxy-4-aminobenzoate. The
flavin ring occupies the new, “ont” position, and the subsiraic
analogue is bound in the same way as with the wild-{ype-
2-hydroxy-4-aminobenzoate complex. The side chain of
Arg220 moves 1.3 A into the cmpty space which is occupied
by Tyr222 in the wildtype enzyme. Even the two water
molecules in the flavin-binding pocket and the water molecule
next io Tyr385 (8 = 24.6 A?) have positions similat to those
in the wild-type—2-hydroxy-4-aminobeazoate complex.

Planarity of the Flavin Ring. Previous studies have
established that the oxidized flavin ring ix somewhat twisted
when bound to the active site of p-hydroxybeaznats hydroxy-
lase. The twisting angle between the pyrimidine ring and the
dimethylbenzene ring is 10° in the 1.9-A structure of the
enzyme-subsirate complex (Schreuder ct al., 1989), which is
the highest resolution structure of p-hydroxybenzoate hy-
droxylase determined so far. A similar twist has recently
becn observed by a different laboratory for a number
p-hydroxybenzoate hydroxylase mutantsof P. aeruginosa (Lah
¢t al., 1994) and was also obscrved in the 1.8-A structure of
cholesteral oxidase (Vrielink et al., 1991). Analysis of the
angle between the pydimidine and dimethylbenzene rings in
the present structures (Table 4) reveals that a twist of 12° is
present in the structureof the 4-aminobenzoate complex, which
has flavin in the “in” conformatio, and that the flavin ring is
much yacre planar (angles of 2-5°)}in the other three complexes
which coatain flavin in the “out™ conformation.

DISCUSSION
The present studies show that notonlysite-specific mutations

but also substrate analogues are powerful tools to study the
intricate catalytic mechanism of p-hydroxybenzoate hydroxy-
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Tatde 4:  Anglea berwroon (hs Dunetbylbenzens snd Pyrimidine Risg
in Yariows Crystal Strectuces of p-Hydroxybenmoste Hydroxylase

complex® angle (dog)

MOHD 10

4AB 12

DOB 2

204AB 2

YDA 5

4 For abbreviations sse Table 1.

lase and that they can reveal uncxpected propertics of the
enzyme. The two major findings of this stady are (i) the

presence of s bridging water molecule in the 4-aminobenzoate
comphxuanﬂ (i) the fact that the flavio 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 passible role for the bridging
water molecule, we will first review the evidence for its
presence. The presenceor abseace of specific water molecules
in protein crystal stractures cannet always be determined with
certainty (cspecially at low and intermediate resalutions), but

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 ot sl., 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 with p-hydroxybenzoate
hydroxylase from P. fluorescens (this study) and from 2.
eeruginosa (Lah et al., 1993), and neither in the complexes
of both 4-hydroxybenzoate and 2,4-dihydroxybenzoate with
the Tyr385Phe and Asn300Asp mutents of the 7. aeruginosa
enzyme (Lzh et al, 1994). In contrast, the extra water
molecule is present in ali structures with substrate analogoes
possessing a 4-amino prosp. These structures include the
comphxofthePﬂmmmmenzymewnh 4-aminobenzoate

the complex of the Tyr222Aln
mntant with 2-hydroxy-d-aminobenzoate (this study), and
the complex of 4-aminobenzoate with the P. aeruginosa
enzyme (Lab et al, 1993). In addition, the extra water
molecule is present in the structure of the Tyr201Phe mutant

of the P. aeruginoza enzyme
zoate (Lah etal , 1994), Here the mutation has

hydrogen bond between Tyr201 (now Phe) and Tyr33s,
atlowing Tyr385 to donate a hydrogen bond to the bridging
water molecule (see Figure 6).

4-hydroxybenzoate and 4-aminobenzoate complexes suggests
that the presence of the bridging water moleculeis determined
by the strength of the hydrogen bonds with its two neighbars.
Inthe 4-amirobenzoate complex, the bridging water molecule
stems lomakea strong hydrogen bond with Tyr385
(2.8 A) and a somewhat weaker hydrogen boud with the water
next to His72 (3.0 A). In the 4-hydroxybenzoate complex,
the tyrosines 201 and 385 arc approximately 0.3 A closer to
thesubstrate than in the 4-aminobenzoate complex due to the
longer NH-OH hydrogen bond in the latter Asa
result, the distance between the hydroxyl group of Tyr385
and water next to His72 (W1 in Figures 2 and 6) s 0.4 A
longer in the 4-hydroxybenzoate complex. Superposition of
the 4-aminobenzoate and 4-hydroxybenzoats 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 wonld bea water molecule situated in a restricied pocket
fixed only by two weak hydrogen bonds. Such a situation is
bath thermodynamically and energetically unfavorable and
could explain why a bridging water molecule has never been
ohserved in the presence of substrate (anslogues) bearing a
4-hydroxyl group. The bridging water molecule observed in
the Tyr201 Phe mutant (Lah et al., 1994) could be explained
by the fact that no hydrogen bond is prosent between Tyr201
(now a Phe) and Tyr385, allowing Tyr385 to move clozer to
the bridging water molecule (sec Figure 6).

Has the bridging water molecnle 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 moleculeis 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 hydragen bonds
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thnmhtntehhdsulu phnohhe mum.whhhmnuthul.hs
protows of Tyr201 nnd'l‘yrSﬂSmmlbednmed toward the substrate
a3 drawn. The direction of regen-bonding network would not
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104 of the ssbatrate would most likely ak bond to the
carbonyl axygea of Pro293 [see Bchmdueul 9)). No water
upme:uhtmeyrSBSdel (B) Anﬁlobmtemplu

(this study). The 4-amino group will donate a hydrogen bond to

'r,rzm andconsequantly thedirection of the hydrogen bond between

land‘l'yrﬂiwilldm:pnweﬂ An extra water molecule

(Wz)upumtbumTyrﬂSdeI resulting in & continuons
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analogue and the ND1 of His72. (C) H:

network in
the Tyr20tPhe mutaut of the engyme from P. {Lah et

al., 1994) complexed with the substrute. Alss [n thus sfricture an
umMMmunmmrysasmw:

transiently present between the 4-hydroxyl group of the
substrate and His72 may serve aga *proton wire®, like simitar
channels observed in enzymes ranging from serine
proteases torhodopsin (Meyer, 1992), which transport protons
in and out of the active site. The 4-hydroxy group of the
subsirate gets deprotonated when it binds to the active site
(Shounetal., 197%; Entsch et al., 1991; Eschrichetal., 1993),
and the transport of the 4-hydroxy! 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
efficiens proton transport. This need not be true since the
teansient bridging water molecale will be dynamic, and it
may oscillate from a state where it makes a strong hydrogen
with Tyr385 and no hydrogen bond with W2 to a state with
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no hydrogen bond with Tyr385 but with a strong hydrogen
bond with W2, Additional studies such as site-directed
mutagenesis of His72 are required Lo establish whether or not
the proton channel really serves a role in cataltysis or whether
it is mercly a curiosity.

m»euﬂnmﬁndmgofthlssmdysthtmmmm
able to slide out of the active sile. 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. Thesubstrateis compietely buried when the flavin
occupies the “in” pozition, and we have previously argucd that
the substrate may enter and the product may leave the active
site via a path mear Arg214 and the dimethylbenzeae part of
the FAD, but that a movement of side chains or evea a shift
of domains scemed to be necessary to accomplish this
(Schrouder et al., 1988b). The present results suggest that
it is the Mavin ring which moves away to allow eatrance of the
substrate and exit of the product. Analysis of the solvent-
accessible surface nsing the program WHATIF (Vriend, 1990;
Voorinibolt et al., 1989) reveaks that the solvent channel near
the Navin N10 extends 1o the sehstrate binding pocket when
the flavin i in the “out” orientation.

Experimental evidence that the flavin ring occupics the “oat™
pasition when the substrate (analogucs) bind to the active site
comes from the regicsclactivity of the hydroxylation of the
substrate anatogue 2,4-dibydroxybenzoate. The 2,4-dihy-
droxybenzoats moleculs is only hydroxylated at the 3-position,
not at the S-position {Spector & Massey, 1972). Frontier
orbital calculations indicats that both positions are almost
equally reactive toward hydroxylation ( Vervoort et at., 1992).
This means that the 2,4-dihydroxybenzoate molecule must
bind in only one ific orientation in the active site, the
orientation in which the 2-hydroxy] group points toward the
flavin ring (the observed orientation, sce Figure 7a), and not
in the alternative orientation, in which the 2-hydroxyl group
would point away from the flavin ring {sec Figure 7b), We
analyzed the theoretical contacts of the 2-hydroxyl group of
the 2, 4-dihydroxybenzoate molecule in each of its twopossible
orientations with the Mlavin in the “in® position (see the legend
to Figere 7). The results indicate that a short contact of 3.0
A with the fevin C6 would be preseat in the gbserved
orientation and short contacts of 3.1 A with the CG2 of Val47
and of 2.9 A with the CD2 of Len 99 would be present in the
alternative orientation. In both cases, rearrangsments 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 aricntation and not for thealternative
orientation. We therefore conclude that thers are no apparent
steric reasons for a preferred binding orientation of the 2,4-
dibydroxybenzoate molecute in the active site when the flavin
occupies the “in” position.

Thesituation becomes completely different when the Ravin
oecupies the “out” position, Theshort contacts with the Vald7?
and Len 99 side chains will still be present for the aiteraative
orientation, but the short contact with the flavinin the observed
binding mode iz absent becauss the flavin is not present in the
activesite (Figure 7). 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
wouid favor the observed orientation, strangly suggesting that
the flavin is in the “out™ pasition 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
flavincould also explain why the 2-hydroxy-4-aminobenzoate
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FiGure 7: mlmmmnnozotmz,ummmm with the flavin
Inthe *in" position, and mmmeﬂnminthe'm'mhn The theoretical contacts of the orientation were obtaiwed
bynrrhpﬁn.mmdth (Schmﬁnual..l%ﬂm‘lthz. complex (this
My Thmmdthnlw-ﬁwarhnuﬂumow ng the molecule 180° around the C1-C6 axis
Proveduses) eolmmdorlenuum,( ) theoretical contacts in the altcenative binding mode;

). (A} Theoretical contacts in
(C) observed comtacts in the 2,4-dihydroxybenzoa
molecule binds mare straagly to the Tyr222Ala mutant than
::i—hydmmm which cannot make this hydrogen
Isit possible that the flavin is reduced in the “out” position?
Given the limited space present in the active site to fit a
nicotinamide ring [scc Schrender et al. (1990)] and the multipte
reactions (flavin reduction, formation of the flavin peroxide,
and sabstrate bydroxylation) which have 1o be performed by
the enzyme in a single active site, it is tempting to speculate
that the “out” pusition 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 si-side
of the Navin ring is shiclded by the side chain of Argd4, which
is compatible with the observed reduction at the re-side of the
flavin ring (Manstein & al, 1988). Shifting of the flavin
conformation towards the “out” position by binding of substrate
or effector molecules could then explain the imcrease in
reduction rate induced by thess effector compounds.
However, available evidence argnes against reduction of
the flavin in the “out™ position. The crystal structures show
that the 2,4-dihydroxybenzoate molecule shifts the equilibrinm
position of the flavin ring strongly toward the “out™ position
due 0 the presence of the 2-hydroxyl group. If the flavin
would be reduced in the “out” position, cne wonld expect a
considereble increase in reduction rate in the presence this
substrate analogue. This is not observed. Kinetic measure-
menis indicate that 2,4-dihydroxybenzoate is only 2 weak
effector and thet 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
ortentation, Theleshhelyultmuvewould bethat the flavin
is reduced in the “out” position and that the reduction rate
is governed by some unknown cffects. Compounds like 2,4
dibydroxybenzoate should then somebow inbibit the flavin
reduction while exposing the flavin toward NADPH.
The fina question we want 10 address is the reason why the
flavin ring is apparently able to eastly slide in and out of the

te—wild-iype camplex.

aclive sile, despite muoltiple van der Waals contacts and
hydrogen bands with the protein in the “in" position {(sce Teble
3). The binding cocrgy is determined by the free energy
difference between solvated enzyme and solvated ligand versus
theenzyme-ligand complex, Indeed, the flavin interacts with
several solvent molecules when it is in the “out” position and
three solvent molecules oocupy the empty flavin binding pocket,
offsctting possibly to some extent the lost favin-protein
interactions. The flavin binding may also be influcaced by
the twisted conformation of the flavin in the “in” position (see
Table 4). Modeling studies show that this twisted flavin
conformatjon resembles the conformation of the flavin-4a-
bydroperoxide reaction intermediate (Schreuder ot 21, 1990).
The enzyme may facilitate the formation of the flavin—da-
hydroperoxide by forcing the flavin into 2 twisted conforma-
tion. The energy nceded for this deformation bas to come
from the binding energy and will contribute 1o the observed
weak binding of the flavin ring. Indeed, in agreement with
this notion, the flavio is almost planar in the “out” position,
especially in the most accurately determined structure of the

“2,4-dihydroxybenzoates complex. Weak binding of the flavin

ring also explains why an ADPR molecule could casily displace
the FAD in thecrystalsof the p-hydroxybenzoate hydroxylase—
ADFR complex {van der Laan et al., 1989a).

In summary, these sindjes and also the studies by Lah et
al. (1993) on the P. gerugimosa enzyme have established the
presence of 8 water channel in p-hydroxybenzoate hydroxylase
which may or may not assist in the deprotonation of 4-hydroxyl
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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Flavin motion in p-hydroxybenzoate hydroxylase
Substrate and effector specificity of the Tyr222—Ala mutant
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The side chain of Ty1222 in p-hydroxybenzoate hydroxylase interacts with the carboxy moiety of the
substrate. Stodies on the Tyr222—Phe mutant, [F222)p-hydroxybenzoate hydroxylase, have shown that
disruption of this i hampers the hydroxylaion of 4-hydroxybenzoate. Tyr222 is possibly in-
volved in flavin motion, which may facilitate the exchange of substrate and prodect 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 subsirate analog 4-aminobenzoate. With these compounds, [A222)p-hydroxybenzoate hydroxylase
mainiy acts as a NADPH oxidase. [A222]p-hydroxybenzoate hydroxylase tightly interacts with 2 4-dihy-
droxybenzoate and 2-hydroay-4-aminobenzoate, Crystallographic data [Schreuder, H. A., Mattevi, A,
Oblomova, G., Kalk, K. H., Hol, W, G. 1., van der Bol, F. 1. T. & van Berkel, W. . H (1994) Bivchemistry
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-Hydroxybenzoaie hydroxylase produces about 0.6 mol 2,3,44rihydroxybenzoate from 2.4-dihy-
droxybenzoate/mol NADPH oxidized. This indicates that reduction of the Tyr222—Ala mutant shifts the
equilibrinm of flavin conformers towands the productive 'in’ position.

[A222)p-Hydroxybenzoate hydroxylase converts 2-fluoro-4-hydroxybenzoate to 2-fluoro-3.4-dihy-
droxybenzoate. The regioselectivity of hydroxylation suggesis that [A222]p-bydroxybenzoate hydroxylase
binds the fluorinated substrate in the 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 lo 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 supports the idea that the effector specificity is mainly dictated by the protein—substrate
intesactions at the re-side of the Ravin tiog.

Keywords: aromatic hydroxylase; flavin mobilily; moncoxygenase: site-specific mulagenesis; subsirate
specificity.

Chapter 6

p-Hydroxybenzoale hydroxylase is a member of the class of
flavin-dependent monooxygenascs (van Berkel and Milller,
1991). The enzyme catalyzes the conversion of 4-hydroxyben-
zoate to 3,4-dihydroxybenzoate, an intermediate step in the de-
gradation of aromatic compounds in soil bacteria (Sianier and
Omston, 1973).

The reaction mechanism of p-hydroxybenzoate hydroxylase
has been studied in detait (Entsch and Batlou, 1989). In the First
part of the reaclion {Scheme 1), the substrate acts as an effector,

Correspondence to W, ). H. van Berkel, Depariment of Biochemis-
ity. Wageningen Agricullural University, Dredjenluan 3, NL-6703 HA
\ . The Netherland

“Fax: +31 317 484801.
Abb 2 [A2Z2]p-hydroxyt hydroxylase, p-hydroxy-
benzoate hydroxylose with Tyr222 replaced by Aln; similarly for
Tyr222—Phe or Vak
Enzymes. p-Hydroxybenzaate hydroxylase {EC 1.14.13.2); catalase,
hydrogen-peroxice oxidoreductase (EC 1.11,1.6}; glucose oxidase, §-D-
glucose: oxygen [-oxidoreductase (EC 1.1.34)% plucose-6-phosphate
hyd: 1 G-ph NADP 1-oxidoreduciase - (EC

B P P

cay e
1.1.1.49).

strongly stimulating the rate of enzyme reduction by NADPH
(Husain and Massey, 1979). After NADP* release, the reduced
flavin rapidly reacts with oxygen to form the labile flavin (Cda)-
hydroperoxide. This intermediate attacks the substrate to form
the product 3.4-dihydroxybenzoate. Although many kinetic de-
lails of the reaction are known, it is unclear how the enzyme
controls the reactivity of the flavin and the various reactamts
in order (o achieve efficient catalysis (Entsch and van Beckel,
1995).

The crystal struclure at 0.19-nm resolution of the enzyme-
substrate complex {Schreuder e¢ al., 1989) shows that the sub-
slrate is located in a relative hydrophobic environment, with its
aromatic nucleus approzimately perpendicular to the isoalioxa-
zine ring of the FAD (Fig. 1). Site-specific mutagenesis studies
on the enzymes from Pseudomonas aertiginosa ami Preudomo-
nas fluorescens have addressed the role of the amino acid resi-
dues involved in subsirate binding. The side chains of Tyr201
and Tyr385 form a H-bond network with the 4-hydroxy moiety
of the substrate at the re-side of the flavin ring (Fig, 1). This H-
bond network facilitates the deprotonation of the phenal required
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Scheme 1. Reaction cycle of

BzOH, 4-hydroxybenzoate; Bz{OH),, 3. 4-dihydroxybenzoate; k,, reduction of

phydrexybenzoate
enzyme-substrate complex; k,, formation of flavia (Cda)y-hydroperoxide : &s. sub hydroxylation; &,, dehydration of flavin (Cda)-hydroxide and
product relesse; &, uncoupling of hydroxylation.
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for rapid hydroaylation {van Berkel and Miller, 1989;
Schreuder et al., 1990, 1994; Ensch et al., 1991; Vervoort et
al., 1992; Eschrich et al., 1993; Lah et al.,-1994). Tyr201 and
Tyr385 ace also important for the effector specificity and in pre-
venting the further hydroxylation of the arcmatic product
{Schreuder et al., 1989; Entsch et al.. 1991; Eschrich et al,,
1993),

S$es212, Arp214 and Tys222 are located at the sé-side of the
flavin ring anct 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
ineraction 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 sirengthen substrate binding (van
Berkei t al., 19%4a).

Tyr222 is located close to C6 of the flavin isoalloxazine ring
in & solvent-accessible region. The hydroxyl group of Tyr221 is
at short distance of one of the carboxyl oxygens of the substrete,
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 stroctures of mutant Tyr222—Ala
complexed with 2-hydroxy-4-aminobenzoate (Schreuder et al.,
1994) and muiant Tyr222—Phe complexed with 4-hydroxyben-
zoate (Gatti et al., 1994), the flavin ring is locaied ouside the
active site (Fig. 2). The *out’ position of the flavin is not solely
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induced by the Tys222 substitetions. A comparable shift of the
isoalloxazine ring was observed in the crystal structures of wild-
type complexed with either 2 4-dihydroxybenzoate (Schreuder
ef #l., 1994; Gatti et al. 1994) or 2-hydioxy-4-aminobenzose
(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., 1954;
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 (Cda)-hydroperoxide and a dimin-
ished rate of ouygen transfer (Eatsch 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 “oul’ position (Gatti et
al., 1954). [n this paper we report on the substrate and effector
specificity of [A222]p-hydroxybenzoate hydroxylase from Psen-
domonas fluorescens. The resolts presented are discussed in rela-
tion to the ng propertics of the wild-type enzyme
and in relation to the flavie movement cbserved in the crystal
structures. Some preliminary results have been reported else-
where (von Berkel et al., 1994a).

MATERIALS AND METHODS

General. Chemicals used have been described eisewhere
(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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te bydroxylase from P fuorescens.

Fig. 1. Schematic vepresentution of the active site of the

substrate 1

Dnhaecordmgmlhectymlmmrctd'ndwﬂ19—nmremﬁuon($dnmxde:etal 1989) 'l‘heFADnsgmy the aromatic substrete is white, and
protein residues are biack. The si face of the flavin is the back of the page in this view; the re side is the fronl. as seen with the substrate phenol

pointing out of the page.

Fig. 2. Superposidion of Lhe struciures of the z-hydroxyﬂnﬂmbmm complexes of wid-type and [A222]p-hydrexybenzoate hydroxy

lase,

Data according 10 the crystol structures determined at 0.28-nm and 027-nm resotution (Schrewder el nl.. 1994). The wild type s drawn with solid
limes and the Tyr22Z—Ala mutan with open bonds. Dashed lines show hydrogen bands between the OH of Tyr222 and the 02 and carboxyl oxygen
of the substrate analog and & hydrogen bond between the O2 of the analog and the N3 of the flavin ring. The favin ring has the *out’ conformation

in bath complexes.

Optical (clifference} spectra were recorded on an Aminco
DW-2000 spectrophotometer. Fluorescence binding studies were
performed on an Aminco SPF-500C spectrofluorimeter.’ "F-
NMR were recorded on a Bruker AMX 300 NMR-spec-
trometer (Peelen et al., 1993), Rapid-reaction kinetics were car-
ried out using a High-Tech Scientific SF-51 stopped-flow spec-
wophotometer (Eschrich et al., 1993), Al instruments were ther-
mostatied at 25°C, unless siated otherwise,

tion of enxymes. Site-specific mutagenesis was per.
formed according 10 the method of Kunket at al. (1987), essen-
tially as described elsewhere (van Berkel et al., 1992). Mutations
were introduced into the Escherichia coli gene encoding the
microheterogeneity-resistant Cys116—Ser mutant protein (Esch-
rich et al,, 1990, 1993). The oligonecleotide GCCGCTAC-
GYCGTACAGGTGC was used for construction of Tyr222 mu-
tants, where Y is either C ({A222]p-hydroxybenzoate hydiox-
ylase) or T ([V222]p-hydroxybenzoate hydroxylase). The muda-
tions were confinmed by nucleotide sequencing using the M13
dideoxy-chain-termination method (Sanger et al., 1977). Mutamt
proteins were expressed in transformed E. cofi TG2 and purified

at pH 8.0 (Van Berkel ct al., 1992). The expression and yield of
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 propecties of [A222] and [V222]p-hydroxybenzoate
hydroxylase. From this it was decided to study the Tyr222—Ala
matant in further detail.

Analytical methods. Kinetic experiments were performed at
25°C in 100 mM Tris/suifate 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 hydroxylation efficiency of mutant proteins was deter-
mined from oxygen consumption experiments performed in the
absence or presence of catalase (Eschrich et al., 1993). Aromatic
producls were identified and quantified by reverse-phase HPLC
{Emsch et al., 1991). Formation of 3-hydroxy-4-aminobenzoate
from 4-aminobenzonte was determined colorimetrically {Entsch
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Table 1. Dissocintion constants of complexes between [A/V222)p-hy-
stants (standard exvor < 10%) were determined Auocimewsically at 25°C
in 100 mM Tris/’SO, pH 8.0. The flworescence quantem yield (Q) is ex-
pressed relative w thal of uncomplexed wild-type enzyme (100%). All

experiments were performed in duplicate.
Substrate (analog) Dissociation constant
{Auorescence quantum
yield) of the complex
wildtype  AXR2 V22
(@=100 @=200) {@=117}
oM (%)
4-Hydroxyhenzome 0.04 20) 1.30 (36) 110 (39)
2-Hydroxybenzoate D20{40)  018(22) 0.3 (14)
2,4-Dihydroxybenzaate 0.09 (25) 0.08 (B) 007 (11)
3.4-Dilydroxybenzone 028 (10} 100 (4) 150 (8)
4 Aminobenzoate 002 (12) 16020 1.50¢21)
2-Hydroxy-4-aminobenzoste  0.03 (10}  0.02(22)  0.02(8)

et al, 1976). The same colorimetric procedure was used to mea-
sure the enzymatic coaversion of 2-hydroxy-4-aminobenzoate.
The orange color, formed upon complexation of 2.3-dikydroxy-
4-aminobenzoale with potassiom 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).

Dhissociation copstants of enzymelligand compleass were de~
termined fuorimetricatly (van Berkel et al, 1952). Molar ab-
sorption coefficients of protein-bound favin were determined by
reconding opticat spectra in the absence and presence of 0.1%
SDS (Entsch et al., 1991), Flavin perturbation differeace 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 uliraviolet abserp-
tion difference spectra as a function of ligand concentration and
of pH (Eschrich et al., 1993). Binding studies &s 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 flucrimetric tittion experi-
ments. As can be seen from Table 1, replacement of Tyr222 with
Ala or Val drastically decreases the affinity for 4-hydroxyben-
zoale, 4-amincbenzoate 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 expianation for the relatively tight binding of the 2-hydro-
xybenzoate ligands is provided by crystatlographic data. The
structures of 2-hydroxy-4-aminobenzoate complexed wild-type
and [A222|p-hydroxybenzoate hydroxytase show nearty indis-
tinguishable bimding modes for this subsirate anafog {Schreuder
et al., 1994). In both 2-hydroxy-4-asminobenzoate 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 differcnce spectra duced upen binding
of substraies to wild-type or [A222)p-hydroxybenzonte hydroxylose,
The absorplion spoctra were recorded at 25°C in 100 mM Tris/S0,
pH 80. The enzyme concentration was about 40 pM. The shsosption
difference specirn are extropolaed to infindte subsirte concentrtions.
(A} [A222]p-Hydroxybenzoale hydroxylase complexed with 2-hydroxy-
4-aminobenzoate; (B) wild-type complexed with 4-aminobeazoaie; {C)
[A222]p-hydroxybenzoate hydroxylase complexed with 4-hydroxyben-
zoate.

struciare of wild-type complexed with 2,4-dihydroxybenzoaie
(Schreuder et al., 1994; Gatti et al., 1994) supporting the view
that in [A222]p-hydroxybenzoale 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 hydropen-bond formation between the 2-hydroxy group of
the substrate anologs 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
substrute binding (Gatti et al,, 1994). This property was used to
study in more detail the interaction of the Tyr222 mutanis with
4-hydroxybenzoate, 4-aminobenzoate, 2.4-dihydroxybenzoate
and 2-hydroxy-4-aminobenzoate. Replacement of Tyr222 by Ala
or Val does not significatly change the optical properties of
the uncomplexed enzyme. Unfolding experiments reveal molar
absortion cocfficients, £y = 85 mM~' cm™' and £, = 10.2
mM™ em”!' for the absorption maxima of the flavin in both
Tyr222 mutonts 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-amincbenzoate 10 wild-1ype 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 preseated in Fig. 3A. This difference spectrum reflects
the flavin “out' conformation (Gani et al., 1994), which is in
accordance with crystatlographic daia (Schreuder et al., 1994),
In analogy, binding of 4-aminobenzoate (or 4-hydroxybenzoate)
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Table 2. Catalytic properties of [A/V232]p-hydroxyheazoate hydroxylase with 4-hydroxybenzaate. Kinelic parameters wese determined at 25°C
in 100 mM Tris/S0, pH 8.0. Tumover rates (X,,.} are maximum vajues extrapolated to infinite concentrations of 4-hydroxybenzoate and NADPH.
Reduction rates (k) and dissocistion constants for NADPH (X, NADPH) were determined from annerobic stapped-flow experiments parformed
im the presence of 5mM 4-hydroxybenzoate. Product, 3,4-dihydroxybenzoate. B,0H, &hydmybenmale Results for the wildtype enzyme are

taken from van Berkel et al. (1992).

Enzyme Product | . | 9 K, NADPH K., NADPH K, B.OH
% Ll mM

Wild-type o8 300 55 015 0.07 0.02

A2 5 55 0] 0.43 0.28 0.33

Vit 9 51 10 0.59 .39 0.18

Table 3, Cahlﬂhcpmﬂeﬂhof[ﬂ”" -hydroxyt hyd
ylase with 2 4-dihydroxyb e wmduer
mined at 25°C in 100 mM Tris/SO, pH 8.0, cantaining 0.5 mM EDTA,
0.2mM NADPH and 2.5 mM 2 4-dihydroxybenzoate. Product, 2,34-
rrihydroxybenzoe.

Enzyme | . kL, Product
57! ®
Wild-lype 1.1 0.7 8?
A2 0.9 06 57
va22 0.3 0.2 64

10 the wild type results in spectral perturbations reflecting the
ftavin “in" conformation (Fig. 3B). It should be mentioned here
that the shape of the difference spectum of the wild-type en-
zyme complexed with 4-hydroxybenzoate is somewhat depen-
dent on the pH of the solution (van Berkel and Moller, 1980).
These resuits support the proposal that in the oxidized state,
binding of 2-hydroxybenzoate ligands shifts the equilibrium of
flavin conformers towands the ‘out’ position. Binding of 4-hy-
droxybenzoate or 4-amincbenzoate (o the Tyr222 mutants is ac-
companied with spectral changes, intermediate beiween the
changes observed for the ‘in' and “out* conformations (Fig. 3C).
Although the affinity of [A/V222]p-hydroxybenzoate hydrox-
ylase for 4-hydroxybenzoate and d-aminobenzoate is rather
weak, this suggests that removal of the aromatic side chain at
position 222 influences the mutual orientation of these substrates
and the MNavin.

Catalytic properties with 4-hydroxybenzoate and 24-9i-
hydroxybenzgate, In the presence of 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 sugpested that this is due both to a slow rate of
hydroxylation and the instability of the flavin hydroperoxide
{Entsch ct al., 1994). As can be seen from Table 2, replacement
of Tyr222 by Ala oc Val results in increased X, 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 of the Tyr222 muants partially resuhs from
weak subsirate binding (cf. Table 1),

HPLC analysis revealed that | A222) and [V222]p-hydroxy-
benzoate hydroxylase exclusively form 2,3,4-iribydroxyben-
zoate from 2 4-dihydroxybenzoate. The hydroxyiation of 2,.4-di-
hydroxybenzoate by the Tyr222 mutants is far more efficient
than that of 4-hydroxybenzoate (cf. Table 2), vielding more than
50% of aromalic 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 ct al.,, 1992) and
furthermore shows that the lack of an amomatic side chain at
position 222 does not prohibit the reduced flavin from attaining
the productive ‘in* conformation. The percentage of hydroxyla-
tion of 2,4-dihydroxybenzoate by [A222]p-hydroxybenzoate hy-
droxylase is considerably lower than with the wild type (Table
3), confirming that Tyr222 is important for the stability andfor
reactivity of the flavin hydroperoxide.

Effector specificity. The effecior role of 4-hydroxybenzoate is
not lost in the Tyr222 mutants. Table 2 shows that in the pres-
ence of 4-hydroxybenzoate, the maximal rate of reduction of
the Tyr222 mutants by NADPH is about 50 s-'. Binding of 4-
hydroxybenzoate stimulates the rate of reduction of [A222] and
[V222p-hydroxybenzoate hydroxylase by about four orders of
magnitude as deduced from the very slow reduction of the free
mutants, As discussed esewhers (Entsch and van Berkel, 1995),
this suggests that the hydrogen-bond network connected to the
phenolic moicty of the subsirate is conserved in the Tyy222 mu-
tonts. In the presence of 2.4-dihydroxybenzoate, the apparent
rale of wmover of the Tyr222 mutants is in the same range as
found for the wild type (Table 3). With this substrate analog,
reduction is rate limiting in catalysis (Table 3) and about two
orders of magnilude 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 neady identical properties. In view of the
available crystatlographic data (Schreuder et al., 1994),
[A222]p-hydroxybenzoate hydroxylase was setected for further
studies. Binding of 4-aminobenzoate hardly stimulates Lhe rate
of reduction of the Tyr222—Ala mutant (data not shown). Sim-
ilar results were obtnined for the wild type (Entsch et al., 1976)
and other active-site mutants (Eschrich et al.,, 1993). As noted
before (Entsch et al., 1981), the poor effecior role of 4-amino-
benzoate provides an jmpoctani metabolic control function in
vivo, preventing both the conversion of this growth factor and
the wasteful wiilization of valuable reducing equivalents. The
subsirate analog 2-hydroxy-4-aminobenzoate completely fails to
stimulate the rate of reduction of 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.
Crystalfographic data suggest that the 4-amino group induces
small changes in the H-bond netwark formed by the substcale
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 cractal role in the as yet unkaown
conformarional changes involved in the reduction renction
(Entsch and van Berkel, 1995). From the comparably poor effec-
tor roles of 2,4-dibydroxybenzoate and 2-hydroxy-d4-aminoben-
zoate in wild-type and [A222}p-hydroxybenzoate hydroxytase
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benzoate hydroxylase with substrate amalops. Hydroxylation effi-
ciencics were determined at p 8.0. For experimental detalls see Materi-
nls and Methods.

Substrate {analog) Hydroxylation efficiency of
wild-type AX22
]
4-Hydroxybenzoate 9 2 5= 2
4-Aminobenzoate W 5 Jx 2
2.4-Dihydroxybenzoate 87+ 5 5T §
2-Hydroxy-4-aminohenzoate 20 =10 0x10
2-Pluoro-4-hydroxybenzose 95 % 3§ 0% 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-aminoben-
zoate. Because 4-aminobenzoate and 2-hydroxy-4-nminobenzo-
ate are very poor effectors for p-hydroxybenzoate hydroxylase,
the enzymatic conversion of these potential substrates was tested
by single-turnover experiments. As reported eardier (Entsch et
al., 1976), wild-type enzyme efficiently converis 4-aminobenzo-
ate to 4-amino-3-hydroxybenzoate (Table 4). In contrast,
[A222)p-hydroxybenzoate hydroxylase almest completely fails
to convert 4-aminobenzoste, resulting in hydrogen peroxide as
the main product (Table 4). Quantification and idemification of
the product formed from 2-hydroxy-4-aminobenzoaie 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-aminobenzoate/mol oaygen 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, hydroxylation of 2-hydroxy-d-aminebenzoate by [A222]p-
hydroxybenzoate hydroxylase is far less efficienl, yielding about
0.3 mol dihydroxylated product/me]l 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-foorg-4- nzoate. The binding mode
of 24-dihydroxybenzoate and 2-hydroxy-4-aminobenzoate ob-
served in the crystal stuctures {Schreuder et al., 1954} prompied
us o study the interaction between [A222jp-hydroxybenzoate
hydroxylase and 2-fluoro-4-hydroxybenzoate. Flavin fluores-
cence fitration experiments showed that [A222]p-hydroxyben-
zoate hydrouylase binds the fluodnated anatog much mwore
strongly than 4-hydroxybenzoate. At pH 8.0, binding of 2-flu-
oro-4-hydroxybenzoate resulis in an about 60% decrcase of the
fluorescence of peotein-bound FAD. Fluorescence quenching
follows simple 1:1 binding, From this a dissociation constant
for the complex between {A222]p-hydroxybenzoale hydroxylase
and 2-fluorp-4-hydroxybenzoate, K; = 805 pM, is estimated.
This value is more than one order of magnitude lower than the
cormesponding value for the complex between [A222]p-hydroxy-
benzoate hydroxylase and 4-hydroxybenzoate {cf. Table 1),
showing that the clectronegative fluorine substitvent ak the 2'-
pasition of the aromatic ring considerably increases the substrate
binding strength. Binding of 2-fluoro-4-hydwxybenzoate to
[A222]p-hydroxybenzoate hydroxylase s somewhat weaker

vag der BoR of . (Eur J. Biockem. 237)
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l?la.4. Flavin perturbation difference specira induced upon bimding

benzoute to wlld-inu and [Amp-mhny
Inmuh hydroxylase. fon specira wese recocded at 25°C in
100 mM Tris/S0, pH 8.0. The enzyme concentration was abow 40 pM.
The stsorprion difference specira are eximapolated to infinfle subsirme
concestrations of 2-fluoco-d-hydroxybenzoate. (A) Wild-type; (B)
[A222]p-hydroxybenzoste hydroxylase.

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

Studies with wild-type p-hydroxybenzoale hydroxylase have
shown that 2-fluoro-4-hydroxyhenzoate is mainly converied to
2-fluoro-3,4-dibydroxybenzoate (van Berkel el al., 1994b) and
that enzyme reduction is tightly coupled to substrate hydroxyla-
tion {Husain et al., 1980). Because frontier orbital energy distei-
bution calculations predict a comparable reactivity for 3 or §'-
hydroxylation (Vervoort e at., 1992), this supgests that the fluo-
rinated substrate binds to wild-type in a regioselective way with
its 2-fluore substitvent poining 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 hydroxylation (Table 4). From oxygen consump-
tion experiments and HPLC anatysis it is deduced that [A222]p-
hydroxybenzoate hydroxytase forms about 20% of fluorinated
product per catatytic cycle. '"F-NMR product analysis showed
that [A222]p-hydroxybenzoate hydroxylase exclusively hydrox-
ylates 2-flucro-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-fuoro-4-hydroxybenzonie induces nearly identical spectral
perturbations in the optical spectra of wild-type and [A222]p-
hydroxybenzoste hydroxylase. As noted above, such spectral
periurbations may reflect the equilibrium conformation of the
flavin {Gatti et al., 1994). From the relatively high magnitude of
the difference penks at 390, 450 and 470 nm, and according te
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Fig. 5. Uliraviolet-absorption propetties of free 2-fiworo-4-hydroxy.
bemzoate. Absolute specira of 65 pM 2-fluoco-4-hydroxybenrzaste. From
bottom o top: pH 7.0, pH 7.3, pH 7.6, pHt 8.0, pH 8.5, pH 8.9, pH 92
snd pH 9.5. medumhrahmptiolnt%?nmmawmntpx.vnlu:
of B.5 is cotimated.

this proposal, we tentatively conclude that binding of the fuori-
nated substrate analog shifts the equilibrium of flavin conform-
ers to the ‘out’ position.

Binding of 2-flsoro-4-hydroxybenzoale highly stimulates the
rate of reduction of [A222]p-hydroxybenzoale hydroxylase by
NADPH, At pH 8.0 and 25°C, the maximum, reduction rate is
365" with an apparent K, NADPH = 0.35 mM. The rate of re-
duction of |A222]p-hydroxybenzoate 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-iype enzyme com-
plexed with 2-fluoro-4-hydroxybenzoate (not shown), support-
ing the above proposal that replacement of Tyr222 by Ala does
not change the effector specificity.

Substrate activation. lonization of the phenolic moiety is ex-
pected to activate the subsirate for electrophilic attack by the
flavin hydroperoxide {Vervoon et al., 1992). In p-hydroxyben-
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 1o the oxidized wild-lype enzyme, the phenolic
pK. of the substrate is decreased to about 7.2, compared to &
pK, of 9.3 free in solution (Shoun et al., 197%; Eatsch et al.,
1991 ; Eschrich =t al., 1993).

The weak binding of 4-hydroxybenzoate to [A222]p-hydro-
xybenzoate hydroxylase does not allow the ionization state of
the: substrate in the mutant to be probed by absosplion spectral
analysis, To circumvest this experimental limitation, the ioniza-
tion state of protein-bound 2-fluore-4-hydroxybenzonte was
studied in more detail. From the absorption spectma recorded in
Fig. 5, a pK, of 8.5 is estimated for the fluorinated substrate,
free in solution. This is in perfect agreemnent with the value re-
ported before (Husain et al., 1980). Upon titration of wild-type
enzyme with 2-fluoro-4-hydroxybenzoale at pH 7.0, a large
incresse in absarption around 290 nm is observed, indicative for
subsirate deprotonation {Fig. 6 A). From titration experifuents as
a function of pH and from extrapolating the absorption changes
to saturating amounis of substrate, an apparent pK, value of
about 3.8 is estimated for protein-bound 2-fluoro-4-hydraxyben-
zoate (inset Fig. 6A). The strong decrease in pX, suggests that
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Fig. 6. Uliravielet-sbsorption difference spectra observed upon bind-
Ing of 2-fheoro-4-Rydroxybenzoate to wlld-lype or [A222]p-hydroxy-
bemxoate lase. Both sample and reference cell were tirated with
2-fluoro-4-hydroxybenzoste at 25°C. The semple cetl contained 10 uM
enzyme- For baffers used, soe Materials and Mehods. Difference spectra
were computed by subwraction of the spectrum of free eazyme from Lhe
spectrum of enzyme afier the addition of substrate. (A) Turaion of wild
type @t pH 7.5; from bomom to lop: difference spectram at 12.5, 25,
50 and 10X pM 2-fluoro-t-hydronybenzoate. (B) Titration of [A222)p-
hydroxybenzoale hydroxylase at pH 7.3 from bottom 1o wp: diffesence
spectrum at 30, 59, £7, 115 and 143 uM 2-fivoro-4-hydroxybenzoate. In
the insets the molar absorption differences at (O) 290 nm (wild-type)
and (@) 295 nm ([A222|p-hydroxybenzoate hydroxylase) are extrapo-
lated to infinite 2-Nuoro-4-hydroxybenzoate concentration and plotted
azainst pH. The data shown in the inset of Fig. 6 A were best fitted with
o theoretical curve for a pK, valoe of 5.8 and & maximum difference
ahsorption coefficent of J&... = 19.8 mM " cm™" a1 290 rm,

the fluorinated substrate becomes activated upon binding. This
is the expected result from theoreticat considerations {Vervoorn
¢l al., 1992) and in accordance with the efficient hydroxylation
observed (Husgin ct al., t980). The ionization of 2-fluoro-4-hy-
droxybenzoate is also in accordance with the effector property
of this substsate analog. The disseciation constant of the com-
plex of wild-type and 2-fluoro-4-hydroxybenzoate is slightly de-
pendent on the pH of the sofution. From non-linear fitting and
Ireating the data according o 1:1 binding, excellent fits are ob-
tained yielding dissociation constants ranging from X, = 20 uM
at pH 7.5 to &, = 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 Jarge absorp-
tion changes in the pear vitraviolet (Fig. 6B). 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 the jon changes at 295 am, the binding
of 2-fluoro-4-hydroxybenzoate to [A222)p-hydroxybenzoate hy-
droxylase is described by simple binary complex formation,
yielding & dissociation constant, K, = 90=10uM 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 ploned in the
inset of Fig. 6B, the degree of icnization of 2-fluaro-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- xy-
benzoate gradually incfeases from K, = 90+ 10pM at pH 7.5
to K, = 24030 pM at pH 6.7. At lower pH values, estimation
of the maximal ahsorption difference is complicated by the weak
binding of the fluorinated substrate (K, = 120x%)pM at
pH 6.3). Nevertheless, from the data reported in Fig. 5 and
Fig. 6B it is clear that upon binding to [A222}p-hydroxyben-
zoate hydroxylase, the pX, of the phenol of 2-fluoro-4-hydroxy-
benzoute is lowered by at least 2. The above results indicate that
uncter the conditions for maximal wrnover (pH 7—8), removal
of the aromatic side chain a1 position 222 does not drumatically
influence the binding mode of the fluoninated substrate. This
stipports the proposel that incfficient hydroxylation by [A222]p-
hydroxybenzoate hydroxylase is caused by the decreased sta-
bility andfor reactivity of the flavin (Cda)-hydroperoxide.

DISCUSSION

Tyr222 is sirictly 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
moicty of the substrate, suggesting a strong hydrogen bond
(Schrender et al., 1989). 1t 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
partinlly 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-
coutts for the relatively light idteraction 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 equilibriom of favin conformers. The
substrate binding propestics may provide an cxplonation why no
crystals were obtained of [A222]p-hydroxybenzoate hydroxylase

hydroxybenzoate. This confirms that, upon reduction, the flavin
ring in [A222)p-hydroxybenzoate hydroxylase can easily adopt
the prodective ‘in’ position. Fusthermore, i is likely that a 2-
hydroxy (or 2-fluoro) substitwent 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 (Cda)-hydroperaxide.

Replacement of Tyr222 by Ala in p-hydroxybenzoate hy-
droxylase does not change the effector specificity, Like the wild-
type enzyme, catalytically competeat reduction of the Tyr222—
Ala mutapt is induced upon binding of 4-bydroxybenzoate and
2-fluoro-4-hydroxybenzoate (Husain et al., 1980). With the sab-
strate anatogs 24-dihydroxybenzoate, 4-aminobenzoaie and 2-
hydmxy-tl-mmnnbmw flavin reduction is slow to extremely

slow, preventing rapid tumover. In analogy to the wild-type en-
zyme, [A222)p-hydroxybenzoate hydroxylase preferentially
binds the phenolate form of 2-fluorc-4-hydroxybenzoate. The
rapid reduction of [A222]p-hydroxybenzoate hydroxylase com-
plexed with the deprotonated farm of 2-fluoro-d-hydroxyben-
zoate is in accordance with the view that the effector specificity
is tuned by the orientation of the H-bond network conmecting
the substrate with the protein surface (Estsch 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 mation and its role in substrate binding and product re-
lense, we are addressing the dynamic properties of the flavin by
time-resolved polarized fluorescence spectroscopy (Bastiaens &t
al., 1992).
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Eﬁm&wmmmmymdnrmuanmmcsmdum

ring but rather involves

oxygenation and dehalogenation steps. The catalytic efficiency of
inhibition

PHBH md Y3B5F with F.-POHB was optimal near pH 6.5. Below pH 7.0, substantial subsiras
occurred. Dianioaic F~-POHB was a competest effector, highly stimulating upon binding the rae of

axidation products. ¥F NMR showed that the initial aromatic

product 2,5,6-trifinoro-3,4-ditrydroxybenzoate
(R-DOHB) was further converted 1o 5,6-diflvoro-2,3,4-trihydroxybenzoate (5,6-F>-TOHRB). This reaction
wes most efficient with Y385F, Fi-DOHB wag ot bound in 2 unique regiospecific orientation

(2,6-F,-TOHB) was formed. 'n:oxyymlyucthhbgenuionof

2 6-difleoro-3;

F:-DOHPB by PHBH and Y385F is consisteat with the

as aleo
aromatic substitution mechanism

electrophilic aromatic
proposed for this class of Aavoenzymes. Nucleophilic attack of the carbon centers of Fy-DOHB onto the

distal oxygen of the electrophilic flavin

A
transiently atable flavin C{4a)-hydroperoxide species (Entsch
ct al., 1976a; Vervoort ct al., 1986; Massey, 1994).

In addition to the hydroxylation of their natural sobstrates,
flavoprotein hydroxylase: can mediate fortaitons debaloge-
nation reactions (Fetzner & Lingens, 1994). mepluof
such reactions include the 3-hydroxylstion of
hydroxybenzoate {(F,-POHB)! by p-hydtmybmom hy-
droxylase (PHBH)' (Husain et al., 1980), the dechlorination
of 2-chlorophenol by salicylate hydeoxylase (Suzuki et al.,
1991), and the defluozination of 2-fluorcphenol by phenol
hydroxylase (Peclen et al. 1995). The oxygenolytic cleavage
of the carbon—halogen boud bas been proposed to proceed
through the formation of a quinonoid product intermediate

1 This watk was supporied by the Dutch Foundaton for Chemical
mmmmmmmww
for Scienfific Research (NWO v R).T.vdB,).
* To whom correspandence should beﬂhwedaxl)epnmof
Biochemisiry, Wageningen Agricuttural , Drofjenlaan 3 6703
The Netherlands. Phone: 31- 317—482”3 Fax: 31-
317-484801, E-mail: wiliom. vanteriosl @ fad b wanral,
® Abwtract publighed in Advance ACS Absiracts, November 1, 1997.

accurs when the carbon center has a relatively

C(4a)-hrydroperoxide
high HOMO denwity amd is relatively close to the distel oxygen of the flavin C(4a)-hydroperoxide.

(Huosalg et al., 1900). 'l'lnsmlmmdlalcpru!mnblym

er et al., 1989, 1992; Gatti et al., 1996), as is the mods of
binding of the sromatic product and several schstrats analogs
(Schrouder et al,, 1991, 1994; Gatti et al., 1994), With the

S50006-2960(97)01213-0 CCC: 314.00 € 1997 American Chemical Society
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Froome 1:
resolution
exception of which is hydroxylated at
the highly reactive sulfur atom (Bntech et &1,
1976b), all PHBH substrates have beea proposed to become

exchusively at ths C3 pogition of the aramatic
ring (Husain et al, 1980). Tie specificity for C3 hydroxy-
lation is in keeping with the mutual orieatation of 3,4-
dihydroxybenzoaie (DOHB)' and the: flavin prosthetic group
observed in the cryatal structnre (Schrouder ct al, 1988).
Recent stadies have shown that the active site mutant Y385F
has jost the specificity of C3 hydroxylation (Batach & van
Berkel, 1995), leading to toxic 3,4,5-trihydroxybenzoate
(TOHB).! Tyr385 is part of a hydrogen boad network,
including Tyr201 aud the 40H of the substrate (Schreuder
et al., 1969; Figure 1). Mntationa] anatysis cstablighed that
both tyrosines are involved in substratc xctivation by
stimulating the deprotonation of the 40H group (Eatsch et
al., 1991; Eschrich et al., 1993; Lah et al., 1984).

Tommumghindlemedmﬂmd‘ﬂﬂn-medimd
oxygenolytic of heloaramatic compounds and
the roie of substrate and enzyme dynamics (Poelen ct al.,
1993), we have addressed in the prescot study the re-
givspecificity of hydroxyiation of F,-POHB by PHBH. “F
NMR was usad for the unambiguous assignment of aromatic
products, and mutant Y385F was selected as a tool o
highly electrophilic compounds involved in several toxico-
logical processes (Rietjens et al., 1997), the offect of
ascorbate a5 chemical reducing agent was stodied as well.
Evidence is prescuted that the PHBH-mediated conversion
of F;-POHB involves several consecutive oxygenation and
dehalogenation steps including hydroxylation at the substrate
C2 position. The results are discussed in relstion to the
frontier orbital characteristics of the eromatic sobstrate and
products and their oricntation 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 dizmatase were
purchaced from Bochringer Mannheim, lnc. F-POHB was

from pentafiuorobenzoic acid (Aldrich) as described
(Husein et al., 1580).
66

Schemaiic reproscatation of the sctive site of PHRE complexed with POHB, Data according t the crystel structare ot 1.9 A
(Schrewder et al., 1989). The FAD is grey, the atomatic sobateats is white, and the protcia residues are biack,

Enzyme Purification. PHBE and Y385F were parifiod ns

by van Berkel et al. (1994).
Enzyme Kinetics. The activity of FHBH was determined

spectropholometrically by meamming the F-POHB-stimu-
lzted oxidation of NADPH at 340 om (25 °C).
activity measuremesnts were in 30 mM Mea (pH

5.6—6.6) aed 80 mM Hopes (pH 7.0-8.0), in either the
abscnce or the presence of 2 mM ascorbate.  Buffers ware
brought to constant ionic strength (f = 0.1 M) with sodiom
sulfate as degcribed (van Berkel & Miiller, 1989). For
ostimation of sicady state kinctic parameters, NADPH ad
Fe-POHB were varied using 0.15 mM (F,-POHB} and 0.18
mM (NADPH) of the fined substrate. Kinetic dasa wers
analyzed by nonliesar least-sguares filting routines (van
Berkel ot al,, [991; Baclmich et al., 1993). Rapid-reaction
kinetics were caried cut at 25 °C wsing a temperature-
contralled singie-wavelength stopped-flow spectrophotom-
cter, typs SF-51, from High-Tech Scientific Inc. with 1.3
ms deadtime. Rate constants for the snaerobic reduction of
Fy-POHB enzymes were estimated from kinstic
traces reconded at 450 mam at varisble concentrations of
NADPH (Eppink et al., 1995).
Oxygm[fpmw Oxygen consumption wag
at 25 °C by using & Clack
mmmmmmmwm
miﬂmMpommnﬂmqim,ﬂ-l'm.ndmmgmm

(Eschirich et al., 1993). For the cstablishment of the reaction
swichiometry, the oxygen consumption experiments were
performed in either the absence or the pressnce of 2 mM
ascarbate. Fi-POHB (150 4M) was incobated with 50, 100,
150, 200, 250, 300, and 350 xM NADPH, respectively, and
the reaction wes aterted by the addition of 1.5 4M enzyme,
At the end of the initial rapid phase of oxygen consumption
(5—10 min), the residual amownt of NADPH was determined
by the addition of 1 mM POHB.

Substrate Binding Studies, Dissociation constants of
bmaryeompl:mbﬂwmoxidmdmymemdhm
were determined using an Aminco SPR-500
npeeuuﬂnonm(mliarkeletal. 1992),
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NMR Measurements. P NMR measurements were
performed on a Bruker AMX 300 or Bruker DPX-400 NMR
specirometer, essentially as descrived elsewhere (Peclen et
al, 1993, 1995). Proton-decoupled spectra were obtained
st 7 °C. Between 5000 and 15000 scans were recosded,
depending on the concentrations of the fiuorinated products

CRCl;. '"H NMR analysis was carried out on a Bruker AMX
500 MHz specirometer. 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 2H,0.

Product Idewtification. "} NMR product sutysic revealed
that the addition of ascosbate to the incobation mixtores was
esgential to prevest the accomulation of nonspecific oxidation
products. Incubation mixtures (25 °C) contained 100 mM
Mes, pH 6.0, or 50 mM potasgiom phosphate buffer, pH 7.0,
0.17 mM F,-POHB, 0.05—0.3 mM NADPH, | mM ascor-
bm.l&')miuofunhe.mdl.inhdmyme. The reaction
wes monjtored by following the
absorbance decrease at 340 nm uatil all NADPH was
comsumed. In time-dependent expetiments, reactions with
the Anorinated substvate were siopped by the addition of 1
mM POHB. Before recording the NMR spectrs, samples
mmﬂemﬂncbyﬁwcydsofﬂmlﬂngmﬂlm
and degassing. Omidative decarboxylation of fluorinated
products was achisved by incubation with p-hydroxybeuzoasx
1-hyiiroxylase from C. parapsilosis (van Berkel et al., 1994).
Initial incubations (total volume 2.0 ml,, 25 °C) contained
50 =M phoaphate buffer, pH 7.0, 0.17 mM F.-
PCHB, 0.3 mM NADFH, | mM ascorbate, 150 umits of
catalase, 30 4M FAD, and 1.5 xM Y385F. Afier analyzing
mnm;byw'mo.smummsomof

decrease at 340 nm was obscrved.  The sample was them
again malyzed by “F NMR for the formation of flucrinated
phenolic

products.

Identification of fincrinated aromstic products was achicved
hy(l)ﬂ:s"!'-'?cmmhngpanuund(b)mhbnsof

the chemical shift values of the 1°F NMR resonances of a
set of fluorinated benzene derivatives (Rietjens et al., 1993;
Peclen ot al., 1995). No proton coupling to the fluorine
resonances was observed on ison. of 'H decoupled
UF 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 ortho-hydroxy-
lation of fiuormated phenols by phenol hydroxylase from
Trichosporen cutonewn (Peelen et al, 1995), it is kaown
that substitution of a flucrine atam by a hydroxyl group
results in a chemical shift of a finorine substituent located
&t an ortho position of 2.2 (+ 0.9) ppm, at a meta position
of +1.0 (3 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 Graphice Indigo 2
warkstation with Insight (Biosym Technologies, CA). The

(%) Y3IBSF (O).

the AM1 Hamilionian from the MOPAC program. All
calculations were camicd out, eagentially as described by
Peclen et al. (1995).

RESULTS
Fluovescence Binding Studies. Previous stedies have
shown that PHBH binds F-POHB between

pH 6 and 7 with an apparent pK, of about 7.6 in the oxidized
stute (van Beskel & Miiller, 1989). Beczuge ths pE, of the
flucrinated substrate fres in solution is 5.3 (Husain et al,
1980), weak binding of F-POHB of pH 8 was tentatively
ascribed to the jonization of one of the tyrosines in the active
site (van Berkel and Mitller, 1989). Titration of Y385F with
Fe-POHB was accompanied by quenching of the fiuorescence
of protein-hound FAD and followed simple 1:1 binding.
Pimzmmﬂnhndmspmpumoﬂ‘rmwo

Casalytic Properties of PHBH with F-POHB. To identify
the optimal conditions for the enzymatic conversion of Fy-
POHB, steady state kinetic perameters were cstimated as &
function of pH. As can be seen from Table 1, YIBSF
catalyzed the Fe-POHB-siimulated oxidation of NADPH at
approximately the same rate a8 PHBH. With both enzymes,
substantial substrate inhibition occwrred below pH 7.0 (Table
1). A similar type of inhibition was repoted for other
finorinated substrate analogs (Hussin et al., 1980). Table 1
also shows that the apparent X, valnes for Fi-POHB and
NADPH decreased with decreasing pH, resulting in an
aptimal catalytic efficiency near pil 6.5. This is clesrly
different fram the reaction with the physiological substrate
where optimal catalysis tales piace sround pH 8.0 (van
Borkel & Mller, 1989).

The turnover rate of Y385F with Fy-POHB was about 1
order of magritude 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 F;-POHB is a better effector for Y385F than POHB.
‘The effsctor role of F-POHB wax addressed in more detail
by studying the reductive half-reaction by anasrobic stopped
flow experiments. At pH 7.0, 25 °C, flavin reduction of
the Fi-POHB complexed enzymes was & simple monoex-
ponential process. The extrapolated ratc constants for
reduction at infinite NADPH concentrations were 12.5 57!
for PHBH (K, of NADPH = 0.81 mM) and 19.3 57! for
Y385F (K4 of NADPH = 0.79 mM), respectively. Thic
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Table }: Steady Stase Kinetic Parsmoters of PHEBH and Y857
with F.-POHB

atEss
apparent mml.. subuirate
apparent K Fe-POHB inkibition

emyme  pH E() ) (,m) (mbt)
PHEH 60 37 3% s1 ~008

55 38 43 73 >0.1

70 4.1 67 145 >03

0 40 156 280 >10

+ucorbate 60 30 » 0 >0.1
65 32 6 6 >0.15

70 - 35 m 12 >03

80 34 120 23 >10

Y3gIF 40 39 43 47 >0.08
63 41 36 67 >0.15

70 5l 66 z7 *03

V- N | 154 154 =10

+mcabe 60 27 41 15 04
65 3l 5 45 >0.13%

70 a5 62 s >04

3 W 112 152 >10

*Tursover sambess and apparest K, vabacs for F4-POHB and
elocity

ssbetrats inkibition, The mesn ctandand crror of valuos of kinetic
jpermmeters vas sbout 10%.

shows that the F,-POHB stimslased rate of reduction of both
enzymes is not rate limifing in catalysis (cf. Table 1) and
confirms that F,-POMB is a betier effector for Y385F than
POHB. :
Stoichiometry of the Reaction. The saichiometry of the
monoleBHandYSGSvahF.-m“m
oxygen consumption experiments. In apalogy with
puhﬁdndmh(lhmnetal..lm PHEH fully conpled
oxygen consanption to F-POHB hydroxylation, With
Y385F, some uncoupling of hydroxylation was observed as
evidencad by the formation of hydrogen peroxide. The
cificiency of hydroxylaton by YI85F was somewhat de-
pendent on the reaction conditions yielding sbout 0,15 mol

of hiydrogen peroxide/mol of oxygen consmmed st pH 7.0
This degree of uncoupling is in the samte range as chserved
with the Y385F catalysed conversion of POHB (Entsch et
al., 1991; Bacluich et al., 1993).

When the reaction of PHBH (or YI85F) with Fi-POHB
was pezformed with varying concenirations of NADPH (pH
7.03, abomt 2 oquiv of NADPH was consumed/oquiv of
oxygen (Figure 3). Comparable results were obtained at pH
6.0 (dsta not shown). Theoc resnlts are cosistent with an
carlier proposal (Fiusain ct al., 1980) that the wtilization of
2 mal of NADPH/mol of oxygen cun be ascribed to the initial
formation of a quinoncid product intermediate. When the
same set of experiments was repeated in the presence of
sscorbate, nearly equal amonrts of oxygen and NADPH were
consumed (Figare 3). The reaction stoichiometry did not
change when the concentration of ascorbate was vavied
beween 1 and 10 mM, indicating that 1 mM ascorbate is
sufficicnt to cotopete fevorable with NADPH for quinone
reduction. In line with this, the presence of sscorbate
significantly decreased the ratc of NADPH consumption
(Table 1). Interestingly, in the presence of ascorbatz and at
‘high NADPH/F,-POHB ratios, more than 1 equiv of NADPH
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Fioms 3. Resction siuickiometry of the reaction of PHRE aund
"Y385P with ¥, POHB 2z determined by oxygen comsumption
cxperiments. FrPOHB {150 zM) was imcubated with varying
conontations of NADPH in air-satersind boffer, pH 7.0, ud the
reaction we juitisted by the sddition of 1.5 uM cazyms: FHBEN
in the absmoe (A) or (onfmmhn
mu)upm(.)dmm X-dixis values
e the actusl smounts of NADPH For other experi-
mentsl details, seo Materials tnd Metbhods.

wanmmdwmmﬂmh(ﬁm

POHB by PHBH or Y385 did not vesult in the exclusive
formation of 2,5,6-triftearo-3,4-dihydroxybenzoate (Fs-
DOHB). Bspecially with Y385F, severat ather finorimated
anomatic products were formed. Figuae 4A shows the PR
NMR spectrom of an incubstion of Y385F in the presence
of equimolar amounts of F,-POHB and NADPH. The ¥P
NMR resonances at —150.3, ~157.1, and —171.1 ppm are
assigned to FyDOHB, whereas the resonances at —153.1
o aad —170.7 ppm ave ascribed to residval Fy-POHB

pon i
additional main resomances ot ~154.7 and ~177.2 ppru in -
Figuee 4A showed identical intagrals, and both resonances
bave ths same J coupling, segposting that these reaonances
arc derived from an aromatic prodoct with two fieorine
substiteents orthe positioned to each other. This indicates
Mhmﬂm&m“aﬁmmm

A-triydroxybenzoate

TOHB)} was in good agrcement with chemica] shift prodic-
tions of —176.5 ppan for the C5 fiworine substitpent and
—156:1-ppm for the O6 fluorine substituent, respoctively
(Table 2). All vogether, the resulis presented in Figure 4A
suggest that conversion of Fe-POHB by Y385F involves the
consecutive formation of F;-DOHB and 5,6-R-TOHB.

Prther evidence for hydroxylation at the C2 cemter of the
aromatic ring was obtzined when the NADPHAY, POHP ratio
in the incobation mixtiee of Y385F was increased. Addition
of an cxira equivalent of NADPH resulted in the complete
dspletion of F,.-POHB and in a neatly 2-fold incresse in the
intentities of the resomances assigned to 35,6-F,TOHB
(Figare 4B), Morcover, some extra 'F NMR resonances
of relatively low intensity were observed at —153.6 ppm and
—171.4 ppm, indicative for the formation of additionsl
fuorinated products. The inteusities of these two resonsnces
were different, suggesting that they belong to diffeent
hydroxylation products. Furthermaore, both these resonances
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identificd on ihe basts of the results suswnarized in Teble 2. The resonance at —114.2 ppem is from the interaal stapderd,

showed n0 Jp.p coupling. Barlier siudies have shown that
YI85F hydeoxylawes the physiological product DOHB to
TOHB(BmdletlL 1991; Bschrich et al., 1993) On the

2). The *F NMR resonance at —171.4 ppm (Figure 4B)
could criginate from cither 5-fluoro-2,3,4,6-tetrahydroxy-
benzoate (5-F-T«OHB) or 6-fluaro-2.3,5,6-tetrahydroxyben-
mate {6-F-TeOHR). On the basis of chemical shift valucs
of the diffucrinated products and thecretical considerations
(Peclen et al., 1995), this resonance is asgigned to 5-F-
TeGHB (Table 2).

The ideatity of the reaction products was confirmed by
'H-NMR. For this purposs, F-POHB was incubated with
a 2-fold excess of NADPH cither in the absence or presence
of YaB5F. In the presence of Y385F, no exira resonances

were obgorved in the 6—8 ppm region of the 'H NMR
spectrum. This shows that no products with sromatic protons
were formed. Moreoves, in all ¥F NMR spectra, no ‘H
proton coupling could be observed.

Further identification of fluorivated aromatic products was
achieved by incubation of the reaction samples with p-
hydroxybenzoate 1-hydvoxylase from the yeast C. parapsi-
losis. Recent stdics bave shown that this NAD(P)H-
dependent flavoenzyme catalyzes the aridative decarbaxylation
of POHB, yielding 1.4-dilydroxybenzene (van Beskel et al.,
1994). Figure SA illustrates that p-liydroxybenzoate 1-hy-
droxylsse from C. parapsilosis forms a single somatic
product from F,-POHB which is ascribed to the formation
of tetrafiuoro-1,4-dikydroxybenzene. Figure 5B shows the
F NMR spectrum of F,-POHB, successively incubated with
Y385F and p-hydroxybenzoute 1-hydroxylase from €, parap-
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Pisure 5: *F NMR spectra of the conversion of fluorinated POHB derivatives by p-hydroxybeazoate 1-bydroxyiacs from

(A) conversion of F,

(B) conversion of hydroxylation prodects wmum«mmmum

'+POHB;
F-POFB ratio of 1.8 (cf. Fignre 4B). Now rssonseces are iadicaind by an mstersk. The resomance st —114.2 ppe is from the intornal
standard, 4-fluarchearcate.

silosls. Thiz spectrum revealed six new resonances in
relation 1o the same sampls incubated in the absence of the
yeast emzyms (cf, Figure 48). From the differenca spectmm,
it could be cstablished thar three of the new resonances were

formed by Y385P contsined a carboxylic group. The
polyhydroxylsted fiuorobenzens products formed by p-
hydroxybenzoate 1-hydroxylase from €. parapsilosis were
rather stable in the presence of ascorbate. This is concluded
from the nearly identical *F NMR spectrum recorded afier
several hours,

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

70

nearly equal amounts of Fy-DOHB and 5,6-F-TOHB (Figure
GA, Table 3). With Y383F, ihe hitial product Fy-DOHB
was rather efficiently converted to 5,6-F-TOHB (Figure 6B)
and, to a minot extent, to 2,6-F-TOHB (Table 3). Unlike
'Y385F, FHBH misor amovnts of 5,6-F;-TOHB
at pH 6.0 (Table 3). During the conversion of F-POHB
and in contrast to published data (Husain et 2., 1980),
comsidershle higher amounts of fucride avion were produced
a5 expected from the amount of hydroxylated fluorinated
arommatic products formed. From the comcentrations of
flnozinated aromatic substrate and products observed at the
end of the reactions (Table 3), it conld be calcuinted that,
during the conversion of F,-POHB, 10—20% of the fluor-
nated aromatic reaction products were lost and that the excess
flooride released increased with increasing concentrations
of NADPH. Incroasing the concentration of ascorbate in the
incubaticn mixtures to 10 mM or addition of saperoxide
dismyutase did not significantly change the amount of fluotide
anion formed. On the ather hand, conversion of F.-POHB
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Table 2: Chemical shifin of ®F NMR Regoutinees of Ideatified
Flogriznted Prodects Formed from the Conversion of Fi-POHB by
PHEH and Y3859

chomical ahift
compomnd {ppm) bais of identification
F-POHB ~153.1 (FAF6)  2,3,5,6-temaflaarophenal (FI/FS)
{—1493 ppmn, e = 180 1)
—170.7 (FV/P%)
(1703 ppm, e = 18.0H2)
RDOHB  -1503(F)  op-OHstfxF2by +28ppm
(Uen = 5.1 Hz, ¥/ep = 7.6 Hz)
~17L1(F5})  m-OH shiftn FS by —0.4 ppm
Cln=W2He, Y =T6Hz)
—157.1 (F6) skt FS by
Cly =242 Hz, e = 5.1 Hz)
26F-'TOHB —153.6 (FYF6) o-OH shifs FS by +3.5 ppm
ahifis Fi by —3.3 ppm
56-FxTOHE ~154.7 (F6) w-OH shiifts F§ by +2.4 ppm
Gl =229 Hr)
—~177.2(F5) p-OH shifix F5 by —6.1 ppm
Cdm =229 Hr)
SETeOHE ~I714(F9) 0-OH shifly F5 by +5.8 ppm

*The chemical shifts (g determined in S0mM potassinm phoophate,

isflueace chomical shifis far less than pova o1 ortho whititats,

ic the absence of ascorbate led o Fy-DOHH, several
amouonts of 5,6-F;-TOHB (data not shown). ‘This raised the
possibility that the fluorinated quinone formed upon enzy-
mmMofF.—POHBmdergouammmhy

benzoquinones are highly reactive species which become
dehalogenated upon reaction with nuclsophiles (den Beaten
et al., 1993), such a nonenzymatic mechanism could also
explain e high amount of side-products formed in the
absence of ascorbate.

In onder o establish whether the coaversion of Fy-DOHB
0 5,6F>-TOHB was enzyme mediated, the following experi-
ments were performed. F-POHB was completely converted
by PHBH (cf. Figure 6A, Table 3) and the resulting mixture
of FrDOHB and 5.6-F>-TOHB was incubated in aerated
buffer in the absence or presence of excess NADPH. F
NMR analysis revealed that in the abssnce of NADFH no
reaction occurred. In the presence of NADPH, F-DOHB
was further converted w0 5,6-Fo-TOHB, providing direct
evideace for an cazyme-mediated hydroxylation siep. As
already noted from the PF NMR expeximents reported shove,
the extent of conversion of FrDOHB was strongly dependent
on the reaction conditions, With PHBH, formation of 5,6
F-TOHB was most efficient at pH 7.0, but in contrast to
pH 6.0, also minor smoumts of 2,6-F-TOHB and 5-F-
TeOHB were formed. Purthermaore, the reaction of Fp-
DCHB with PHBH was not complete, most probably as a
resalt of product (5.6-F-TOHB) inhibition. This is in
keeping with the results presented in Figures 3 and 6 and
the fact that the NADPH Jeft wes readily consumed aficr
the addition of I mM POHRB. The reaction of F;-DOHB
with Y335F was rather efficient. At both pH 6.0 and 7.0,
mare than 80% of Fs-DOHB was converted to 5,6-F,-TOHB.
Aggin, additiona] formation of 2,6-F,-TOHB and 5-F-TeOHB
was only observed at pH 7.0,
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conoeatration of fluorinated product (M) at
NADPE/F-POHB mtio of 0.9 (1) or 1.8(2)
foammmted PRl Y
componad  pH [3) 2 1)
FePOHB 6.0 a2 56
70 41 1 65
E-DOHB 6.0 ” 101 32 49
7.0 56 [ 28 3
26-F-TOHB 60
70 1 1 6
56F-TOHB 6.0 30 41 52 N
7.0 42 66 36 102
3ETeOHB 60
T4 i 1 3
fluoride amlon 6.0 191 245 203 3
70 203 a2 217 392

ﬂwinmdpmdmmhnwnwmqs

Purther support for the consecutive hydroxylation at the
C3 and C2 position of the aromatic ring was obtained by
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Frotn 7: Proposed hydroyistion patheray of Fe-POHB by FHBH and Y385F.

Table 4: BHOMO) and HOMO Density Charactecistics of

Dintienticc POHB Durivatives®
EHOMO) mmnmm
compound dp oV [A] G o G G
POHB 4 044 029 001 021 005 021 001
F-POHB 4 —049 025 001 020 005 020 001
FyDOHB 4 043 025 000 I8 006 018 0.02
3 ~023 a0 018 007 G18 DOL 025
S6RTOHE 4 030 02 000 009 006 018 002
3 —015 000 016 008 017 022
26F-TOHB 4 —032 024 001 0.7 0.08 0.17 001
3 —013 000 018 006 OI7 025
*Molsculsr orbltal charactoristics of disnionic forms of POHB
devivatives of impostance for attack on the flavic Ofde)-

recording ¥F NMR spectra at different time intervals.
Spectra recorded of samples which wete incobated for only
30 s afer initiating the reaction of PHBH with equimolar
amounts of FrPOHB and NADPH showed nearly the
exclusive formation of Fy-DOHB. 'With Y85F, the forma-
tion of Fs-DOHB ms the first product was mare difficult to
assign because of its rapid conversion t 5.6-F-TOHB. The
spectra recorded with time clearly showed the accumuiation
of 5,6-F-TOHB and rather elow formation of 2,6-F; TOHB
and 5-E-TeOHB. A together, the above results from NMR
product anslysic are consishent with the hydroxylation
pathway presented in Figure 7.

Frontier Orbital Characteristics of Flucrinated Hydroxy-
lation Products. In order to explain the observed hydroxy-
lation pattern from a chemical poirt of view, molecular
arbital calculations weve performed to investigate the intrinaic
clectronic characteristics of the flucrinated POHB derivatives.
For PHBH it was reported that the tumover rates for the
conversion of a sevies of fluorinated POHB snalogs comalate
with the E(HOMO) of their dianiomic forms (Vervoort et
al., 1992). From this it was suggested that a high EHOMO)
and HOMO density on C3 of the aromatic subsivate will
favor the electrophilic attack by the flavin C(4a)-hydroper-
oxide, Table 4 shows that the dianiomic form of F-POHB
hes a relatively low E(HOMO) explaining the low tomover
rate (Vervoort ct al., 1992), but that the clectron density at
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the C3 (C3) atom is comparable to that of POHB. This may
cxplain the rather efficient C3 hydroxylation of F,-POHB
by PHBH st pH 6. In analogy to F-POHB, the fivorinated
aromatic prodocts formed from the enzymatic convesion of
FePOHB showed considerstls HOMO demsity (reactive
clectron density) at the fluocissted caabon stom orthe or parg
o & deprotonated hydroxyl group (Table 4). This suggests
that the formation of 5,6-F>-TOHB from Fe-DOHB results
fram the (partial) ionization of the J0H of By DOHB. In
tine with tsis proposal, formation of 2,6-Fo-TOHB must then
realt from the (partial) ionization of the 40H of F--DOHB,

DISCUSSION

The flavoprotein-mediatod oxygenotytic of
balosromstic substrates requires two NAD(PYH molocules
per tumever (Hnsain ct al., 1980; Sozuki ct al., 1991; Xon
ct al, 1992; Peclen ¢t al., 1995; Wieser et al, 1997). On
the basis of sindies of PHBH with finorinated sobetrate
analogs it was proposed that this memsoal stoichiometry is
due 10 the posenzymatic redaction of a quinonoid species
formed 25 the primary product of oxygenolytic dehalogena-
tion (Hussin et al, 1980). In the present study, the
stoichiometry of the conversion of Fy-
POHB was studied ia the presence of sscorbate.  Addition
of ascorbate neatly restoved the 1:1 reaction stoichiowetry,
indicative for the mpid chemical reduction of guinone
intermedistes by ascorbate, In line with eadier resulis on
the oxygenolytic dehalogeastion of artho-fuorinawed phonols
{(Peclen ct al., lmmw&emhﬂm
of nomspecific oxidstion products. However, YF NMR
anglysis revealed that even in the presence of high coacen-
trations of ascorbate, part of the fiucrinated quinones were

compete with covalent binding t cellular macromolecules
(den Bosten et al., 1993; Rietiens of al,, 1997).

The pH optimum of PHBEH catalysis with F,-POHB was
around pH 6.5. This acidic ehift in pH optimnm with respect
to the reaction with POHB is ascribed to the weak binding
of disnionic FrPOHB at pH 80 From mass spectral
analysis, it was previousty concluded that the conversion of
F-POHB by PHBH results in the formation of F»-DOHB
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crientation, the
POHB. The FAD le grey, the aromatic substrate is white, and the neotedn residues ane

a5 sols aromatic prodect (Hossin et al., 1980). However,
the SF NMR. results presented in this paper provide clear
evideace for a consecutive ion process leading to
suceessive fluorids elimination at C3 and C2 of the subsirite
aromatic ring. The extest of C2 was depend-
ent on the reaction conditions and the type of eazyms used.
‘With PHBH, conversica of Fa-DOHB to 5,6-F~-TOHB was
less cificient than with Y385F, confirming twt te hydroxy-
lation of F3-DOHB is cnzyms medisted. The observed
differences in the exwent of C2 bydeaxylation might be cansed
by th® relative binding strengihs of F.- POHB and Fy-DOHB
amd the different degroe of substrase and product inhibition.
However, other fectors like the effector properties of B
DOHB might also inflacuce the outcome.

Finoride elimination from F-POHB was not restricted to
C2 and C3 of the sromatic ring. In the presence of excess
NADPH, Y385F catalyzed the production of significant
amounts of 2,6-F;-TOHB from F;-DOHB, a reaction nearly
abolished in PHBH. Thest resulis are consisient with earlier
cbacrvations (Bofech et al., 199); Bachrich et al., 1993) that
Mmﬁhﬂmn,mmlyuhcsmymﬁ
DOHB, presomably by binding the product
with the 30H rotated around the C1-C4 axis of the aromatic
ring. From the structure of Y385F in complex with POHB
it was deduced that the Jost hydrogen boud between Tyr201
and Tys385 in Y385F probebly allows some
of Tyr201 (Lab et al., 1994). ‘This would abolish the
unfevorable contsct between the 30H of DOHB and the 40H
of Tyr201, presomably present in PHBH with DOHB bound
in the flipped oricntaticn (Lah et al., 1994). The predominant
formation of 5,6-F-TOHB observed in the present study
indicates that YI85F favors Fs-DOHB binding with the 30H
pointing toward the flavin. However, a similar reorientation
of Tyr201 as evisioned from the Y385F structure, might
indece the alternative binding mode of F--DOHB and lsad
to the formation of significant amounts of 2.6-F>-TOHB.
Moreover, the lost interaction between the side chains of
Ty201 and Tyr385 in Y385F might also explain the
formation of small amounts of SE-TeOHB from 5,6-Fr
TOHB (cf. Figure 48).

As already pointed out before (Husain et al., 198G;
Vervoort et al., 1992), dianionic F,-POHRB is a rather slow
substrate for PHBH because of the deactivating effect of the
fivorine sobstitnents. The frontier orbital substrate charac-

tevistics presented in this paper suggest that C2 hydroxylation
of F+-DOHB is feasible when this substrate is activated at
the C3 position, Le., by deprotomation of the 30H group. In
keeping with their olectron-withdrawing propertics, the
floozine substitucnts of F-DOHB obviously stiraulste the
dqmmﬂmofﬂnmﬂmbymmmw

charge. Upon deprotonation of the 30H moicty, HOMO
density aod, thus, nucleophilic reactivity is redistributed and
becomes located to & significent extent at the C2 center of
FyDOHE. In line with this, the inability to deprotonate the
30H group explains why DOHB is not & substrate for PHBH
but rather an effector.

Ths enzymatic coaversion of F-DOHB o 5.6-R-TOHB
implies that Fa-DOHB binding induces the stabilization of
the flavin C(4a)-hydroperoxide. Furthermore, it indicatea
that the peroxide bond of the oxygenated flavin intermediate
becomes favorably oriestsd to allow C2 hydroxylstion.
Using the crystal structure of the refeverice compound 4a,5-

-3-methyl-48,5-dilypdrolumiflavin et
al., 1978), Schreuder et al. (1990) have buikt a structural
model of the flavin C(da)-hydroperoxide in the active gite
of PHBH with bound POHB. In this model {Figurc 8), the
distal oxygen of the oxygensted Havin inkermedinste is in close
vicinity (24 A) of the C3 but also vather close (3.2 &) 1o
the C2 of the substrate. In the strocture of the DOHB-
complexed enzyme (Schrender et al., 1989), the plane of the
aromatic ring of DOHB is slightly rotated ayoond the C1-
C4 axis with respect to the plane of POHB, and the J0H of
the product is in short hydrogen bond distance of the carbouyl
oxygen of Pro293. Because of steric comstraines, this
goometry will likely prevent the peroxide moiety of the
oxygenated flavin to ocoupy the same orientation as modeled
in the enzyme—substrate complex. From the conserved
mode of binding of scveral substrate analogs (Sciwender et
al., 1954), it is reasonable to asgume that the binding wmode
of Fs-DOHB will resemble that of DOHB, leaving the salt
bridge with Arg214 intect (cf, Figure 1). From this and the
above considerations, we conchude that, in the F;-DOHB
complexed enzyme, the distal oxygen of the flavin C(4a)-
hydroperoxide will approach the C2 atom. Moreover,
enzyme dynamics will allow some rotational mrobility of the
substrate arcmatic ring, facilitating a proper attack (sce also
below).
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Several lines of evidence have indicated that the jonic state
of the substrste is linked to the mte of flavin reduction by
NADPH (Eutsch & van Bexkel, 1995). Our regults are in
sccordance with this hypothesis. Unlike POHB binding
{Batsch et al., 199!; Bschrich ct al, 1993), binding of
dianicnic Fs-POHEB highly stimulates the rate of reduction
of Y383P. This mupposts the view that replacement of
Tyr385 by Phe influcnces the jonization state of bound
POHB (Bachrich et al,, 1993). Crystallographic studies have
indicatnd that deprotonation of POHB induces a conforma-
tional change in the active aitz loop extending from Pro293
10 Ala296 (Gatti ct al., 1996). It was inferred from these
data that deprotonation of POHB migit change the orienta-
tion of hydrogen boatds in the hydrogen bond network around
the 40H of the schetraie.  Binding of dianionic F-POHB
might induce similar chonges in the conformstion of the
active site loop. Howewer, it scoms obvious that in Y385F,
the lost interaction between Tyr38S and Tyr201 will disrupt
the potential chain of rydrogen bonds, which extends from
the 40H of POHB to His72 at the protein sface (Scimender
ef al,, 1994; Gatii et al,, 1996). The conformation of the

oxygen of Pro293. The deprotonation of the 30H could be
ammmmhhmamdym
(Gatti et al., 1996). 'l‘lﬂlmmﬁmdn
ﬂne&omuof!’;—DOHB

hydroxylation reaction, we &t pres-
cntly addressing the mode of binding of fluorinsed subsirate
analogs by ""F NMR.
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Abbreviations and nomenciature

displacement of an atom from thermal motion, conformational disorder,
and static lattice disorder

dihydroxybenzoate

oxidized flavoenzyme

reduced flavoenzyme

electron paramagnetic resonance

molar absorption coafficient

energy of the highest occupled 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

tumnover rate

dissociation constant

kilodalton

Michaslis constant

nanometer

nuciear magnetic resonance

nitric oxide

product

p-hydroxybenzoate hydroxylase

gene encoding p-hydroxybenzoate hydroxylase
phydroxybenzoate

correlation coefficient

{diverse group of) mammalial GTPases invalved in intraceliular transport
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Rfactor crystallographic refinement factor (degres of comespondence of

calculated and observed amplitudes)
RP reverse phase
Poym internal measure of the accuracy of a data set
S substrate
5-F-TeOHB 5-luoro-2,3,4,6-etrahydroxybenzoate
&-F-TeOHB 6-fluoro-2,3,4,5-tetrahydroxybenzoate
TOHB 3,4,5-trihydroxybenzoate
2,6-F-TOHB 2,6-difluoro-3,4,5-trihydroxybenzoate
5,6-F;-TOHB 2,6-difluoro-2,3 4-trihydroxybenzoate
Tris 2-amino-2-{hydroxymettyl)-1,3-propanediol
QAE quatemary aminoatiyl ion




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, plerin or a
transition metal ion in their active site, tor oxygen activation. The dioxygenases mostly contain a
metal ton.

This thesis focuses on para-hydroxybonzoate hydroxylase (PHBH), a flavoprotein
monocoxygenase 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 pracess 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 monooxygenasas since its crystal structure is known and many
aspects of the catalytic mechanism have been unravelled by rapld reaction techniques. In this
thesis, the structure-function relationship of PHBH was addressed by the study of site-directed
mutants.

Subsirate binding _
PHBH trom 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 sulthydryl 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 ka. 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 fiavin motion {see Chapter 5 and 6).

Substrate activation
The phenolic moiety of 4-hydroxybanzoate 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 phenciic 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 catelyzed the hydroxylation of
the physiological product 3,4-dihydroxybenzoate to 3,4,5-tdhydroxybenzoate. This showed that
both tyrosines are also imporiant for preventing the aromatic product from hinding 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 hydroxyiation.
Moreover, the biocatalytic production of the anti-oxidant 3,4,5-tfrihydroxybenzoate (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-aminobenzoats, 2,4-dihydroxybenzoate and 2-hydroxy-4-amincbenzoate, 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 hydroxyl group at the 2-position leads to a displacement of the
flavin ring outside the active site. From this it is proposad that FAD movement provides an
entrance for the substrate to enter the active site and an exit for the product to leave,

The crystallographic daia also revealed that binding of 4-amincbenzoate derivatives
induces the binding of a water molecule next to Tyr385. As a result, a continuous hydrogen
bonding network is formed betwean the 4-amino group of the substrate analogs and the side
chain of His?2, located near the protein surface. During normal catalysls, such an extended
hydrogen bonding network may function as a proton channel, assisting subsirate activation.

Subsirate 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,
Y2224 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 1o
2,3,4-trihydroxybenzoate. This indicates that reduction of Y222A by NADPH stimulates the flavin
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ring to occupy the intorior position in the active site. Spectral studies suggested that oxidized
Y222A binds 2-fluoro-4-hydroxybenzoate in the phenclate form. From this and the reduction
properies 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). Altogsther, Chapter 6
demonstrates that Tyr222 is crucial for the optimization of the substrate specificity of PHBH.

Regiospecificlty of hydroxylation

Finally, in Chapter 7 it is shown that hydroxylation of tetrafluoro-4-hydroxybenzoate
{F+-POHB) by PHBH and Y3BS5F is not restricted to C3, but rather involves sequential
oxygenation and dehalogenation steps. The hypothesis presented to explain this cbservation
relates to the alectron withdrawing capacity of the fluorine substituents at C2 and C6 decreasing
the pk; of tha 3-hydroxy moiety in the initially formed aromatic product (F:-DOHB), facilitating its
deprotonation, which is required for the activation of the C2 and C& centre for an electrophilic
attack by the flavin C(4a)-hydroperoxide cofactor.

The results of Chapter 7 also point at the perhaps unexpected mobllity of the flavin
G(4a)-hydroperoxide cofactor, able io reach not only the C3 posttion but clearly also able to
intaract with the C2 and C6 position of F,-POHB. This also implies that C5 hydroxylation of
Fa-DOHB should be possibls. In wild-type PHBH, this hardly occurs dus to a preferred orientation
of F=-DOHB in the active site. However, in Y3B5F hydroxylation at C5 is actually cbserved,
confirming that Tyr385 is involved in the reglospecilicity 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 residuss involved in subsirate binding and the dynamic movement
of the flavin ring. Flavin movement opens the active site cavity to allow substrate binding and
praduct 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 pockat in
order to shisld the hydroxylation site from soivent. The closure of the active site stabilizes the
ftavin 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 cholesterot
oxidase, glucose oxidase and D-antino acid oxidase, the embedding of substrates Is achieved by
movement of an aclive site lid. The recently determined structure of phenol hydroxylase from
yeast suggests that flavin movement might be a common feature of flavoprotein aromatic
hydroxylases.




Samenvatting

Biochemie is de wetenschap die zich bezighoudt met de bestudering van biologische
processan. In alle evende wezens spelen eiwilten een zeer belangrijke rol. Eiwitten zijn
moleculen, die opgebouwd zijn uit aminozuren, waarvan eor twinlig 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, do erelijke informatie van eli
organisme. De lineaire rangschikking van aminozuren in een polypeptideketen wordt de primaire
structuur genocemd. Deze primaire structuur bepaalt de ruimtetijlke structuur van een eiwit. Hierbij
onderscheiden we de secundsire (o0.a. o-hslices en B-sheets), de tertiaire en quaternalre
structuur. De ruimtelifke structuur van een polypeptideketen wordt aangeduld met de tertinire
structuur terwijl de assemblage van verschiliende polypeptide ketens wordt aangeduid met de
quaternaire structuur. Om de functie van een elwit te kunnen begrilpen is het niet voldoende om
de tertiaire structuur op te helderen. Ock inzicht In het dynamisch gedrag van aminozuren en
liganden is noodzakelijk om het functionaren van het eiwit te leren begrijpen.

Eiwitten die sen chemische reactie katalyssren worden enzymen genoemd. Enzymen
bevatten soms een cofactor {bv. FMN, FAD) en zljn in stast bepaakde omzettingen die onder
normaie omstandigheden niet of zeer langzaam verlopen, snel en elficient te laten plaatsvinden.
In dit proefschrift wordt ingegaan op de relatie tussen de structuur en functie van
p-hydroxybenzoate hydroxylase (PHBH) ult P. fiuorsscens. Dit enzym is een flavine-afhankelljk
monooxygenase dat voorkomt in bodem-microorganismen die betroldken zijn bij de aerobe
afbraak van aromatische verbindingen. Aromaten komen van nature veel In de bodem voor door
het rottingsproces van hout. Echter, door onzorgvuldig gebruik zijn met name in de eerste helft
van deze esuw ook veel recalkcitrante niet-natuurijke aromatische stoffen in de bodem
terechigekomen. Deze milieubelastende verbindingen worden langzaam maar zeker ook
aangepakt door microorganismen omdat deze het vermogen bazitten de hierveor geschikie
enzymen aan te maken. In het kader van het milieu is het van belang om meer inzicht te
verkrijgen in de precieze werking van de enzymen die kunnen fungeren als biologische
schoonmaakmiddelen. PHBEH 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 proetschrift onderzocht aan de
hand van piaatsgerichte aminozuur veranderingen. Het onderzoek is ultgevoerd binnen de
Wageningse onderzoeksschool Milieuchemie en Toxicologie (M&T).
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Samenvatiing

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 kwikvergittiging van het enzym waardoor het substrast geen
toegang meer heeft tot het actieve cantrum.

Activering van 4-hydroxybenzoaat door middel van deprotonering van de phenclische
groep is van essentieel belang voor de electrofiele aanval van het flavine C{da)-hydroparoxide
intermadiair op het substraat. In hootdstuk 4 blijki dat deze activering wordt bewerkstelligd door
eon waterstofbrugnetwerk wat loopt van His72 aan de buitenkant van het enzym via Tyr385 naar
Tyr201. Beide tyrosines zijn ook belangrijk voor de stimuleting van de reductiesnelheid en voor
de substraatspecificiteit. Door de verandering van een van d¢ tyrosine residuen wordt de
regiospecifieke  binding van het aromatisch produkt opgeheven. Hierdoor wordh
3,4-dihydroxybenzoaat verder omgezet tot cytotoxisch 3,4,5-trihydroxybenzoaat. Controversieel
genoag wordt deze verbinding ook toegepast als anti-oxidant.

Tot vaor kort werd algemeen aangenomen dat prosthetische groepen in enzyman star
gebonden zijn. Echter, de mobilitelt van het flavine molecuul biijit een zeer belangrijk nieuw
aspect te zljn voor het katalytisch mechanisme van PHBH (hoofdstuk §). In aanwezigheid van
bepaalde substraatanalogen beweegt het flavine naar een positio bulten het actleve centrum.
Daze mobiliteit is essentiesl voor het toelaten van het substraat en het viifkomen van het
product. Verder is het zeer aannemelijk dat de mobiliteit van het flavine ook belangrijk is voor
een officidnte reductie door NADPH. Deze |aatste verbinding is een esseniidle huipstof
(coenzym), waarvan onduidslljk is hos het precies aan het enzym bindt.

De substraatspecificitelt van PHBH wordt mede bepaald door Tyr222 (hoofdstuk 6). De
mutant Y222A bindt 4-hydroxybenzoaat slecht omdat er een H-brug interactle verforen gaat met
de carboxyl groep van het substraat. Het substraatanaloog 2,4-dihydroxybenzoaat daarentegen
waordt zeer stevig gebonden door een exira interactie met de flavine cofactor die uit het actieve
centrum beweegt. Dit laatste verhindert echter nist 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 afgeleld dat Tyr222 niet belangrijk is voor de effector
specificitsit, m.a.w. voor de manier waarop substraat binding de juiste confrontatie van flavine
en NADPH reguleent.

In hoofdstuk 7 is aangetoond dat hydroxylering van ietrafluoro-4-hydroxybenzoate
(F+-POHB) door PHBH niet gelimiteerd is tot de C3 positie van de aromatische ring, maar dat er
opeenvolgende oxygeneringsstappen en tefluorineringsstappen kunnen plaatsvinden. De unieke
2 hydroxylering wordt toegeschreven aan de reaktiviteit van het initieel gevormde produkt
{F=-DOHB) en de mobiliteit van het flavine hydroperoxide. Verder bevestigt de C5 hydroxylering




van Fa-DOHB door mutant Y385F dat Twi385 betrokken is bij de regiospecificiteit van
hydroxylering (zie hoofdstuk 4).

Concluderend kan gesteld worden, dat PHBH geoptimaliseerd is voor zijn functie tijdens de
evolutie. Deze optimalisatie geldt voor alle aminozuren die betrokken ziin bij de substraatbinding
en de beweeglijkheid van de flavine ring. Het naar buiten gaan van de flavine opent het actieve
centrum waardoor het substraat naar binnen kan. Na enzymreductie {0p esn 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
veear open en het produkt wordt uitgewisseld voor een nieuw substraatmolecuul.

Het afschermen van het substraat Is een eigenschap die gedesld wordt door andere
flavoproteinen met een soortgelijke domein structuur als PHBH. Echter, bif deze enzymen zorgt
het eiwit zelf voor het dichtgaan van het actiove centrum. De recentelijk opgehelderde
krstalstructuur van phenol hydroxylase suggereert dat flavine beweeglijkheid een typische
eigenschap is van aromatische hydroxylases.
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