
Stellingen 

2.6^2 

1. De conclusie dat Arg42 in para-hydroxybenzoate hydroxylase 
essentieel is voor de binding van FAD wordt door studies, beschreven 
in hoofdstuk 4 van dit proefschrift, weerlegd. 
DiMarco, A A., Averboff, B A., Kim.EJE. and Omston, LN. 1993. Gene 125,25-33 

2. Mutagenese en modelling studies in dit proefschrift laten zien dat het 
gepostuleerde model voor het enzym/substraat/NADPH complex van 
para-hydroxybenzoate hydroxylase in Chaiyen et al., niet is gebaseerd 
op realistische gegevens. 
Chaiyen, P., Ballou,D.P. and Massey, V. 1997. Proc. Natl. Acad. Sci. USA 94, 7233-7238. 

3. Door de verschuiving van het laboratoriumwerk naar de computer is 
men minder praktisch ingesteld. 

4. Voor biochemici blijft het zuiveren van een eiwit nog steeds een kunst. 

5. Zonder een gedegen biochemische/biofysische kennis blijft eiwit 
homologie modelling een hachelijke onderaeming. 

6. Behalve aan studenten heeft de universiteit weinig te bieden aan 
jongeren. 

7. De populariteit van een studierichting wordt vaak door de publieke 
opinie bepaald. 

8. De controle van nieuwe eiwitstructuren in de "Protein Data Bank" 
wordt steeds strenger. Het wordt daarom ook tijd om oude 
eiwitstructuren nog eens goed onder de loep te nemen. 

9. Menselijk ingrijpen in DNA/RNA is nog steeds kinderspel vergeleken 
met het genetisch geweld in de natuur. 

10. Machtig op koers laat zien dat goed fundamenteel onderzoek steeds 
minder kans krijgt. 
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A angstrom (0.1 nm) 

ADP adenosine 5'-diphosphate 

AMP adenosine 5'-monophosphate 

ATP adenosine 5'-triphosphate 

B-value displacement of an atom from thermal motion, conformational disorder, 

and static lattice disorder 

dATP deoxy-adenosine 5'-triphosphate 

dNTP deoxy-nucleoside 5'-triphosphate 

ddNTP dideoxy-nucleoside 5'-triphosphate 

DNA deoxyribonucleic acid 

DOHB dihydroxybenzoate 

EDTA ethylenediaminetetraacetic acid 

EF10X oxidized flavoenzyme 

EFlred reduced flavoenzyme 

Epps 4-(2-hydroxyethyl)-l-piperazinepropane sulfonic acid 

£ molar absorption coefficient 

FAD flavin adenine dinucleotide (oxidized) 

FADH flavin adenine dinucleotide (reduced) 

FADHOH flavin C(4a)-hydroxide 

FADHOOH flavin C(4a)-hydroperoxide 

FMN flavin mononucleotide 

FPLC fast protein liquid chromatography 

F c calculated amplitude 

F0 observed amplitude 

Fobs fluorescence observed 

Hepes 4-(2-hydroxyethyl)-l-piperazineethane sulfonic acid 

Hepps 4-(2-hydroxyethyl)-l-piperazinepropane sulfonic acid 

HPLC high performance liquid chromatography 

H2O2 hydrogen peroxide 

I ionic strength 

k rate constant 

fccat turnover rate 

Kd dissociation constant 

kxd reduction rate 

kDa kilodalton 

Km Michaelis constant 
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morpholineethane sulfonic acid 

nicotinamide adenine dinucleotide 

nicotinamide adenine dinucleotide (oxidized) 

nicotinamide adenine dinucleotide (reduced) 

nicotinamide adenine dinucleotide phosphate 

nicotinamide adenine dinucleotide phosphate (oxidized) 

nicotinamide adenine dinucleotide phosphate (reduced) 

nanometer 

molecular oxygen 

product 

Protein Data Bank 

p-hydroxybenzoate hydroxylase 

gene encoding p-hydroxybenzoate hydroxylase 

p-hydroxybenzoate 

correlation coefficient 

crystallographic refinement factor (degree of correspondence of 

calculated and observed amplitudes) 

internal measure of the accuracy of a data set 

substrate 

Structural Classification of Proteins 

sodium dodecyl sulfate 

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

fluorescence quantum yield 

quaternary aminoethyl 

ultraviolet 
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CHAPTER 1 

General Introduction 

1.1. Nucleotides 

This thesis deals with the way NADPH is bound and recognized by the FAD-

containing enzyme ̂ -hydroxybenzoate hydroxylase. 

NADPH and FAD are dinucleotides, which are important compounds for the energy 

exchange in cellular metabolism (Fig.l). NADPH is a source of reducing equivalents and 

functions mostly as a coenzyme in different enzyme families, while FAD is an important 

prosthetic group in flavoenzymes. 

In many enzymes, FAD and NAD(P)H are recognized by a common dinuclebtide 

binding fold (Rossmann et al., 1974). However, other binding modes for FAD and 

NAD(P)H exist (Mathews, 1991; Lesk, 1995; Bellamacina, 1996; Enroth, 1998b). 

- o -p -o -CHo 

•O-P=O H i r H 
I OH OH 

CH2 

(CHOHfe 
FAD I 

CH2 

H Y Y V Y OH OH 

R = OH (NADH) 

R = OP03 (NADPH) 

Fig. 1: Structures of FAD and NAD(P)H 
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The enzyme of interest in this PhD thesis, p-hydroxybenzoate hydroxylase from 
Pseudomonas fluorescens, has a unknown binding mode for NADPH. Before discussing 
the general properties of p-hydroxybenzoate hydroxylase, first an overview will be given of 
known NAD(P) binding folds. 

1.2. NAD(P) binding proteins 

1.2.1. Classification 

NAD(P) binding proteins are ubiquitous. They are found in organisms as diverse as 
archaea, eubacteria, and higher organisms including yeasts, plants, animals, and humans. 
Enzymes that bind NAD(P) catalyze reactions that play a role in energy production, storage, 
and transfer. They do so by exploiting the ability of the nicotinamide group of the cofactor 
to transfer hydride ions or electrons and thereby couple a wide variety of reactions. These 
reactions are part of nearly all core metabolic pathways, such as glycolysis and 
photosynthesis. Dependent on the kind of reaction the pro-R (A specificity) or pro-S (B 
specificity) hydrogen of the C4 atom of the nicotinamide base is transferred (You, 1982). 
An exception are the ribosylating enzymes (Bell & Eisenberg, 1996), ribosome inactivating 
proteins (Xiong et al., 1994) and glycogen phosphorylase (Stura et al., 1983) which use 
NAD(P) as a substrate, substrate analog or inhibitor, respectively. 

Up to now the atomic structures of more than 60 NAD(P) dependent enzymes in 
complex with NAD(P) have been determined by X-ray crystallography. These structures 
can be grouped into a relatively small number of subclasses, where members within the 
same subclass share many common properties. The structural database SCOP (Murzin et 
al., 1995) classifies the NAD(P) binding proteins with respect to biological relevance and 
domain folding, whereby they can be classified in oc+P, a/(3 and multidomain (a+P) folds. 
Table 1 summarizes one representative of each of the fourteen known different domains, 
which can be extracted from the SCOP database. 
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Chapter 1 

1.2.2. Rossmann fold 

The most common fold among the different NAD(P) binding proteins with known 
structure (Table 1) is the NAD(P)-binding Rossmann-fold, containing a (3a|3ap structural 
motif (Fig.2). Already in 1974, Rossmann showed that this substructure is a general 
nucleotide-binding motif present in several dehydrogenases, kinases and flavodoxins 
(Rossmann et al., 1974). 

Fig. 2: NAD(P) binding motif (papocp fold). 

In dehydrogenases the NAD(P)-binding domain is mostly build from two identical PapocP-
folds forming a six stranded parallel P-sheet with helices on both sides (Fig.3). 

Fig. 3: Stereoview of lactate dehydrogenase + NADH (White et al., 1976). 

The loop between the first P-sheet and the first a-helix of the Rossmann fold 

contains a common fingerprint sequence: GXGXXG (Fig.4), where X can be any amino 
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acid (Wierenga et al., 1986). This glycine-rich region is crucial for positioning the central 
part of the NAD molecule in its correct conformation close to the protein framework. The 
first two glycines are involved in binding the pyrophosphate moiety of the dinucleotide and 
the third, which is in the helix following the first strand, is involved in the packing of the 
helix against the (J sheet. This last glycine residue is sometimes replaced by Ala, Ser or Pro 
in NADP-dependent enzymes. The negatively charged pyrophosphate group binds to the 
amino end of the first a-helix, because the dipole moment of an cc-helix as well as the 
possibility to form hydrogen bonds to free NH groups at the end of the helix favors such 
binding (Hoi et al., 1978). Furthermore, most enzymes with the GXGXXG fingerprint 
sequence contain a highly conserved Asp/Glu residue approximately 20 residues 
downstream from this motif. This acidic residue appears near the C terminus of the second 
P-strand and forms hydrogen bonds to the ribose of the adenosine moiety of the NAD. 
Formerly, it was stated that this acidic residue discriminates between NAD and NADP as a 
coenzyme. The Asp/Glu residue usually binds to the 2'-OH of the adenosine ribose of 
NAD. Most NADP-dependent enzymes have a Asn/Gln residue at this position, because the 
2'-phosphate group prevents direct hydrogen bonding through repulsion with the Asp/Glu 
residue (Lesk, 1995; Bellamacina, 1996). However, other studies have implicated that this 
acidic residue also recognizes the 2'-phosphate group of NADP (Baker et al., 1992). 
Dependent on the ionization state of the 2'-phosphate of NADP this acidic residue interacts 
either by direct hydrogen-bonding or water-mediated (Baker et al., 1992). 

Fig. 4: Schematic diagram of the (3l-aA-|32 moiety of the Rossmann fold with the 

GXGXXG fingerprint sequence. 



Chapter I 

1.2.3. Other NAD(P) binding folds 

At least ten other types of folds have emerged for enzymes in which the cofactor 
NAD(P) plays the same function as in enzymes that contain the Rossmann fold (Table 1). 

The folds or residues important for NAD(P) binding are indicated in dark in the different 

figures below. 

1) TIM(a8P8)-barrel: In this fold the nicotinamide moiety is centered in the deep part of the 

active-site cavity, whereas the adenosine-2'-monophosphate is wedged in a shallow 
depression outside the p-barrel, between a couple of P-strands and a-helices. The presence 
of a large hydrophobic core in this type of structure allows the binding and reduction of a 
diverse and overlapping range of carbonyl substrates (e.g., monosaccharides, steroids, 
prostaglandin, aliphatic aldehydes, and xenobiotic compounds). 

Fig. 5A: Stereoview of aldose reductase + NADPH (Rondeau et al., 1992; Wilson et al. 

1992). 

2) Flavodoxin-like: The binding site for NADP involves residues of the same subunit that 
binds FAD and residues from the other subunit of the dimer. Similar to other nucleotide 
binding proteins two glycines facilitate proximity of the main chain and cofactor. The only 
example with known structure, NAD(P)H:quinone reductase, involved in cancer 
chemoprotection and chemotherapy, catalyzes the reduction of different quinone derivatives. 
(Only structure with the NADP analog Cibacron blue is present in the PDB). 
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Fig. 5B: Stereoview of NAD(P)H:quinone reductase + FAD + Cibacron blue (Li et al., 

1995). 

3) Ferredoxin reductase-like, C-terminal NAD(P)-linked domain: The pyrophosphate part of 
NAD(P)H binds to a single pa(3 unit, although the NAD(P)-binding domain differs from 
the Rossmann fold. The proteins containing this fold are electron transfer flavoproteins and 
mostly part of a multi-redox cofactor enzyme complex. 

Fig. 5C: Stereoview of ferredoxin: NADP+ oxidoreductase + FAD + NADP+ (Karplus et 

al., 1991;Serreetal., 1996). 

4) FAD/NAD(P)-binding domain: A central parallel P-sheet region of 5 strands is on one 

side covered by cc-helices, almost similar to the Rossmann fold and the nucleotide binding 

domain fold. Enzymes of this class belong to the pyridine nucleotide-disulfide 

oxidoreductase family having similar folds for FAD and NAD(P) binding. Most of the 

enzymes catalyze the electron transfer between NAD(P)H and a disulfide/dithiol. 
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Fig. 5D: Stereoview of glutathione reductase + FAD + NADPH (Pai et al., 1988). 

5) A nucleotide binding domain: Highly homologous to the Rossmann fold and the 
FAD/NAD(P)-binding fold, including the GXGXXG fingerprint. A parallel p-sheet region 
of five strands is surrounded on both sides by a-helices. The ADP molecule contacts the 
fingerprint region of the first (3a(3-fold. The only example of this fold is trimethylamine 
dehydrogenase, an iron-sulfur containing flavoprotein, catalyzing the oxidative 
demethylation of trimethylamine to dimethylamine and formaldehyde, thereby transferring 
the reducing equivalents to an FAD-containing electron transfer flavoprotein. 

Fig. 5E: Stereoview of trimethylamine dehydrogenase + FMN + ADP (Lim et al., 1988). 

6) Aldehyde reductase (class III enzyme): This newly defined motif contains five p-strands 

connected by four a-helices and differs from the Rossmann fold by the absence of the 
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GXGXXG fingerprint sequence. Furthermore, the pyrophosphate moiety of NADH does 
not seem to interact specifically with a helix dipole. The only example with known structure 
is aldehyde dehydrogenase, which is a widely distributed enzyme important for the 
detoxification of aldehydes. 

Fig. 5F: Stereoview of aldehyde dehydrogenase + NAD (Liu et al., 1997). 

7) Dihydrofolate reductases: The NADP-binding site occupies a long shallow cleft that 
covers the C-terminal ends of five parallel P-sheets and the N-terminal positive ends of two 
a-helices, of which the helix dipoles are directed towards the pyrophosphate and adenosine 
moiety. Dihydrofolate reductase, the main target in antimicrobial and anticancer drugs, 
catalyzes the reduction of 7,8-dihydrofolate. 

Fig. 5G: Stereoview of dihydrofolate reductase + NADPH (Matthews et al., 1979). 

8) Isocitrate & isopropylmalate dehydrogenases: The NAD(P) is located at the entrance of a 

large cleft between the small and large domain. The adenosine-ribose moiety binds in the 
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interdomain cleft and is associated with two strands of the antiparallel p-sheet, which links 

both domains. Both enzymes belong to a unique class of metal-dependent decarboxylating 

dehydrogenases with varying substrate and cofactor specificities. The Afunctional enzymes 

catalyze two consecutive reactions, dehydrogenation and decarboxylation of 2-hydroxy 

acids. 

Fig. 5H: Stereoview of isopropylmalate dehydrogenase + NAD+ (Hurley & Dean, 1994). 

9) Heme-linked catalases: The NADPH molecule is situated in a shallow pocket at the 
junction of an a-helix- and an P-sheet-region. Interesting to note is that NADPH is folded 
into a right handed helix and that its function is still not clear. Heme-linked catalases are 
mostly homotetramers (Gouet et al., 1995) and decompose hydrogen peroxide into water 
and molecular oxygen. 

Fig. 51: Stereoview of catalase + NADPH + heme (Gouet et al., 1995). 
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10) Ferredoxin-like: The NAD molecule binds in an extended conformation to an unusual 

type of dinucleotide-binding domain containing an interdigitated four-stranded antiparallel 

(3-sheet with right-handed crossover helices on one side of the sheet. Like the Rossmann 

fold enzymes, the pyrophosphate of NAD is stabilized by a positive dipole at the N-

terminus of an oc-helix. The only example, HMGCoA-reductase, is involved in cholesterol 

biosynthesis, and requires two molecules of NADPH for the reduction of HMG-CoA to 

mevalonate (Lawrence et al., 1995; structure not submitted to PDB). 

There are also three different protein folds known, which bind NAD(P), where the 

enzyme uses NAD(P) as a substrate (analog) or inhibitor: 

1) ADP-ribosylation: The substrate NAD binds to a prominent cleft on the front face of the 

catalytic domain from diphtheria toxin. The conformation of the substrate differs 

substantially from the extended conformation found in most other NAD(P) binding 

proteins. Under physiological conditions diphtheria toxin catalyzes the transfer of an ADP-

ribose group from NAD to a specific diphthamide (posttranslationally modified histidine) 

residue of elongation factor-2 to disrupt protein synthesis in mammalian cells resulting in 

cell death. 

Fig. 5J: Stereoview of diphtheria toxin + NAD (Bell & Eisenberg, 1996). 

2) Ribosome-inactivating proteins: The adenosine moiety of the substrate analog NADPH is 

located in an interdomain cleft, whereas the nicotinamide moiety extends into the solvent 

and interacts with the surface of an adjacent molecule. The crystal structure of trichosanthin 

with bound cofactor is the only known structure where the large NADPH molecule binds in 

the reversed mode. Ribosome-inactivating proteins are RNA N-glycosidases inactivating 

especially ribosomes. 

11 
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Fig. 5K: Stereoview of trichosanthin + NADPH (Xiong et al., 1994). 

3) P-Glucosyltransferase & glycogen phosphorylase: NAD acts as an inhibitor and binds to 

both the allosteric effector site (N), located at the subunit interface, and the nucleotide 

inhibitor site (I), situated at the entrance of the active site, in a highly folded conformation 

similarly as observed in catalase. NAD inhibits the AMP activation of glycogen 

phosphorylase b, which is the key enzyme in the first step of glycogen degradation. (Only 

structure with the NAD analog AMP available in the PDB) 

Fig. 5L: Stereoview of phosphorylase b + AMP (Stura et al., 1983). 

Finally, it should be mentioned that there are also enzymes that use NAD(P) as a 

prosthetic group (Ph.D. Thesis Hektor, 1998). In these enzymes, the NAD(P) molecule can 

only be released under denaturing conditions. For these so-called nicotinoproteins only the 

12 
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structures of UDP-galactose-4-epimerase (Thoden et al., 1996) and glucose/fructose 
oxidoreductase (Kingston et al., 1997) are known. Both these enzymes belong to the a/(3 
class containing a NAD(P)-binding Rossmann-fold (Table 1). 

Fig. 5M: Stereoview of glucose/fructose oxidoreductase + NADP (Kingston et al., 1997). 

1.3. Flavoenzymes 

Flavoenzymes can be grouped into a relatively small number of classes, based on the 
type of reaction catalyzed, the ability to use molecular oxygen, and the nature of auxiliary 
redox centers (Massey, 1994). 

The simple flavoproteins are classified in oxidases, electron transferases and 
flavoprotein monooxygenases, depending on the reactivity of the reduced enzyme with 
molecular oxygen. The more complex flavoproteins are divided in flavoprotein-disulfide 
oxidoreductases, heme-containing flavoproteins and metal-containing flavoproteins, 
depending on the type and use of auxiliary redox centers. 

1.3.1. NAD(P) dependent flavoproteins 

All flavoproteins with known NAD(P) binding site belong to the a/p class (Table 

1). The enzymes of the disulfide oxidoreductase family (Williams, 1991) contain two PocP-

motifs for NAD(P) and FAD binding. The archetype of this class is glutathione reductase 

(Karplus & Schulz, 1991). Glutathione reductase contains four domains: a FAD- and a 

NADP-binding domain (both paP-topology), a central domain and an interface domain. 

The other flavoenzymes listed in Table 1 have different binding modes for the flavin 

cofactor (see also Mathews, 1991). 
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1.3.2. Flavoenzymes with unknown NAD(P) binding site 

For some NAD(P)-binding flavoproteins of known structure, the mode of NAD(P) 

binding remains to be solved. For UDP-N-acetylenolpyruvylglucosamine reductase from 

Escherichia coli (Benson et al., 1996), NADH-oxidase from Thermus thermophilic (Hecht 

et al., 1996) and flavin reductase P from Vibrio harveyi (Tanner et al., 1996) the crystal 

structures without the pyridine nucleotide cofactor have recently been reported. However, 

for p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens, the crystal structure 

without pyridine nucleotide cofactor is already known for almost 20 years (Wierenga et al., 

1979;Schreuderetal., 1989). 

UDP-N-acetylenolpyruvylglucosamine reductase (MurB) is a a+p protein 

composed of two domains (Benson et al., 1996). The N-terminal domain of MurB shares 

structural homology with the N-terminal domains of the flavoproteins /?-cresol 

methylhydroxylase (PCMH) (Mathews et al., 1992) and vanillyl alcohol oxidase (VAO) 

(Mattevi et al., 1997). Recent sequence alignment studies have revealed that this domain is 

conserved and that many members of this novel class of structurally related flavoenzymes 

contain a covalently bound FAD (Fraaije et al., 1998). In contrast to MurB, both PCMH 

and VAO do not use dinucleotides as electron donor/acceptor (Fraaije & van Berkel, 1997). 

NADH-oxidase and flavin reductase P are cc+P proteins and belong to a novel 

structural NADH oxidase/flavine reductase family. Both proteins contain two domains, a 

sandwich domain and an excursion domain. The flavin cofactor binds in the interface 

between both subunits (Hecht et al., 1996; Tanner et al., 1996). Two isoforms of NADH 

oxidase are known which bind FAD and FMN, respectively (Hecht et al., 1996). 

p-Hydroxybenzoate hydroxylase (PHBH) is the archetype of flavoprotein 

monooxygenases, and until recently the only enzyme from this class for which the crystal 

structure is known (Entsch & van Berkel, 1995). PHBH is an oc/p protein which consists 

of 3 domains: a FAD binding domain, a substrate binding domain and an interface domain. 

The FAD binding domain contains a Rossmann fold with Pap-topology for binding the 

ADP moiety of FAD (Wierenga et al., 1979; Schreuder et al., 1989). Structural 

relationships classify PHBH into two domains (Murzin et al., 1995; Mattevi, 1998), an 

FAD binding domain (including the interface domain) and a substrate binding domain. 

According to this structural classification, PHBH belongs to the same family as the NAD(P) 

independent flavoenzymes cholesterol oxidase (Vrielink et al., 1991), D-amino acid oxidase 

(Mattevi et al., 1996; Mizutani et al., 1996) and glucose oxidase (Hecht et al., 1993). 

Recently, the crystal structure of phenol hydroxylase, another flavoprotein monooxygenase 

was solved (Enroth, 1998a). However, as for PHBH, no binding site for NADPH was 

recognized in this enzyme sofar. 
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1.4. External flavoprotein monooxygenases 

External flavoprotein monooxygenases catalyze the insertion of one atom of 
molecular oxygen into the substrate, using NAD(P) as external electron donor. Based on the 
reaction sequence these flavoenzymes can be divided in two subclasses: 

1) Aromatic hydroxylases (e.g. p-hydroxybenzoate hydroxylase, phenol hydroxylase). 
Scheme 1A (Entsch et al., 1976, 1989; Maeda-Yorita & Massey, 1993). 

2) Monooxygenases (e.g. mammalian (microsomal) flavin-containing monooxygenase, 
cyclohexanone monooxygenase). Scheme IB (Beauty & Ballou, 1981; Ryerson et al., 
1982). 

The main difference in reaction sequence between both subclasses is that the aromatic 
hydroxylases release NAD(P) prior to oxygen attack. 

S NAD(P)H 

NAD(P)+ 0 2 SOH, H20 

LJ L_ 
ESNAD(P)H • EH2SNAD(P) + EHS - EHSOH 

OOH OH 
NAD(P)H S 

NADPH 0 2 S SOH H 2 0 NADP+ 

1 I I t t I 
ENADPH ENADP+ ENADP+ ENADP* ENADP* 

OOH u SOH OH 

Scheme 1: Reaction pathways of external flavoprotein monooxygenases. 

Two fingerprint motifs (Pap-folds) are present in the monooxygenases both for 

FAD and NADP binding (Chen et al., 1988; Altenschmidt et al., 1992; Kubo et al., 1997; 

Stehr et al., 1998). In contrast, only one PaP-fold for FAD binding is present in aromatic 

hydroxylases (Wierenga et al., 1983; 1986). The presence of two PaP-folds in the 

monooxygenases could explain why in these enzymes the NADP remains bound during the 

entire reaction cycle (van Berkel, 1989). 
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1.5. p-Hydroxybenzoate hydroxylase 

1.5.1. Biological function 

p-Hydroxybenzoate hydroxylase (PHBH) catalyzes the conversion of 

p-hydroxybenzoate into 3,4-dihydroxybenzoate (protocatechuate) in the presence of 

NADPH and molecular oxygen (van Berkel & Miiller, 1991; Entsch & van Berkel, 1995; 

van Berkel et al., 1997): 

COO" COO 

+ NADPH + H+ + 0 2 NADP+ + H20 

'OH 

OH OH 

PHBH is responsible for channeling p-hydroxybenzoate via protocatechuate into the 

(3-ketoadipate pathway of aromatic degradation (Ornston & Stanier, 1964; Stanier & 

Ornston, 1973; Harwood & Parales, 1996). p-Hydroxybenzoate is a common intermediate 

in the degradation of lignin and other plant compounds and this probably explains why 

PHBH is found extensively in soil organisms. Table 2 summarizes the purified 

p-hydroxybenzoate hydroxylases from different strains. The homodimeric enzymes of 88 

kDa from Pseudomonas fluorescens and from Pseudomonas aeruginosa have been studied 

in detail (Entsch & van Berkel, 1995). Both enzymes can be treated interchangeably, 

because they differ in only two amino acids and do not have significant different catalytic 

properties. 
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Table 2. Characteristics of FAD-dependent 4-hydroxybenzoate hydroxylases. 3-PHBH: 

4-hydroxybenzoate 3-hydroxylase; 1-PHBH: 4-hydroxybenzoate 1-hydroxylase. 

Enzyme Gene Mass (kDa) Source Cofactor Reference 

3-PHBH + 

1-PHBH 

88 

dimer 

88 

dimer 

88 

dimer 

88 

dimer 

47 

monomer 

88 

P. fluorescens 

P. aeruginosa 

P. putida 

P. desmolytica 

C. cyclohexanicum 

A. calcoaceticus 

NADPH 

NADPH 

NADPH 

NADPH 

NAD(P)H 

NADPH 

(Weijer, 1983) 

(van Berkel, 1992) 

(Entsch, 1988) 

(Hosokawa, 1969) 

(Yano, 1969) 

(Fujii, 1985) 

(Dimarco, 1993) 

dimer 

dimer 

dimer 

dimer 

dimer 

P. fluorescens NADPH (Shuman, 1993) 

(isozyme) 

R. leguminosarum MNF300 NADPH (Wong, 1994) 

R. Legominosarum B155 NADPH (Wong, 1994) 

Pseudomonas sp. CBS3 NAD(P)H (Seibold, 1996) 

NAD(P)H (Sterjiades, 1993) 88 

dimer 

90 

dimer 

50 

monomer 

Moraxella sp. GU2 

R. erythropolis S1 

C. parapsilosis 

NADH (Suemori, 1993; 1996) 

NADH (van Berkel, 1994a) 

(Eppink, 1997) 
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Recently, a novel p-hydroxybenzoate hydroxylase has been described, that catalyzes 
the FAD-dependent oxidative decarboxylation of p-hydroxybenzoate to 1,4-
dihydroxybenzene (hydroquinone) in the yeast Candida parapsilosis (van Berkel, 1994a; 
Eppink, 1997). In yeast, catabolism of 4-hydroxybenzoate mostly proceeds through a 
modified (3-ketoadipate pathway with 1,2,4-trihydroxybenzene (hydroxyhydroquinone) as 
ring-cleavage substrate (Anderson, 1980; Suzuki, 1986; Middelhoven, 1993; Wright, 1993; 
van Berkel, 1997). 

COO" cocr 

OH 

OH 

OH 

OH 

OH 
(1) p-hydroxybenzoate; 

(2) hydroquinone; 

(3) protocatechuate; 

(4) hydroxyhydroquinone; 
OH 

OH 

OH 

Scheme 2: Catabolism of 4-hydroxybenzoate in yeast. 

1.5.2. Reaction mechanism 

The reaction mechanism of PHBH has been studied with various spectroscopic 
techniques (Howell et al., 1972; Entsch et al., 1976; Entsch & Ballou, 1989; van Berkel & 
Miiller, 1989; Vervoort, 1991). The catalytic cycle can be divided in a reductive (ki) and 
oxidative half-reaction (k2-k4) and is depicted below (Husain & Massey, 1979) (Scheme 

3). 
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yxxx 
N * D P H Z 

/ k i NADP* 

G 0 — 

EFIcS 

O 

OH 

^ \ k 4 

Bz(OH)2 X . 

H20 J ^ 

EFI^S 

k5 

H2O2 

o 

OH 

f 
N. . N O 

NH 
HO II 

' O 
OH 
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Scheme 3: Catalytic cycle of p-hydroxybenzoate hydroxylase. 

In the first half reaction, the oxidized enzyme-substrate complex rapidly reacts with 
NADPH. The substrate acts as an effector by stimulating the rate of reduction up to 10^ 
times. The high rate of flavin reduction correlates with the transient formation of a charge-
transfer complex between the reduced flavin and NADP+. After enzyme reduction, the 
NADP+ is released. 

In the second half reaction, oxygen reacts rapidly with the reduced enzyme/substrate 
complex to form a transient flavin (C4a)-hydroperoxide oxygenating species. The distal 
oxygen atom of the flavinhydroperoxide is then transferred to the substrate (electrophilic 
substitution) yielding the product 3,4-dihydroxybenzoate and flavin (C4a)-hydroxide. 
Finally, water is eliminated from this intermediate and the aromatic product is released. In 
the absence of substrate, or in the presence of non-substrate effectors, the flavin (C4a)-
hydroperoxide intermediate decomposes to oxidized enzyme and hydrogen peroxide 
(NADPH oxidase activity, uncoupling of hydroxylation, IC5). 

19 



Chapter 1 

1.5.3. Crystal structure 

The crystal structure of PHBH from P. fluorescens was initially solved at 2.5 A 

resolution (Wierenga et al., 1979) and later refined to 1.9 A resolution (Schreuder et al., 

1989). Recently, the three-dimensional structure of the enzyme from P. aeruginosa was also 

determined (Lah et al., 1994). Not surprisingly, this structure is identical to that of the P. 

fluorescens enzyme. PHBH has a complex and unique folding pattern with three different 

domains: FAD binding domain, substrate binding domain and interface domain (Fig. 6). 

Fig. 6: Ribbon diagram of p-hydroxybenzoate hydroxylase from P. fluorescens (see cover 

for full color representation) 

The N-terminal FAD-binding domain (Ct/p structure, residues 1-175, in orange) 

contains the Rossmann fold, responsible for the interactions with the ADP portion of FAD 

which has an extended conformation. The substrate binding domain (ot/p structure, residues 

176-295, in green) is involved in most interactions with the aromatic substrate. The 

interface domain (a structure, residues 296-394, in blue) is necessary for the stabilization of 

the dimer. The active site of PHBH is buried in the interior of the protein and is surrounded 

by the three domains. All three domains are closely interwoven and residues from all three 

domains play some role in the catalytic mechanism. As noted above, structural databases 

classify PHBH as a two domain structure. One large domain is formed by the FAD-binding 

domain together with the interface domain and a loop excursion of the substrate binding 

domain, whereas the other smaller domain includes the substrate binding domain. This two 

domain structure is highly similar to the core structure of phenol hydroxylase, although the 

sequence identity between both enzymes is lower than 20%. Phenol hydroxylase is a 
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homodimer of 150 kDa, each subunit contains an extra 30 kDa domain involved in dimer 

association but otherwise with unknown function (Enroth et al, 1998a). 

The aromatic substrate in PHBH is buried and held in the active site by multiple 

contacts (Fig. 7). The carboxylic moiety of the substrate interacts with the side chains of 

Ser212, Arg214 and Tyr222, whereas Tyr201, Pro293 and Tyr385 are involved in binding 

the hydroxyl moiety of the substrate. 

Fig. 7: Stereoview of the active site of p-hydroxybenzoate hydroxylase. 

1.5.4. Site-directed mutagenesis 

Studies from site-directed mutants have yielded a detailed insight in the role of the 
active site amino acid residues. Substitution by Phe showed that Tyr201 and Tyr385 play a 
crucial role in substrate activation (Entsch et al., 1991; Eschrich et al., 1993). A hydrogen 
bond network connects the 4-hydroxyl moiety of the substrate to the protein surface through 
Tyr201, Tyr385, structural water molecules, and His72 at the protein surface (Schreuder et 
al., 1994; Gatti et al., 1996). These findings together with molecular dynamics calculations 
suggested that the substrate p-hydroxybenzoate can be reversely protonated in the wild-type 
enzyme, with its phenolic p/sTa influenced by the charge distribution of the active site and the 
protonation state of His72 (Gatti et al., 1996). Studies on the mutants Y201F and Y385F 
showed that the efficiency of hydroxylation is a competition between the rate of oxygen 
transfer to the substrate and the rate of hydrogen peroxide release (Entsch et al., 1991). 
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Furthermore, Tyr385 plays a crucial role in the regiospecificity of substrate hydroxylation 
(van der Bolt et al., 1997). 

The ionic interaction between the side chain of Arg214 and the carboxylic moiety of 
the substrate is essential for catalysis. Studies on Arg214 mutants showed a lower affinity 
for the substrate and a strong uncoupling of hydroxylation (van Berkel et al., 1992). 
Tyr222, also at hydrogen bond distance of the carboxyl moiety of the substrate (Fig.6), is 
another residue crucial for efficient hydroxylation (Entsch et al., 1994; van Berkel et al., 
1994b; Gatti et al., 1994; van der Bolt et al., 1996). Crystallographic data suggested that the 
uncoupling of hydroxylation in Tyr222 mutants is associated with a movement of the flavin 
ring out of the active site (Schreuder et al., 1994; Gatti et al., 1994; Entsch & van Berkel, 
1995). This flavin motion may provide a path for the exchange of substrates and products 
during catalysis (Schreuder et al., 1994; Gatti et al., 1994). In the crystal structure of 
phenol hydroxylase a similar movement of the flavin ring was observed. However, in this 
enzyme an additional loop movement seems required to close the active site (Enroth et al., 
1998a). Shielding the active site from solvent is necessary for stabilisation of the flavin 
(C4a)-hydroperoxide oxygenation species (Gatti et al., 1994). 

Fig. 8: Stereoview of the flavin ring movement in p-hydroxybenzoate hydroxylase, with 
the "in" (black bonds) and "out" (white bonds) conformation. 

A number of residues not directly involved in substrate binding, have also been 
changed by site-directed mutagenesis. Table 3 summarizes the impact of the amino acid 
substitutions on catalysis. 
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Table 3. Function of PHBH amino acid residues. 

Residue Mutation(s) Function Reference 

His72 Asn substrate activation; flavin reduction (Palfey, 1999) 

Cysll6 Ser oxidation causes microheterogeneity (Eschrich, 1990) 

Cysl52 Ser no functional role (van der Bolt, 1994) 

Cysl58 Ser FAD binding (van der Bolt, 1994) 

Tyr201 Phe substrate activation; flavin reduction (Entsch, 1991; Eschrich, 1993) 

Cys211 Ser mercuration prevents substrate binding (van der Bolt, 1994) 

Ser212 Ala substrate binding 

Arg214 Lys, Gin, Ala substrate binding 

Arg220 Lys flavin motion 

Tyr222 Phe, Ala, Val flavin motion 

Lys297 Met 

Asn300 Asp 

Cys332 Ser 

Tyr385 Phe 

substrate activation 

no functional role 

(vanBerkel, 1994) 

(vanBerkel, 1992) 

(Moran, 1996) 

(Gatti, 1994; Schreuder, 1994; 

van der Bolt, 1996) 

(Moran, 1997) 

miscellaneous (protein conformation) (Palfey, 1994) 

(van der Bolt, 1994) 

substrate activation; flavin reduction; (Entsch, 1991; Eschrich, 1993; 
regioselectivity of hydroxylation Lah, 1994; van der Bolt, 1997) 

Except from Cysll6, Cys211 and Cys332, all residues mentioned in Table 3 are 

strictly conserved among PHBH enzymes of known primary structure. The accessible 

surface residue Cysl 16 is highly variable and replaced by Ala, Gly and Ser in other PHBH 
enzymes. Replacement of Cysl 16 by Ser in PHBH from P. fluorescens made the enzyme 
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resistant to oxidation (Eschrich et al., 1990). In phenol hydroxylase, the conserved residues 

Arg287 (Arg220 in PHBH) and Tyr289 (Tyr222 in PHBH) serve a direct role in substrate 

binding (Enroth et al., 1998). The conservation of some active site residues and a similar 

folding topology of the core structure of PHBH and phenol hydroxylase might point to a 

common ancestor of the flavoprotein aromatic hydroxylases. 

The reaction mechanism of /?-hydroxybenzoate hydroxylase is intriguing and rather 

complex. Different sequential chemical reactions are mediated by the flavin as influenced by 

the protein environment. PHBH has a narrow substrate specificity and only benzoate 

derivatives with a electron donating group at the C4 position are hydroxylated. The 

efficiency of substrate hydroxylation depends on the chemical reactivity of the substrates, 

their mode of activation in the active site and the stabilisation of the flavin-C4a-

hydroperoxide intermediate (van der Bolt et al., 1997). Moreover, the number of actual 

substrates is limited by the narrow effector specificity. Potential substrates like 

/7-aminobenzoate and 2-hydroxy-4-aminobenzoate are poorly converted, because their 

binding, although similar to the native substrate (Schreuder et al., 1994), does hardly 

stimulate the rate of enzyme reduction (Table 4). The rate of reduction is not simply 

correlated to the conformation of the flavin ring (Table 4). This suggests that some 

unknown changes are involved in the reductive half reaction, and that these changes are 

linked to the ionic state of the substrate and the H-bond network connecting the 4-hydroxyl 

group with the protein surface (Palfey, 1999). 

Table 4. Some characteristics of PHBH with substrate analogs. 

Substrate analog k^ kcat Flavin conformer 

s7! s7! 

p-hydroxybenzoate 300a 55a me 

3,4-dihydroxy benzoate 4b 4b jnf 

2,4-dihydroxybenzoate \ \c Q.7C outs 

p-aminobenzoate 0.09d 0.09d inS 

2-hydroxy-4-aminobenzoate 0.003a 0.003a outs 

a van Berkel, 1992; b Eschrich, 1993; c van der Bolt, 1996; d Gatti, 1996; eSchreuder, 1989; 
fSchreuder, 1988; SSchreuder, 1994. 
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1.5.5. NADPH binding 

The structure of p-hydroxybenzoate hydroxylase is unusual because there is no well-
defined binding site for the NADPH coenzyme (Schreuder et al., 1991). So far, 
crystallographic analysis did not reveal a structure of the enzyme complexed with NADPH 
and soaking experiments with the coenzyme analogue ADPR resulted in displacement of 
FAD by ADPR (van der Laan et al., 1989). For optimal catalysis, it is essential that the 
flavin is rapidly reduced by NADPH. How this is achieved is as yet unknown. 
Spectroscopic studies showed that the nicotinamide ring binds at the re side of the flavin 
ring (Manstein et al., 1986) and that the pro-R hydrogen of the C4 atom is transferred to the 
N5 of the flavin ring (You, 1982). From these findings and chemical modification studies 
with 5'-p-fluorosulfonylbenzoyladenosine a three-dimensional model for the mode of 
NADPH binding was proposed (van Berkel et al., 1988). In this PhD study, this model 
served as a starting point to address the mode of NADPH binding in PHBH by site-directed 
mutagenesis. 

1.6. Outline of the thesis 

The aim of the research described in this thesis was to investigate the mode of 
NADPH binding in p-hydroxybenzoate hydroxylase from P. fluorescens by a combined 
site-directed mutagenesis and X-ray crystallographic approach. 

In Chapter 2 the apoenzyme of PHBH was reconstituted with a modified FAD analog 
present in alcohol oxidases from methylotrophic yeasts. The crystal structure of 
p-hydroxybenzoate hydroxylase with this flavin analog provided direct evidence for the 
presence of an arabityl sugar chain in the modified form of FAD. The flavin ring attains the 
"out" conformation, which could explain the partial uncoupling of substrate hydroxylation. 
Reduction of the arabino-FAD containing enzyme-substrate complex by NADPH was 
extremely fast, supporting the idea that flavin mobility is involved in NADPH recognition. 
In Chapter 3, the properties of mutant Arg44Lys are presented. This study revealed that 
Arg44, located at the si-side of the flavin ring, is important for FAD binding and for 
efficient enzyme reduction. 

Chapter 4 denotes the important role of the conserved Arg42 in NADPH binding. Lys42 
and Ser42 replacements resulted in impaired NADPH binding. In contrast to an earlier 
conclusion drawn for PHBH from Acinetobacter calcoaceticus, substitution of Arg42 with 
Ser hardly disturbs FAD binding. 
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Chapter 5 reports a new sequence fingerprint motif in flavoprotein aromatic hydroxylases 

with a putative dual function in FAD and NAD(P)H binding. 

Chapter 6 describes the properties of His 162 and Arg269 mutants. Evidence was obtained 

that both residues interact with the pyrophosphate moiety of NADPH. Based on this and 

additional GRID calculations an interdomain binding of NADPH is proposed. 

Chapter 7 provides evidence that Phel61 and Argl66 in the FAD binding domain are not 

directly involved in NADPH binding. The crystal structure of Argl66Ser revealed that 

Arg 166 is structurally important for the inter/intra domain contact. 

Chapter 8 describes the properties of PHBH from Pseudomonas sp. CBS3. This enzyme, 

involved in the biodegradation of 4-chlorobenzoate, represents the first PHBH with known 

sequence which prefers NADH over NADPH as the electron donor. Based on an isolated 

region of sequence divergence, it is proposed that helix H2 in PHBH is involved in 

determining the coenzyme specificity. 

Chapter 9 reports on the role of helix H2 in determining the coenzyme specificity. 

Multiple amino acid changes were introduced to create a NADH-dependent enzyme. 

Chapter 10 describes the crystal structures of substrate-free PHBH and in complex with 

the substrate analog benzoate. The results in this study shows that large protein 

conformational changes are not required for substrate binding. 
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