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1.

De conclusie dat Arg42 in para-hydroxybenzoate hydroxylase
essentieel is voor debinding van FAD wordt door studies,beschreven
inhoofdstuk4vanditproefschrift, weerlegd.
DiMarco,AA.,Averboff, BA., Kim.EJE.andOmston,LN. 1993.Gene125,25-33

2.

Mutagenese en modelling studies in dit proefschrift laten zien dat het
gepostuleerde model voor het enzym/substraat/NADPH complex van
para-hydroxybenzoate hydroxylasein Chaiyen et al.,niet is gebaseerd
oprealistischegegevens.
Chaiyen,P.,Ballou,D.P.andMassey,V. 1997.Proc.Natl.Acad.Sci.USA94,7233-7238.

3.

Door de verschuiving van het laboratoriumwerk naar de computer is
menminderpraktisch ingesteld.

4.

Voorbiochemiciblijft hetzuiverenvaneeneiwitnogsteedseenkunst.

5.

Zonder een gedegen biochemische/biofysische kennis blijft eiwit
homologiemodellingeenhachelijke onderaeming.

6.

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

7.

De populariteit van een studierichting wordt vaak door de publieke
opiniebepaald.

8.

De controle van nieuwe eiwitstructuren in de "Protein Data Bank"
wordt steeds strenger. Het wordt daarom ook tijd om oude
eiwitstructuren nogeensgoedonderdeloeptenemen.

9.

Menselijk ingrijpen in DNA/RNA is nog steeds kinderspel vergeleken
methetgenetischgeweld indenatuur.

10.

Machtig op koers laat zien dat goed fundamenteel onderzoek steeds
minderkans krijgt.

Coenzyme recognition
in
/rara-hydroxybenzoatehydroxylase

Promoter:

dr.N.C.M.Laane
hoogleraar indeBiochemie

Co-promotoren:

dr.W.J.H.vanBerkel
Universitairdocent,departementBiomoleculairewetenschappen
laboratoriumvoorBiochemie
dr.H.A.Schreuder
Groepsleider X-ray kristallografie
HoechstMarionRoussel
Frankfurt, Duitsland

Coenzymerecognition in
/jara-hydroxybenzoate hydroxylase

Michel HendrikusMariaEppink

Proefschrift
terverkrijging vandegraadvandoctor
opgezagvanderector manificus
vandeLandbouwuniversiteit Wageningen,
dr.CM. Karssen,
inhetopenbaarteverdedigen
opvrijdag 11 juni 1999
desnamiddagstehalftweeindeAula

j

M.H.M. Eppink -Coenzyme recognition inpara-hydroxybenzoate hydroxylase - 1999
Dutch: 'Co-enzym herkenning in/?ara-hydroxybenzoaat hydroxylase'
Thesis Wageningen University -With summary in Dutch
ISBN 90-5808-065-X
Cover: Proposed binding mode of NADPH inpara-hydroxybenzoate hydroxylase
Key words:

aromatic hydroxylases / flavoprotein /para-hydroxybenzoate / site-specific
mutagenesis / X-ray studies / coenzyme specificity / fingerprint region

Copyright © 1999by M.H.M. Eppink
All rights reserved
[UiJLiOTHCEK
LANDBOUWU"NIVERSITRT

Dankwoord
De wijze waarop dit proefschrift tot stand is gekomen geeft aan dathet mogelijk is om opeen
alternatieve manier het doel te bereiken. Het onderzoek zoals beschreven in dit proefschrift was
niet eenvoudig omdat de werking van para-hydroxybenzoate hydroxylase al in detail was
bestudeerd (meestal blijven de lastigste problemen over). Vooral door een multidisciplinaire
aanpakbleekhetmogelijk tezijn omnieuweinzichteninditenzymteverkrijgen.
Allereerst wil ik mijn promotor Colja Laane bedanken voor de gelegenheid diehij mij geboden
heeft omtepromoveren. Verder wilikookemeritus hoogleraar Prof. C.Veeger bedanken daareen
deelvanhetonderzoek tijdens zijn leidingheeft plaatsgevonden.
Mijn meeste dank gaat uit naar mijn co-promotoren Willem vanBerkel en Herman Schreuderdie
beiden ookgepromoveerd zijn ophetenzympara-hydroxybenzoate hydroxylase. Door hun kennis
en geduld en mijn "jeugdig" enthousiasme werkte deze onderzoekscombinatie uitstekend. Vanaf
1989, sinds hij mijoppikte uithetklinisch chemisch labteOss,isWillem mijn directe begeleider
geweest. Inhetbegin moest ikmijhelemaal omturnen vandeklinisch chemie naar debiochemie.
Willem trad hierbij vooral opals sturende factor, envanwege zijn zeer goede wetenschappelijke en
kritische kijk ophetonderzoek bleek hijvanonschatbare waarde.MetHerman hebikbijna allesop
afstand gedaan, eerst vanuit Straatsburg (Marion Merrell Dow) waar ik de beginselen van
rontgendiffractie hebgeleerd enlater vanuit Frankfurt (Hoechst Marion Roussel).Alsexpert op het
gebied van eiwitkristallografie was ookjouw begeleiding onontbeerlijk. De ontelbare "hanging
drops" met de belangrijke kristallen, hebben het in de auto bijna altijd overleefd zelfs bij 180
km/uur op de autobahn. Verder zijn er heel wat megabytes aan datasets via FTPheen en weer
gestuurd, en voor debegeleiding opafstand wasemail vanaf het begin eenuitstekend middel(de
telefoonkosten zouden andersastronomisch hoogzijn geweest).
In deafgelopen jaren ismetverschillende groepen samengewerkt inbinnen- enbuitenland, daarbij
wil ik mijn dank uitspreken aanProf. Dirk Roos vanhetCLB te Amsterdam, Dr.Ylva Lindqvist
van hetKarolinska Instituut te Stockholm, Dr.Mariet vandeWerf,Dr.Wout Middelhoven enDr.
John van Oost van de Landbouwuniversiteit te Wageningen. I would like to thank Prof. Rudi
Muller from theTechnical University of Hamburg forthecollaboration onpara-hydroxybenzoate
hydroxylase from Pseudomonas sp. CBS3. Furthermore, the help of Dr. Alex Tepliakov was
indispensible for thecollection of high resolution crystallographic data atthesynchrotron facility
(DESY)oftheEMBLoutstation inHamburg.

Tijdens mijn onderzoek heb ik hulp gekregen van de afstudeerders Erica Fritse, Christine Bunthof,
Yvonne Dortmans, Denise Jacobs, Karin Overkamp, Erwin Cammaert, Kees Ruiter, Bas Tomassen
en Miew-Woen Sjauw-en-Wa. Graag wil ik ookjullie bedanken voorje inzet en gezelligheid.
Verder wil ik mijn lab 5 collega's van de afgelopen jaren Klaus, Frank, Marco, Elles, Robert,
Marielle, Ulrike, Yves en Carlo bedanken voor de vele (niet) wetenschappelijke discussies. Ook
alle medewerkers van de vakgroep Biochemie wil ik bedanken voor de prettige tijd die ik gehad
heb in het Transitorium. Speciaal wil ik hierbij noemen Willy, Jan-Willem, Mark, Walter, Adrie,
Aart, Hans, Huub, Ton, Jillert, Jacques, Sjef, Ans, Marelle en Ivonne. Ook de administratieve
ondersteuning was belangrijk. Hiervoor ben ik Laura, Martin, Piet en Bery zeer erkentelijk. Verder
heb ik vanaf 1989 vele studenten, promovendi en andere tijdelijke medewerkers zien komen en
gaan. Teveel om op te noemen, maar allemaal bedankt voor de leuke tijd in Wageningen.
Fred van de Ent van Bioprocestechnologie bedank ik voor de hulp tijdens de vele 200 liter
fermentor kweken. Van Moleculaire Fysica ben ik Frank Vergeldt zeer erkentelijk voor het
oplossen van de computerproblemen tijdens het rekenen op diverse werkstations en Ruud Spruijt
voor de moleculair biologische adviezen. Als er weer flink wat flessen met medium waren gevuld
dan was Gerrit Nellestijn van Moleculaire Biologie altijd bereid om deze snel even te steriliseren.
Verder deed ik in de eerste jaren zelf nog veel DNA sequencen, maar met de komst van Tony van
Kampen bij Moleculaire Biologie nam het handmatig sequencen steeds verder af. Onze zeer actieve
concierge Evert van de Pol is ook altijd een vertrouwd beeld geweest in het Transitorium waar ik
zowel lopend als fietsend (ik was de enige die daar permissie voor had) naar binnen ging. Ook Jan
Hontelez (hoofd BHV en tevens fervent fietser) en Marijke Hartog (naast mij de enige C3
deskundige) bedank ik voor de onderlinge samenwerking. Verder wens ik het "Bioinformatica"
(BIT) team Sacco, Peter, Ton, Jacques en het "Probleem Gericht Onderwijs" (PGO) team Willem,
John, Carlo, Thijs en Johan veel succes voor de komend jaren.
Als laatste wil ik Hanneke bedanken voor de niet wetenschappelijke kant van het leven. Een goede
thuisbasis is essentieel geweest voor het werk van de afgelopen jaren, vanaf het begin heb je er
achter gestaan wat totaal negen jaar heeft geduurd. Tijdens die jaren zijn Mike en Jim erbij
gekomen. Zij zorgden ervoor dat ik niet altijd met mijn kop in de papieren zat. Jammer dat mijn
ouders dit niet hebben mogen meemaken.

Ter nagedachtenis aan mijn ouders
Aan Hanneke, Mike en Jim

Abbreviations
A

angstrom (0.1 nm)

ADP

adenosine 5'-diphosphate
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adenosine 5'-triphosphate
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displacement of an atom from thermal motion, conformational disorder,
and static lattice disorder

dATP

deoxy-adenosine 5'-triphosphate
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deoxy-nucleoside 5'-triphosphate

ddNTP
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deoxyribonucleic acid
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EDTA

ethylenediaminetetraacetic acid

EF10X

oxidized flavoenzyme
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reduced flavoenzyme
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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
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calculated amplitude
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observed amplitude

Fobs

fluorescence observed
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4-(2-hydroxyethyl)-l-piperazineethane sulfonic acid
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high performance liquid chromatography

H2O2

hydrogen peroxide
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ionic strength
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morpholineethane sulfonic acid

NAD

nicotinamide adenine dinucleotide

NAD+
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NADH

nicotinamide adenine dinucleotide (reduced)

NADP

nicotinamide adenine dinucleotide phosphate

NADP+

nicotinamide adenine dinucleotide phosphate (oxidized)

NADPH

nicotinamide adenine dinucleotide phosphate (reduced)

nm

nanometer

02

molecular oxygen

P

product

PDB

Protein Data Bank

PHBH

p-hydroxybenzoate hydroxylase

pobA

gene encodingp-hydroxybenzoate hydroxylase

POHB, pOHB

p-hydroxybenzoate
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correlation coefficient

R factor

crystallographic refinement factor (degree of correspondence of
calculated and observed amplitudes)

"sym

internal measure of the accuracy of a data set

s

substrate

SCOP

Structural Classification of Proteins

SDS

sodium dodecyl sulfate
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CHAPTER 1

General Introduction

1.1. Nucleotides
This thesis deals with the way NADPH is bound and recognized by the FADcontainingenzyme^-hydroxybenzoatehydroxylase.
NADPHandFADaredinucleotides,whichareimportant compounds for theenergy
exchange in cellular metabolism (Fig.l). NADPH is asource of reducing equivalents and
functions mostly as acoenzyme in different enzyme families, while FAD is an important
prostheticgroupin flavoenzymes.
In many enzymes, FADand NAD(P)H are recognized by a common dinuclebtide
binding fold (Rossmann et al., 1974). However, other binding modes for FAD and
NAD(P)Hexist (Mathews, 1991;Lesk, 1995;Bellamacina, 1996;Enroth, 1998b).
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Fig. 1:Structures of FAD andNAD(P)H
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The enzyme of interest in this PhD thesis, p-hydroxybenzoate hydroxylase from
Pseudomonasfluorescens,has aunknown binding modefor NADPH. Before discussing
thegeneralpropertiesofp-hydroxybenzoatehydroxylase,first anoverviewwill be givenof
known NAD(P)binding folds.

1.2. NAD(P) binding proteins
1.2.1. Classification
NAD(P)bindingproteinsareubiquitous.Theyarefound in organisms as diverse as
archaea, eubacteria, and higher organisms including yeasts, plants, animals, and humans.
EnzymesthatbindNAD(P)catalyzereactionsthatplayaroleinenergy production, storage,
andtransfer. Theydoso by exploiting the ability of the nicotinamide group of the cofactor
totransfer hydride ions or electrons and thereby couple awide 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 atomof the nicotinamide base is transferred (You, 1982).
Anexceptionaretheribosylatingenzymes (Bell &Eisenberg, 1996), ribosome inactivating
proteins (Xiong et al., 1994) and glycogen phosphorylase (Stura et al., 1983) which use
NAD(P)asasubstrate,substrateanalogorinhibitor,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
domainfolding, wherebytheycanbeclassified inoc+P,a/(3and multidomain (a+P) folds.
Table 1summarizes one representative of each of the fourteen known different domains,
whichcanbeextractedfrom theSCOPdatabase.
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1.2.2. Rossmann fold
The most common fold among the different NAD(P) binding proteins with known
structure (Table 1) is theNAD(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 etal., 1974).

Fig.2:NAD(P) binding motif (papocp fold).
IndehydrogenasestheNAD(P)-binding domain ismostlybuildfrom two identical PapocPfoldsforming asixstrandedparallel P-sheetwithhelicesonboth sides(Fig.3).

Fig.3: Stereoview of lactatedehydrogenase +NADH(Whiteetal., 1976).
The loop between the first P-sheetand the first a-helix of the Rossmann fold
contains acommon 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 NADmolecule in itscorrect conformation close tothe protein framework. The
first twoglycinesareinvolved inbinding thepyrophosphate moiety of the dinucleotide and
thethird, which is inthe helix following thefirststrand, is involved in thepacking of the
helixagainstthe(J sheet.Thislastglycineresidueissometimes replaced by Ala, Ser or Pro
inNADP-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 tofree NH groups attheend 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
downstreamfrom thismotif.Thisacidic residue appears near the Cterminus of the second
P-strand and forms hydrogen bonds to the ribose of the adenosine moiety of the NAD.
Formerly,itwasstatedthatthis acidicresidue discriminates between NADand NADP asa
coenzyme. The Asp/Glu residue usually binds to the 2'-OH of the adenosine ribose of
NAD.MostNADP-dependentenzymeshaveaAsn/Glnresidueatthis position, because the
2'-phosphate group prevents direct hydrogen bonding through repulsion with theAsp/Glu
residue (Lesk, 1995;Bellamacina, 1996). However, other studies have implicated thatthis
acidic residue also recognizes the 2'-phosphate group of NADP (Baker et al., 1992).
Dependentontheionizationstate of the 2'-phosphate of NADPthis acidic residue interacts
eitherbydirecthydrogen-bonding orwater-mediated (Bakeretal.,1992).

Fig. 4: Schematic diagram of the (3l-aA-|32 moiety of the Rossmann fold with the
GXGXXGfingerprint sequence.
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1.2.3. Other NAD(P) binding folds
Atleast ten other types of folds have emerged for enzymes in which the cofactor
NAD(P)playsthesamefunction asinenzymesthatcontaintheRossmannfold (Table1).
Thefolds or residues important for NAD(P) binding are indicated in dark in the different
figures below.
1)TIM(a8P8)-barrel:Inthisfoldthenicotinamidemoietyiscenteredin the deeppart of the
active-site cavity, whereas the adenosine-2'-monophosphate is wedged in a shallow
depressionoutsidethep-barrel,betweenacoupleof P-strands and a-helices. The presence
of alarge hydrophobic core in this type of structure allows thebinding and reduction of a
diverse and overlapping range of carbonyl substrates (e.g., monosaccharides, steroids,
prostaglandin, aliphaticaldehydes,andxenobioticcompounds).

Fig.5A: Stereoview of aldose reductase +NADPH (Rondeau et al., 1992;Wilson et al.
1992).
2) Flavodoxin-like:Thebinding site for NADPinvolves residues of the same subunit that
binds FADand residues from the other subunit of the dimer. Similar to other nucleotide
bindingproteinstwo glycines facilitate proximity of the main chain and cofactor. Theonly
example with known structure, NAD(P)H:quinone reductase, involved in cancer
chemoprotectionandchemotherapy,catalyzesthereductionofdifferent quinone derivatives.
(Only structurewiththeNADPanalogCibacronblueispresentinthePDB).
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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-terminalNAD(P)-linkeddomain:Thepyrophosphatepart of
NAD(P)H binds to asingle pa(3 unit, although the NAD(P)-binding domain differs from
theRossmannfold.Theproteinscontainingthis fold areelectron transfer flavoproteins and
mostlypartofamulti-redoxcofactor enzymecomplex.

Fig.5C:Stereoview offerredoxin: NADP+ oxidoreductase + FAD+ NADP+ (Karplus et
al., 1991;Serreetal., 1996).
4) FAD/NAD(P)-binding domain: Acentral parallel P-sheet region of 5 strands is on one
sidecoveredby cc-helices, almost similar tothe Rossmann fold and thenucleotide 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
enzymescatalyzetheelectrontransfer betweenNAD(P)Handadisulfide/dithiol.
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Fig.5D:Stereoview ofglutathionereductase +FAD+NADPH (Paietal., 1988).
5) A nucleotide binding domain: Highly homologous to the Rossmann fold and the
FAD/NAD(P)-bindingfold, including the GXGXXG fingerprint. Aparallel 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
thereducingequivalentstoanFAD-containingelectrontransfer flavoprotein.

Fig.5E:Stereoview oftrimethylamine dehydrogenase+FMN+ADP(Limetal., 1988).
6)Aldehydereductase(classIIIenzyme):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, thepyrophosphate moiety of NADH does
notseemtointeractspecifically withahelixdipole.Theonly example with known structure
is aldehyde dehydrogenase, which is a widely distributed enzyme important for the
detoxification ofaldehydes.

Fig.5F:Stereoview of aldehydedehydrogenase +NAD(Liuetal., 1997).
7) Dihydrofolate reductases: The NADP-binding site occupies a long shallow cleft that
coverstheC-terminalendsoffiveparallel P-sheetsand the N-terminal positive ends of two
a-helices,ofwhichthehelixdipolesaredirected towards thepyrophosphate and adenosine
moiety. Dihydrofolate reductase, the main target in antimicrobial and anticancer drugs,
catalyzesthereduction of 7,8-dihydrofolate.

Fig.5G:Stereoview of dihydrofolate reductase+NADPH (Matthewset al., 1979).
8)Isocitrate&isopropylmalatedehydrogenases:TheNAD(P)is located at theentrance of a
large cleft between the small and large domain. The adenosine-ribose moiety binds in the
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interdomaincleft andisassociated with two strands of the antiparallel p-sheet, which links
both domains. Both enzymes belong to aunique class of metal-dependent decarboxylating
dehydrogenaseswithvaryingsubstrateand cofactor specificities. TheAfunctional enzymes
catalyze two consecutive reactions, dehydrogenation and decarboxylation of 2-hydroxy
acids.

Fig.5H:Stereoview of isopropylmalatedehydrogenase +NAD+(Hurley &Dean, 1994).
9) Heme-linked catalases: The NADPH molecule is situated in a shallow pocket at the
junction ofan a-helix- and an P-sheet-region. Interesting tonote is that NADPH is folded
into aright 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
andmolecularoxygen.

Fig.51:Stereoview ofcatalase+NADPH+heme(Gouetetal., 1995).
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10)Ferredoxin-like:TheNADmoleculebinds 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 Nterminusofan oc-helix. Theonly example, HMGCoA-reductase, is involved in cholesterol
biosynthesis, and requires two molecules of NADPH for the reduction of HMG-CoA to
mevalonate(Lawrenceetal., 1995; structurenotsubmittedtoPDB).

Thereare also three different protein folds known, which bind NAD(P), wherethe
enzymeusesNAD(P)asasubstrate(analog)orinhibitor:
1)ADP-ribosylation:ThesubstrateNADbindsto aprominent cleft on thefront 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.Underphysiologicalconditions diphtheria toxin catalyzes the transfer of anADPribose group from NAD to a specific diphthamide (posttranslationally modified histidine)
residue of elongation factor-2 to disrupt protein synthesis in mammalian cells resulting in
celldeath.

Fig.5J: Stereoview ofdiphtheriatoxin+NAD(Bell & Eisenberg, 1996).
2)Ribosome-inactivatingproteins:Theadenosinemoietyofthesubstrate analog NADPH is
located in an interdomain cleft, whereas the nicotinamide moiety extends into the solvent
andinteractswiththesurface ofanadjacent molecule.Thecrystal structure of trichosanthin
withboundcofactor istheonlyknownstructurewherethelarge NADPH molecule binds in
the reversed mode. Ribosome-inactivating proteins are RNA N-glycosidases inactivating
especiallyribosomes.
11

Chapter 1

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 withtheNAD analog AMP available inthe 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
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structures of UDP-galactose-4-epimerase (Thoden et al., 1996) and glucose/fructose
oxidoreductase (Kingston et al., 1997) areknown. Both theseenzymes belong to the a/(3
classcontaining aNAD(P)-bindingRossmann-fold (Table1).

Fig.5M: Stereoview ofglucose/fructose oxidoreductase +NADP(Kingston etal., 1997).

1.3. Flavoenzymes
Flavoenzymescanbegroupedintoarelatively smallnumberofclasses,basedon the
type of reaction catalyzed, the ability to use molecular oxygen, and the nature of auxiliary
redoxcenters (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,
dependingonthetypeanduseofauxiliary redoxcenters.
1.3.1. NAD(P) dependent flavoproteins
All flavoproteins with known NAD(P) binding site belong to the a/p class (Table
1).Theenzymesofthedisulfide oxidoreductasefamily (Williams, 1991) contain twoPocPmotifs for NAD(P) and FADbinding. 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 (seealsoMathews,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 isalready 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 donot use dinucleotides aselectron donor/acceptor (Fraaije &vanBerkel, 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 3domains: 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 tothe same family as the NAD(P)
independent flavoenzymes cholesterol oxidase (Vrielink etal., 1991), D-amino acid oxidase
(Mattevi et al., 1996; Mizutani et al., 1996) and glucose oxidase (Hecht et al., 1993).
Recently, thecrystal structure of phenol hydroxylase, another flavoprotein monooxygenase
was solved (Enroth, 1998a). However, as for PHBH, no binding site for NADPH was
recognized inthis enzyme sofar.
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1.4. External flavoprotein monooxygenases
External flavoprotein monooxygenases catalyze the insertion of one atom of
molecularoxygenintothesubstrate,usingNAD(P)asexternalelectrondonor.Basedon the
reaction sequencetheseflavoenzymes canbedividedintwosubclasses:
1) Aromatic hydroxylases (e.g. p-hydroxybenzoate hydroxylase, phenol hydroxylase).
Scheme 1A(Entschetal., 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 releaseNAD(P)priortooxygenattack.

S

NAD(P)H
NAD(P) + 0 2

ESNAD(P)H

• EH2SNAD(P)+

SOH, H 2 0

LJ

L_
EHS

-

EHSOH

OOH
NAD(P)H

OH

S

NADPH

02

1

S

I
ENADPH

SOH

I
ENADP+
OOH

u

H20

t

t

ENADP+

ENADP*

SOH

OH

NADP+

I
ENADP*

Scheme 1:Reaction pathwaysofexternal flavoprotein monooxygenases.
Two fingerprint motifs (Pap-folds) are present in the monooxygenases both for
FADandNADPbinding (Chen etal., 1988;Altenschmidt etal., 1992;Kubo et al., 1997;
Stehretal., 1998). In contrast, only one PaP-fold for FADbinding is present in aromatic
hydroxylases (Wierenga et al., 1983; 1986). The presence of two PaP-folds in the
monooxygenasescouldexplainwhyintheseenzymesthe NADPremains bound during the
entirereactioncycle(vanBerkel,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 isresponsible for channelingp-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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Table2.Characteristics ofFAD-dependent4-hydroxybenzoate hydroxylases.3-PHBH:
4-hydroxybenzoate 3-hydroxylase; 1-PHBH: 4-hydroxybenzoate 1-hydroxylase.

Enzyme Gene Mass (kDa) Source

3-PHBH

+

88

P. fluorescens

Cofactor

Reference

NADPH

(Weijer, 1983)

dimer
88

(van Berkel, 1992)
P. aeruginosa

NADPH

(Entsch, 1988)

P.putida

NADPH

(Hosokawa, 1969)

P. desmolytica

NADPH

(Yano, 1969)

C. cyclohexanicum

NAD(P)H

(Fujii, 1985)

A. calcoaceticus

NADPH

(Dimarco, 1993)

dimer
88
dimer
88
dimer
47
monomer
88
dimer
P.
dimer

fluorescens

NADPH

(Shuman, 1993)

R. leguminosarumMNF300

NADPH

(Wong, 1994)

R. LegominosarumB155

NADPH

(Wong, 1994)

Pseudomonas sp.CBS3

NAD(P)H

(Seibold, 1996)

(isozyme)

dimer

dimer

dimer
88

Moraxellasp.GU2

NAD(P)H

(Sterjiades, 1993)

R. erythropolisS1

NADH

(Suemori, 1993; 1996)

C. parapsilosis

NADH

(van Berkel, 1994a)

dimer
90
dimer
1-PHBH

50
monomer

(Eppink, 1997)
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Recently,anovelp-hydroxybenzoatehydroxylasehasbeen described, that catalyzes
the FAD-dependent oxidative decarboxylation of p-hydroxybenzoate to 1,4dihydroxybenzene (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;
vanBerkel, 1997).

cocr

COO"

OH
OH

OH

(1)p-hydroxybenzoate;
(2)hydroquinone;
(3)protocatechuate;
(4) hydroxyhydroquinone;

OH

OH

OH
OH

OH

Scheme2:Catabolism of4-hydroxybenzoate inyeast.

1.5.2. Reaction mechanism
The reaction mechanism of PHBH has been studied with various spectroscopic
techniques (Howell etal., 1972;Entschetal., 1976;Entsch &Ballou, 1989; van Berkel &
Miiller, 1989;Vervoort, 1991). Thecatalytic cyclecan 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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Scheme3:Catalyticcycleofp-hydroxybenzoatehydroxylase.
Inthefirst half reaction, theoxidized enzyme-substrate complex rapidly reactswith
NADPH. The substrate acts as an effector by stimulating the rate of reduction up to 10^
times.Thehigh rate of flavin reduction correlates with the transient formation of achargetransfer complex between the reduced flavin and NADP+. After enzyme reduction, the
NADP+isreleased.
Inthesecondhalfreaction,oxygenreactsrapidly with thereduced 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
(NADPHoxidaseactivity,uncoupling ofhydroxylation, IC5).
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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 theenzyme 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 ofp-hydroxybenzoate hydroxylase from P. fluorescens (see cover
for full color representation)
The N-terminal FAD-binding domain (Ct/pstructure, 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, inblue) is necessary for the stabilization of
the dimer. The active siteofPHBH isburied in theinterior 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 atwo 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 150kDa, each subunit contains an extra 30kDadomain involved in dimer
associationbutotherwisewithunknownfunction (Enrothetal, 1998a).
The aromatic substrate in PHBH is buried and held in the active site by multiple
contacts (Fig. 7). Thecarboxylic moiety of the substrate interacts with the side chains of
Ser212,Arg214andTyr222,whereasTyr201,Pro293and Tyr385 are involved in binding
thehydroxylmoietyofthesubstrate.

Fig.7:Stereoview oftheactivesiteofp-hydroxybenzoate hydroxylase.

1.5.4. Site-directed mutagenesis
Studies from site-directed mutants have yielded adetailed insight in the role of the
activesiteaminoacidresidues.SubstitutionbyPhe showed thatTyr201 and Tyr385 play a
crucialrolein substrate activation (Entsch et al., 1991; Eschrich et al., 1993). Ahydrogen
bondnetworkconnectsthe4-hydroxylmoietyofthesubstratetotheproteinsurface through
Tyr201,Tyr385,structural watermolecules,andHis72 attheprotein surface (Schreuderet
al., 1994;Gattietal., 1996).These findings together with molecular dynamics calculations
suggestedthatthesubstratep-hydroxybenzoatecanbereversely protonated in the wild-type
enzyme,withitsphenolicp/sTainfluencedbythechargedistributionoftheactivesite andthe
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 acrucial role inthe regiospecificity of substrate hydroxylation
(vanderBoltetal., 1997).
Theionicinteractionbetweenthesidechain of Arg214 and thecarboxylic moiety of
thesubstrate is essential for catalysis. Studies on Arg214mutants showed alower affinity
for the substrate and a strong uncoupling of hydroxylation (van Berkel et al., 1992).
Tyr222,alsoat hydrogen bond distance of thecarboxyl moiety of the substrate (Fig.6), is
another residue crucial for efficient hydroxylation (Entsch et al., 1994; van Berkel et al.,
1994b;Gattietal., 1994;vanderBoltetal., 1996).Crystallographic datasuggestedthatthe
uncouplingofhydroxylation inTyr222mutantsisassociatedwith amovement of the flavin
ringoutofthe active site (Schreuder etal., 1994;Gatti et al., 1994;Entsch &van Berkel,
1995).This flavin motion may provide apath for the exchange of substrates and products
during catalysis (Schreuder et al., 1994; Gatti et al., 1994). In the crystal structure of
phenolhydroxylasea similar movement of theflavin ring was observed. However, in this
enzymean additional loop movement seems required to closethe active site (Enroth et al.,
1998a). Shielding the active site from solvent is necessary for stabilisation of the flavin
(C4a)-hydroperoxide oxygenationspecies(Gattietal.,1994).

Fig. 8: Stereoview of the flavin ring movement inp-hydroxybenzoate hydroxylase, with
the"in"(blackbonds)and"out"(whitebonds) 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
substitutionsoncatalysis.
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Table 3.Function of PHBHamino acidresidues.
Residue

Mutation(s)

Function

Reference

His72

Asn

substrateactivation;flavinreduction

Cysll6

Ser

oxidation causesmicroheterogeneity

Cysl52

Ser

nofunctional role

(vanderBolt, 1994)

Cysl58

Ser

FAD binding

(vanderBolt, 1994)

Tyr201

Phe

substrateactivation;flavinreduction

(Entsch, 1991;Eschrich, 1993)

Cys211

Ser

mercuration prevents substrate binding

(van derBolt, 1994)

Ser212

Ala

substrate binding

Arg214

Lys, Gin, Ala

Arg220

Lys

Tyr222

Phe, Ala, Val flavin motion

(Palfey, 1999)
(Eschrich, 1990)

(vanBerkel, 1994)

substrate binding

(vanBerkel, 1992)
(Moran, 1996)

flavin motion

(Gatti, 1994;Schreuder, 1994;
vander Bolt, 1996)
(Moran, 1997)

Lys297

Met

substrate activation

Asn300

Asp

miscellaneous (protein conformation)

Cys332

Ser

nofunctional role

Tyr385

Phe

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

(Palfey, 1994)
(vanderBolt, 1994)

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 residueCysl16 ishighlyvariableandreplacedbyAla, Gly and Ser in other PHBH
enzymes.Replacement of Cysl16by Ser in PHBH from P.fluorescensmade 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 reactionsaremediated bythe 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-C4ahydroperoxide 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 tothe ionic state of the substrate and the H-bond network connecting the 4-hydroxyl
group with theprotein surface (Palfey, 1999).
Table 4. Some characteristics of PHBH with substrate analogs.
Substrate analog

k^

kcat

Flavin conformer

s7!

s7!

p-hydroxybenzoate

300a

55a

3,4-dihydroxybenzoate

4b

4b

jnf

me

2,4-dihydroxybenzoate

\ \c

Q.7 C

outs

p-aminobenzoate

0.09d

0.09 d

inS

2-hydroxy-4-aminobenzoate

0.003 a

0.003 a

outs

a
f

van Berkel, 1992; b Eschrich, 1993; c van der Bolt, 1996; d Gatti, 1996; eSchreuder, 1989;

Schreuder, 1988;SSchreuder, 1994.
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1.5.5. NADPH binding
Thestructureofp-hydroxybenzoatehydroxylaseisunusualbecausethereisnowelldefined binding site for the NADPH coenzyme (Schreuder et al., 1991). So far,
crystallographicanalysisdid not reveal a structure of theenzymecomplexed with NADPH
and soaking experiments with the coenzyme analogue ADPR resulted in displacement of
FADby 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 thatthe nicotinamide ring binds at the reside of the flavin
ring(Manstein etal., 1986)andthatthepro-Rhydrogen oftheC4atomis transferred tothe
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
servedasastartingpointtoaddressthemodeofNADPHbindingin 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.fluorescensby a combined
site-directed mutagenesisandX-raycrystallographic 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
presenceofanarabityl sugarchaininthemodified form of FAD.Theflavin ring attains the
"out"conformation, whichcould explain thepartial uncoupling of substrate hydroxylation.
Reduction of the arabino-FAD containing enzyme-substrate complex by NADPH was
extremely fast, supportingtheideathatflavin mobilityisinvolvedinNADPHrecognition.
In Chapter 3, theproperties of mutant Arg44Lys arepresented. This study revealed that
Arg44, located at the si-side of the flavin ring, is important for FAD binding and for
efficient enzymereduction.
Chapter4denotes the important role of theconserved 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
Serhardly disturbsFADbinding.
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Chapter 5 reports a new sequence fingerprint motif in flavoprotein aromatic hydroxylases
with aputative dual function inFAD and NAD(P)H binding.
Chapter 6 describes theproperties of His162and Arg269 mutants.Evidence was obtained
that both residues interact with the pyrophosphate moiety of NADPH. Based on this and
additional GRIDcalculations 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
Arg166is 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 of4-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 thecoenzyme specificity.
Chapter 9 reports on the role of helix H2 in determining the coenzyme specificity.
Multiple amino acid changes were introduced tocreate aNADH-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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Abstract
The flavin prosthetic group (FAD)ofp-hydroxybenzoate hydroxylase from Pseudomonas Jluorescens was replaced
byastereochemical analog, which isspontaneously formed from natural FAD in alcohol oxidases from methylotrophic yeasts. Reconstitution ofp-hydroxybenzoate hydroxylase from apoprotein andmodified FAD is a
rapid process complete within seconds. Crystals ofthe enzyme-substrate complex ofmodified FAD-containing
p-hydroxybenzoate hydroxylase diffract to 2.1Aresolution. The crystal structure provides direct evidence for the
presence ofan arabityl sugar chain inthe modified form ofFAD. The isoalloxazine ring ofthe arabinoflavin
adenine dinucleotide (a-FAD) islocated ina cleft outside the active site asrecently observed inseveral other
/7-hydroxybenzoate hydroxylase complexes.
Like the native enzyme, a-FAD-containing p-hydroxybenzoate hydroxylase preferentially binds the phenolate
form ofthe substrate (p/fa =7.2). Thesubstrate acts asan effector highlystimulating the rateof enzyme reduction
by NADPH (k^ > 500 s~'). The oxidative part ofthe catalytic cycleofa-FAD-containing p-hydroxybenzoate
hydroxylase differs from native enzyme. Partial uncoupling ofhydroxylation results inthe formation ofabout
0.3 mo!of3,4-dihydroxybenzoate and 0.7 mol ofhydrogen peroxide per mol NADPH oxidized. Itis proposed
that flavin motion inp-hydroxybenzoate hydroxylase isimportant for efficient reduction and that the flavin "out"
conformation isassociated with the oxidase activity.
Keywords: apo-flavoprotein; arabino-FAD; crystal structure; flavin conformation; flavoprotein oxidases;
p-hydroxybenzoate hydroxylase; reconstitution

In 1985, Sherry and Abeles reported that alcohol oxidase isolated from methylotrophic yeasts contains 2different forms of
FAD. One form was identified as natural FAD and the other as
an optical isomer differing only inthe ribityl part ofthe ribityldiphosphoadenosine side chain. Subsequent studies by Bystrykhet at. (1989, 1991)revealed that thecontent of the modified
flavin inalcohol oxidase from Hansenula polymorpha ranges
Correspondence to:W.J.H. van Berkel, Department ofBiochemistry, Agricultural University, Dreyenlaan 3,6703HAWageningen, The
Netherlands; e-mail: willem.vanberkel@fad.bc.wau.nl.
Abbreviations:a-FAD, arabinoflavin adeninedinucleotide;a-FMN,
arabinoflavin mononucleotide; alcoholoxidase,alcohol:oxygenoxidoreductase(EC 1.1.3.13);catalase,hydrogen-peroxideoxidoreductase0^C
1.11.1.6);cholesterol oxidase, 3#-hydroxysteroid:oxygen oxidoreductase(EC 1.1.3.6);glucoseoxidase,jS-D-g!ucose:oxygen1-oxidoreductase
(EC 1.1.3.4); p-hydroxybentoate hydroxylase, 4-hydroxybenzoate,
NADPH:oxygen oxidoreductase (3-hydroxylating) (EC 1.14.13.2).
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from 5to 95% of total flavin, dependent on the culturing conditions. Furthermore, itwas demonstrated that conversionof
natural FAD into modified FAD is autocatalyzed by the purified enzyme and strongly inhibited inthe presence of reducing agents (Bystrykh etal., 1991). From this and from NMR
structural analysis of the extracted flavin itwas argued that the
modified FAD most probably isan arabinoflavin adenine dinucleotide (Kellog et al., 1992). The stereochemical modification
of FAD changes the catalytic properties of alcohol oxidase and
may be ofphysiological relevance (Bystrykh etal., 1991). The
lack of crystallographic data for the octamericalcohol oxidases
does not allow rationalization ofthe changes in catalysis from
a structural point ofview. We therefore have started studying
the interaction ofthe modified flavin with other flavoproteins
for which structural data are available. In this paper we describe some properties ofp-hydroxybenzoate hydroxylase from
Pseudomonas jluorescens reconstituted with the stereochemi-
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Reconstitution of holop-hydroxybenzoate hydroxylase from the
dimeric apoprotein and a-FAD is a rapid process. Upon addition to the apoprotein of an excess of a-FAD, the maximal
activity is reached within a few seconds. The kinetics of reconstitution were not studied in detail. Activity measurements performed in the presence of nanomolar concentrations of flavin
(Muller & van Berkel, 1982) indicate that binding of a-FAD is
somewhat slower than with normal FAD.
The flavin fluorescence quantum yield of the a-FADapoprotein complex was determined from fluorescence titration
experiments. Figure 1A shows that binding of the apoprotein
results in a strong quenching of the fluorescence of a-FAD. The
flavin fluorescence quantum yield of the a-FAD-apoprotein
complex ismuch lower than that of the native enzyme (van Berkel&Muller, 1989). In contrast to the native enzyme (Fig. IB),
the presence of the aromatic substrate hardly influences the fluorescence quantum yield of protein-bound a-FAD (Fig. 1A).
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, , , ,
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Fig. 1. Fluorescence titration of a-FAD with apo-p-hydroxybenzoate
hydroxylase. Flavin (2pM) wastitrated with apo-p-hydroxybenzoate
hydroxylaseeither intheabsenceorpresenceof4-hydroxybenzoate.All
experiments wereperformed at 25°Cin 100mMTris/sulfate, pH 8.0.
Fluorescence emission was observed at 525 nm upon excitation at
450 nm. A: a-FAD in the absence (O) or presence (•) of 1 mM
4-hydroxybenzoate. B:Natural FADintheabsence(A)or presence(A)
of 1 mM 4-hydroxybenzoate.

cally modified FAD, obtained from H, polymorpha alcohol oxidase. By using thep-hydroxybenzoate hydroxylase apoprotein
as a vehicle, direct crystallographic evidence is provided for the
presence of an a-FAD in alcohol oxidases from methylotrophic
yeasts.
Introduction of an optical isomer of FAD may give valuable
additional information about the structure-function relationship of p-hydroxybenzoate hydroxylase. Recent crystallographic
studies (Gatti et al., 1994; Schreuder et al., 1994) indicate that
in p-hydroxybenzoate hydroxylase, flavin motion is a crucial
factor for substrate binding and product release. As flavin motion requires a flexible ribityl side chain, a stereochemical modification in this side chain isexpected to give more insight into
the functional role of different flavin conformers. The crystal
structure presented in this paper shows that the a-FAD bound
top-hydroxybenzoate hydroxylase is located in the "out" conformation. The rapid reduction of thearabinoflavin by NADPH
lend us to propose that flavin motion inp-hydroxybenzoate hydroxylase isalso important for an optimal positioning of the nicotinamide cofactor.

Structural properties
The crystal structure of p-hydroxybenzoate hydroxylase complexed with a-FAD was solved and refined at 2.1 A resolution
(Kinemage 1). The final /?-factor is 0.179 for 26,407 reflections between 8.0and 2.1A. The almost (97.2%)complete2.1-A
data allowed us to unambiguously establish the absolute configuration of the C2 carbon of the ribityl chain. The electron
density map in Figure 2clearly shows that the configuration at
this position has changed from R to S, as has been inferred from
NMR experiments (Kellog et al., 1992).The most important interaction between the modified flavin and the protein, the strong
hydrogen bond with the OE1 of Gin 102,which ispresent both
in the enzyme-substrate (Schreuder et al., 1989) and the 2,4dihydroxybenzoate complex (Schreuder et al., 1994),is preserved
in the a-FAD complex (see Fig. 3, Kinemage 1, and Table 1)
despite the change in configuration. Table 1 also shows that
whereas the 0 2 ' of the natural flavin isburied between the side
chain of Arg 44 and the flavin ring, it is more exposed in the
a-FAD complex and contacts a bound water molecule (Wat 159).

Fig. 2. Stereo diagram of the 2F0- Fc
electrondensitymapofa-FAD-containing
p-hydroxybenzoate hydroxylase incomplex with 4-hydroxybenzoate. Thefinal
lFg - Fcelectron density map wascontoured at 1a. Theviewisfrom theribityl
chain toward the flavin ring. The structure of the 4-hydroxybenzoate complex
with a-FAD isdrawn with solid bonds;
the structure of the 2,4-dihydroxybenzoate complex with natural FADisdrawn
with open bonds.Only the ribityl C2'in
the S-configuration (a-FAD complex,
solid bonds)fitstheelectron densitymap.
The sidechain of Gin 102,which makes
a hydrogen bond withthe02'isvisiblein
the lower right corner of thefigure.
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Fig. 3. Superpositionof thestructuresof
thea-FAD-containingenzyme-4-hydroxybenzoatecomplexandthenativeenzyme2,4-dihydroxybenzoate complex. The
structureof the4-hydroxybenzoatecomplex with a-FAD is drawn with solid
bonds;thestructureofthe2,4-dihydroxybenzoate complex with natural FAD is
drawnwithopenbonds.Theviewisfrom
the flavin ring toward the ribityl chain.
Broken linesindicatethehydrogen bond
between the02' hydroxylgroupand the
OE1of Gin 102,whichispresent inboth
complexes.

Binding of the modified flavin does not alter the overall structure of/>-hydroxybenzoate hydroxylase. The RMS difference of
the a-FAD-containing enzyme-substrate complex after superimposing the 391 C a atoms present in the models are 0.22 A
with the native enzyme-substrate complex and 0.21 A with the
native 2,4-dihydroxybenzoate complex. These differences areof
the same magnitude as the 0.2-0.3-A mean coordinate error,
which can be derived from Luzzati plots (Luzzati, 1952). The
most important difference between the native enzyme-substrate
complex and the a-FAD complex is that the flavin has moved
to the "out" position (Fig. 4). The position of the flavin ring in
the a-FAD-containing enzyme-substrate complex isalmost identical to itsposition in the complex of the nativeenzyme with 2,4dihydroxybenzoate (Schreuder et ah, 1994). Figure 5shows that
in the latter complex, the flavin ring isapproximately 0.7 A further out, presumably because of a hydrogen bond contact of the
2-hydroxy group of the substrate analog (which is not present
inthenormal substrate) and theN3of the flavin. The flavin ring
is not completely planar in the a-FAD complex. The dimethyl-

benzene ring and the pyrimidine ring (the outer rings of the flavin ring system) make an angle of 7.1°. Interestingly, the flavin
ring is not twisted as is the native flavin ring in the "in" position, but isbent likea butterfly. The geometry of the flavin ring
is well within the range of butterfly conformations found in
other flavoenzymes (Mathews, 1991).

Spectral properties

Table 1. Contacts (d < 3.4 k) between the 02'
of the ribityl chain and protein or FAD atoms"
a-FAD-containing
4-hydroxybenzoate
complex

2,4-Dihydroxybenzoate
complex6
CD Arg44(3.2)

OE1 Gin 102 (2.7)

N10flavin (3.1)
0 3 ' ribityl (2.9)
C4' ribityl (2.9)
04'ribityl (3.4)
OW Water 159(3.2)

4-Hydroxybenzoate
complex6

OE1 Gin 102 (2.7)
C9flavin(3.3)
C9A flavin (2.9)
NIOflavin (2.5)

CDArg44(3.4)
CB Arg44(3.3)
OE1 Gin 102 (2.6)
C9flavin(3.2)
C9A flavin (3.2)
NIOflavin(2.9)

C4'ribityl (3.1)
04' ribityl (2.9)

C4'ribityl (3.1)
04'ribityl (3.1)

•Not mentioned are 1-2 and 1-3 contacts(i.e., with the ribityl CI',
C2' and C3'atoms). Distances in Aaregiven in parentheses.
b
From Schreuder et al. (1994).
c
From Schreuder et al. (1989).
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The visible absorption spectrum of free a-FAD is comparable
to that of normal FAD (Table 2; Sherry &Abeles, 1985; Bystrykh et al., 1989). Binding to apo-/>-hydroxybenzoate hydroxylaseslightly influences the absorption characteristics of a-FAD.
Table 2shows that at pH 7.0, the maximum of the first absorption band isshifted from 450 to 458 nm and that the molar absorption coefficient of this band is higher than with the native
enzyme. Upon binding of thearomatic substrate to the a-FADcomplexed enzyme, the intensity of the first absorption band increases with a concomitant shift of the absorption maximum
to 455 nm. The intensity of the first absorption band of the
a-FAD-containing enzyme-substrate complex is much higher
than the corresponding band of the native enzyme-substrate
complex (Table 2). Figure 6 shows a set of difference spectra
recorded at pH 8.0, between the free a-FAD-containing enzyme
and in the presence of increasing concentrations of 4-hydroxybenzoate. From the titration curve (inset, Fig. 6) simple 1:1
binding isobserved and a dissociation constant for the a-FADcomplexed enzyme-substrate complex of about 50 ftM is estimated. This value is in the same range as found for the
corresponding complex of the native enzyme (van Berkel &
Muller, 1989).
Bystrykh et al. (1989) reported that the CD spectrum of free
a-FAD isdifferent from natural FAD. In view of this, and because of the "out" position of the flavin observed in the crystal
structure, it was of interest to study the CD properties of
a-FAD-containing p-hydroxybenzoate hydroxylase. In the visible region, the CD spectrum of nativep-hydroxybenzoate hydroxylase shows a negative Cotton peak around 450 nm and a
positive Cotton peak around 365 nm (Fig. 7A; van Berkel &
Muller, 1989). Upon binding of the aromatic substrate, the positiveCotton peak shifts to 380nm, corresponding to the second

Fig, 4. Stereodiagram of thesuperpositionof the nativeenzyme-substratecomplex of p-hydroxybenzoate hydroxylase
(Schreuderetal., 1989;whitebonds),and
thea-FAD-containing enzyme-substrate
complex (this study; black bonds). The
figure showsclearly how the flavin ring
has moved to the "out" position.

absorption band of protein-bound FAD (Table 2). Furthermore,
in the presence of the substrate both Cotton peaks become better resolved due to vibronic transitions in the 2 electronic absorption bands. Introduction of the a-FAD slightly changes the
CD properties ofp-hydroxybenzoate hydroxylase. Both Cotton
peaks of the free enzyme and the enzyme-substrate complex are
somewhat shifted with respect to the native enzyme (Fig. 7B).
In line with the optical properties reported above, the main
difference with the native enzyme is the increase in molar ellipticity of the first absorption band of the a-FAD-contatning
enzyme-substrate complex. At present it is not clear whether
these differences inelectronic transitions reflect the different flavin conformations observed in the crystal structures.

the corresponding spectra of the native enzyme (Eschrich et al.,
1993). The estimated apparent pKa value of 7.2 for proteinbound substrate (Fig. 8), compared to the pKa of 9.3 for the
substrate free in solution, strongly suggests that introduction of
the a-FAD does not perturb the hydrogen bonding network
formed by the 4-hydroxy moiety of the substrate and the side
chains of Tyr 201 and Tyr 385 (Schreuder et al., 1989; Lah
etal., 1994).This isin full accordance with the crystal structure
presented above.

Native p-hydroxybenzoate hydroxylase preferentially binds
the aromatic substrate in itsphenolate form (Shoun et al., 1979;
Entsch et al., 1991; Eschrich et at., 1993). Ionization of the
4-hydroxy! group is expected to activate the substrate for hydroxylation (Vervoort et al., 1992). Binding of the substrate to
a-FAD-containing p-hydroxybenzoate hydroxylase also results
in a large decrease in the phenolic pKa. Figure 8 shows that
binding of the substrate isaccompanied by absorption changes
around 290nm and strongly dependent on the pH of the solution. The UV difference spectra observed are comparable with

The catalytic properties of p-hydroxybenzoate hydroxylase
reconstituted with a-FAD differ from native enzyme. Table 3
shows that replacement of normal FAD with a-FAD decreases
the turnover rate (kcal) and changes the reaction stoichiometry.
Partial uncoupling of substrate hydroxylation results in a relatively high oxidase activity (production of hydrogen peroxide).
Such an impaired hydroxylation capacity has alsobeen observed
with various mutant enzymes (Entsch etal., 1991, 1994;van Berkeletal., 1992, 1994;Eschrichet al., 1993)and with native enzyme reconstituted with artificial flavins (Entsch et al., 1980,

Catalytic properties

Fig. 5. Stereodiagram of the superposition of native 2,4-dihydroxybenzoatecomplexedp-hydroxybenzoatehydroxylase
(Schreuder etal., 1994;graybonds)and
thea-FAD-containing enzyme-substrate
complex (black bonds). The flavin ring
occupiesthe"out"position inbothcomplexes,but the flavin ring isslightly further out in the 2,4-dihydroxybenzoate
complex,presumably becauseof ahydrogenbond contact, indicated byabroken
line,betweenthe2-hydroxy groupof the
substrateanalogand theN3of the flavin
ring.

40

Table 2. Absorption properties of free and protein-bound
(nm)

Sample
FAD
a-FAD
Native free enzymeb
a-FAD-containing free enzyme
Native EScomplex6
a-FAD containing EScomplex

376
376
373
374
380
378

a-FAD3
(mM-1 cm" 1 )

(nm)

9.2
9.2
8.5
8.6
9.1
9.1

450
450
450
458
450
455

(mM -1cm-1)
11.3
11.3
10.2
11.3
10.2
12.3

' Molarabsorption coefficients weredetermined at25 °Cin50mMsodiumphosphate,pH7.0.EScomplex, enzyme-substrate
complex.
"From van Berkel et al.(1992).

1987;Claiborne &Massey, 1983).Table 3shows that the apparent Km for/7-hydroxybenzoate is in agreement with the Kd derived above, suggesting that partial uncoupling of hydroxylation
isnot due to weak substrate binding. Partial uncoupling of hydroxylation in the a-FAD-containing enzyme therefore most
probably results from nonproductive decomposition of the
C(4a)-hydroperoxyflavin intermediate (Entsch et al., 1976).
Anaerobic reduction of free/7-hydroxybenzoate hydroxylase
by NADPH is a very slow process. The rate of reduction is orders of magnitude stimulated in the presence of the aromatic
substrate, acting as an effector (Nakamura et al., 1970; Howell et al., 1972). Anaerobic reduction of free a-FAD-containing
p-hydroxybenzoate hydroxylase by NADPH ( £ , ^ = 0.1 s" 1 at
1mM NADPH, pH 8.0, 25°C) isconsiderably faster than with
the native enzyme (k^d< 0.002 s" 1 ; van Berkel et al., 1992) as
measured under the same experimental conditions. In line with
this, the free a-FAD-containing enzyme possesses considerable
NADPH oxidase activity. From activity experiments performed

400

500

in the absence of the aromatic substrate, apparent values of
kca, = 0.1 s~' and Km NADPH = 1 . 9 m M ( p H 8 . 0 , 25°C) are
estimated. Wasteful consumption of NADPH is not observed
with the native free enzyme, probably because of a nonoptimal
geometry of the flavin with respect to the nicotinamide ring (van
Berkel & Mutter, 1991).
The substrate is a very strong effector for the a-FADcomplexed enzyme. In Figure 9, the rate of reduction of the
a-FAD-containing enzyme-substrate complex at 25 °C is plot-

600

WAVELENGTH (nm)

300

Fig. 6. Flavin absorption difference spectra observedupon bindingof
4-hydroxybenzoateto a-FAD-containing /i-hydroxybenzoate hydroxylase.Theabsorption spectra wererecordedat25 °Cin 100mM Tris/sulfate, pH 8.0. Theenzymeconcentration was30^M. Difference spectra
are plotted between free enzyme asa reference and the same solution
containing variableamountsof4-hydroxybenzoate.Theinsetshowsthe
molar absorbance difference at 450nmasa function of the substrate
concentration.
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Fig. 7. CDspectra of nativeanda-FAD-containingp-hydroxybenzoate
hydroxylase.TheCDspectrawererecorded at25°Cin 100mMTris/sulfate, pH 8.0.Theenzymeconcentration was40/*M.A:Nativeenzyme
in theabsence (1)or in the presence of ImM4-hydroxybenzoate (II).
B: a-FAD-compIexed enzyme in the absence (I) or in the presenceof
1mM4-hydroxybenzoate (II).

300

350

chemical analog of FAD.The high quality of the crystals shows
that the immobilization technique used to prepare apo-phydroxybenzoate hydroxylase (Miiller &van Berkel, 1982) is a
convenient method to replace the flavin whileretaining the native stateof theenzyme. Byusing theapoenzymeofp-hydroxybenzoate hydroxylaseasa vehicleand becausethemodified FAD
was taken from alcohol oxidase, clear crystallographic evidence
is provided for the presence of an a-FAD in alcohol oxidases
from methylotrophic yeasts. The electron density map of the
modified flavin containing enzyme-substrate complex shows
that the absolute configuration of the C2 carbon of the ribityl
chain has changed from R to S, in perfect agreement with an
earlier proposal based on NMR studies (Kellog et al., 1992).Replacement of natural FAD with a-FAD in p-hydroxybenzoate
hydroxylase does not alter the overall structure of the protein
but induces the flavin ring to occupy the "out" position (Kinemage 1).This "out"conformation has been observed before in
a number of crystal structures including complexes of wild-type
enzyme with 2-hydroxybenzoate analogues (Schreuder et al.,
1994),inmutant Tyr222Phecomplexedwith 4-hydroxybenzoate
(Gatti et al., 1994), and in mutant Tyr 222 Ala complexed with
2-hydroxy-4-aminobenzoate (Schreuder etal., 1994). Superpositions have shown that in complexes with 2-hydroxybenzoate
analogues, the "in"conformation isdestabilized by a short contact between the 2-OH group of the substrate analogue and flavin C6, whereas the "out" conformation isstabilized by a strong
hydrogen bond of the 2-OH group of the substrate analogue
with the N3 of the flavin. These destabilizing/stabilizing interactions do not explain the "out" conformation in the crystals
with a-FAD presented here because these crystals contain the
natural substrate 4-hydroxybenzoate, which does not possess a
2-OH group. Here, the "out" conformation must have been
caused by the R to S transition of the C2 carbon of the ribityl
chain because thisistheonly difference between thecrystals with
the a-FAD and thecrystals of the native enzyme-substrate complex (Schreuder et al., 1989). In order to assess the contacts of
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Fig. 8. UVabsorption difference spectra upon binding of 4-hydroxybenzoateto a-FAD-containing p-hydroxybenzoate hydroxylase. Both
cuvettescontained 1.0 mL20fiMa-FAD-complexedenzymeinonecompartment and 1.0mL200jtM4-hydroxybenzoate inthesamebuffer in
theother compartment. Thetemperature was25°C. For buffers used
seeMaterials and methods. Before mixing the solutions in the 2compartmentsof thesamplecell,abaselinewasrecorded. From bottom to
top: difference spectrum of a-FAD-containing p-hydroxybenzoate
hydroxylaseatpH6.7,pH7.2,pH7.7,pH8.0,andpH8.3,respectively.
From the molar absorption differences at 290 nm an apparent pKa
value of 7.2 for protein-bound substrate isestimated.

ted as a function of the concentration NADPH. The dissociation constant for NADPH as derived from this plot is in the
same range as found for the native enzyme-substrate complex
(Table 3). The maximal rate of reduction in the presence of
4-hydroxybenzoate is higher than found for native enzyme
(Howell et al., 1972;van Berkel et al., 1992;Table 3). Interestingly, an enhanced rate of reduction with respect to the native
enzyme-substrate complex has so far only been observed with
/7-hydroxybenzoate hydroxylase-containing 2-thio-FAD (Claiborne & Massey, 1983).

Discussion
This is, to our best knowledge, the first paper describing the
crystal structure of a flavoenzyme reconstituted with a stereo-

Table 3 . Kinetic parameters of a-FAD complexed
p-hydroxybenzoate hydroxylase*

Enzyme

Km (*M)
Product NADPH /Ui
(%)
(.I'M) (s- 1 ) Is"') NADPH BzOH

Native
98 ± 2
a-FAD complexed 33± 5

150
115

300
530

55
11

70
7

20
56

ISO

200

NADPH fcM)

Fig. 9. Reduction of a-FAD-containingp-hydroxybenzoate hydroxylasebyNADPH.Allexperimentswereperformed in lOOmMTris/sulfate pH 8.0. Enzyme (18^M) wasanaerobically mixed with an equal
volumeof variableconcentrations ofNADPHinthestopped-flow spectrophotometer. Bothsolutionscontained 1 mM4-hydroxybenzoate.The
rateof reductionofa-FAD-containingp-hydroxybenzoate hydroxylase
at 25°C isplotted as a function of the concentration of NADPH, as
monitored at 450nm.

"Kinetic parameters were determined at 25°C in 100 mM Tris/
SO.,2~, pH 8.0. Turnover rates aremaximum values(kial) delermined
at0.26mMoxygen. Dissociation constantsfor NADPH (Kd NADPH)
were determined from rapid reaction experiments. Data for native
p-hydroxybenzoate hydroxylasearetaken from van Berkeletal.(1992).
Product, 3,4-dihydroxybenzoate; BzOH, 4-hydroxybenzoate.
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a-FADinthe"in"conformation, weinvertedtheconformation
of theribitylC2carbon inthestructureof thenativeenzymesubstratecomplex.Theresultindicatesthat(without adaptation
of theprotein) theribityl2-OHgroup would beinvolved in2
shortcontacts:onewiththeCAofLeu299(3.0A)andonewith
theCBof Leu 299(2.5A).Thehydrogen bond with theside
chainof Gin 102wouldstillbepresent.Onlysmall(0.5-1.0A)
rearrangementsareneededtorelievetheshort contacts.These
rearrangements, however, may be hindered because Leu 299
is part of helix H10. Theseobservations point to a smalldifference in binding energy between the"in"and "out" conformation becausethea-FADbindsinthe"out"conformation in
spiteofapparentlyminoradaptationsnecessarytobindthe"in"
conformation.
Theshift of theequilibrium position toward the"out"conformation, asobservedinthecrystalstructure,explainsperfectly
theobserved formation of considerable amounts of hydrogen
peroxideduringcatalysisbecausethehydroperoxyflavin intermediatecanonlyhydroxylatethesubstrateinthe"in"position
(Schreuder etal., 1994). Adynamicequilibrium of flavin conformersprobablyisalsoofrelevanceforthenativeenzymebecausetheentranceof thesubstratebindingsiteisblockedwith
theflavin inthe"in"positionandmovementoftheflavin tothe
"out"position seemstobenecessarytoprovideapath for the
substratetoentertheactivesite(seeGattietal., 1994;Schreuder
etal., 1994).Thesituation islessclear for the NADPH bindingandreduction step.Wehavepreviouslyargued (Schreuder
etal., 1994)thattheflavin wouldmost likelynotbereducedin
the"out"position because2,4-dihydroxybenzoate (whichalso
pushesthe flavin toward the"out"conformation), stimulates
thereduction much lessthan thenormal substrate. However,
the present data strongly suggest that the flavin israpidly reducedinthe"out"conformation. Clearly,additionaldata(e.g.,
site-directedmutantswithalteredNADPbindingpropertiesor
a crystal structure of a complexwith an NADPH analog) are
needed to settle thispoint.
No crystal structure of methanol oxidase is available, but
aminoacidsequencecomparisonshaverevealedthatthisenzyme
belongstotheglucose-methanol-choline(GMC)oxidoreductase
family (Cavener, 1992).Within this class of flavoenzymes, 2
crystal structures areknown.Thecrystalstructuresofglucose
oxidasefromAspergillusniger(Hechtetal., 1993)andcholesterol oxidase from Brevibacteriumsterolicum (Vrielink etal.,
1991;Lietal., 1993)showthat the02' of theribityl chainof
theFADmakesahydrogenbondwiththeamidenitrogenofa
conservedAsnresidue(Asn107inglucoseoxidaseandAsn 119
in cholesteroloxidase).Theconserved Asn(Asn98inmethanoloxidasefrom H.polymorpha; Ledeboeretal., 1985) seems
to fulfill the same role as Gin 102inp-hydroxybenzoatehydroxylase.Analysisofhypotheticalshortcontactsoftheribityl
02' after invertingtheconfiguration of theC2carbon reveals
that for the2flavoprotein oxidaseswithknown 3-dimensiona!
structure, the short contacts would be less severe than with
p-hydroxybenzoate hydroxylase. The shortest non-hydrogen
bond-type contacts are3.0Awith theC7of Met 561for glucoseoxidaseand 3.1AwiththeCjSof Phe487for cholesterol
oxidase,incontrast to theshort contact of 2.5Awith the C@
of Leu299inp-hydroxybenzoatehydroxylase.Theseobservationsandthegeneraloccurrenceofa-FADinmethanoloxidase
suggestthat theactivesiteof thisenzymeislikelytobeableto
accommodate the a-FAD without too many rearrangements.
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Materialsand methods
General
Biochemicalsand chromatography resins used have beendescribedelsewhere(vanBerkeletal., 1992).Optical (difference)
spectrawererecordedat25 °C,onacomputer-controlledAminco
DW-2000spectrophotometer. Fluorescence experiments were
performed onanAmincoSPF-500Cspectrofluorimeter at25°C.
CD spectra were recorded on a Jobin Yvon Mark Vdichrograph,essentially asdescribed elsewhere(Benenet al., 1991).
Rapid-reaction kineticswerecarried out usinga temperaturecontrolled single-wavelengthstopped-flow spectrophotometer,
typeSF-51, from High-TechScientific Inc.,witha1.3-msdeadtime.Theinstrumentwasinterfaced toanIBMmicrocomputer
for data acquisition and analysis.
Purificationprocedures
Crudea-FADasextracted from alcoholoxidase(Kellogetal.,
1992)wasa gift of Dr. L.V. Bystrykh. a-FAD was separated
from natural FAD by HPLC using a Microspher C18 (20 x
300-mm)column.Theelution solvent contained 15% MeOH,
85 mM ammonium bicarbonate, pH 3.7. The flow rate was
2mL/min. Using a 10-^Lsample loop, the following elution
timesareobserved:a-FAD(4.2min),a-FMN(5.7min),FMN
(6.3min),and FAD(6.9min). Micromolar quantities of pure
a-FADwereobtained from repeated50-^Linjections. Purified
a-FAD was desalted by reverse-phase chromatography and
storedat -20°C.FADusedinfluorescenceexperimentswaspurifiedbygelfiltration onBiogelP-2(Muller&vanBerkel,1982).
p-Hydroxybenzoate hydroxylase from P.fluorescens, as
cloned inEscherichiacoli, waspurified asdescribed (vanBerkeletal., 1992).Theapoproteinofp-hydroxybenzoatehydroxylasewasprepared bycovalentchromatography(Muller&van
Berkel, 1982).Theresidual activityof theapoprotein wasless
than 0.2%.

Analyticalmethods
Fluorescencetitrationexperimentswereperformed in 100mM
Tris/sulfate, pH8.0.Flavinfluorescenceemissionwasobserved
at 525 nm upon excitation at 450 nm (Muller &van Berkel,
1982). Molar absorption coefficients of protein-bound flavin
were determined at 25°C by recording absorption spectra in
50mM sodium phosphate, pH 7.0, either in the absence or
presenceof 0.5% SDS(deJongetal., 1992).Protein concentrations were determined using the following molar absorption coefficients: holop-hydroxybenzoatehydroxylase, €450=
10.2 mM -1 cm -1 (van Berkel et al., 1992);apo-p-hydroxybenzoate hydroxylase, E2SO= ? 4 mM -1 cm"1 (Muller &van
Berkel, 1982). Themolarellipticityofprotein-bound flavinwas
determined byrecording CDspectra inthevisibleregion.The
enzyme concentration was40^M in 50mMpotassium phosphate,0.5mMEDTA,pH7.0.Theionizationstateofenzymebound 4-hydroxybenzoate was measured by recording UV
absorption difference spectraasafunction ofsubstrateconcentration and of pH (Eschrich etal., 1993).
p-Hydroxybenzoate hydroxylase activity was routinely assayed in 100 mM Tris/sulfate, pH 8.0, containing 0.5 mM
EDTA, 150 jiM NADPH, 150 nM 4-hydroxybenzoate, and

10/iM FAD (Muller & van Berkel, 1982). Kinetic parameters
of p-hydroxybenzoate hydroxylase were determined at pH 8.0,
essentially as described elsewhere (Eschrich et al., 1993).The hydroxylation efficiency of p-hydroxybenzoate hydroxylase was
estimated from oxygen consumption experiments, either in the
absenceorpresenceofcatalase(Eschrichetal., 1993).The product
3,4-dihydroxybenzoate wasidentified and quantified byreversephase HPLC (Entsch et al,, 1991).
Crystallization
Crystals of a-FAD-containing/7-hydroxybenzoate hydroxylase
in complex with 4-hydroxybenzoate were obtained using the
hanging dropmethod. Theprotein solutioncontained 10mg/mL
enzyme in 50mMpotassium phosphate buffer (pH 7.0). Thereservoir solution contained 50% saturated ammonium sulfate,
0.04 mM FAD, 0.15 mM EDTA, 0.1 mM reduced glutathione,
1 mM 4-hydroxybenzoate, 60 mM sodium sulfite, and 50 mM
potassium phosphate buffer, pH 7.0. Drops of 4/iL protein solution and 4 j*L reservoir solution were allowed to equilibrate
at 4°C against 1 mLof reservoir solution. Crystals with dimensions of up to 0.2 *0.3 *0.4 mm 3 grew within 3 days.

FAD we used the parameters as described by Schreuder et al.
(1994). The topology definition for the C2 of the ribityl chain
was changed from R to S. The model was refined with energy
minimization and temperature factor refinement. Water molecules were assigned by searching F0 - Fcmaps for peaks of at
least 4a, which were between 2.0 and 5.0 A of other protein or
water atoms. Water molecules with temperature factors after refinement in excess of 70 A 2 were rejected.
The final structure wasobtained after 4 cycles of map inspection and refinement and contains 284 water molecules. The
final tf-factor is 0.179 for 26,407 reflections between 8.0 and
2.1 A. The RMS deviations are 0.008 A for bond lengths and
1.4° for bond angles. All non-glycineresidues have <j>, ^ angles
within, or close to allowed regions. The only exceptions are
Arg 44and Asp 144,which alsodeviate inthe structures of other
/j-hydroxybenzoate hydroxylase complexes from P. fluorescens
(Schreuder et al., 1989, 1994). The coordinates of the refined
a-FAD-containing enzyme-substrate complex will be deposited
in the Brookhaven Protein Data Bank.
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Data collection
X-ray diffraction data werecollected usinga Siemens multiwire
area detector and graphite monochromated CuKor radiation
from an 18-kW Siemens rotating anode generator, operating at
45kVand 80mA. Thecrystal-detector distance was 11.6cm and
the 26angle was 25°. Data were processed using the XDS package (Kabsch, 1988). The space group is C222! and the cell dimensions: a = 72.1A, b= 146.4A, and c= 88.45 A differ only
slightly from the native crystals: a = 71.5 A, b = 145.8 A, and
c - 88.2 A (Schreuder et al., 1989). A total of 102,196 observations yielded 26,934 unique reflections with an /J-sym of 6.9%.
The data set is 97.2% complete to 2.1 A.
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Arg44, located at the si-face side of the flavin ring in 4-hydroxybenzoate hydroxylase, was changed
to lysine by site-specific mutagenesis. Crystals of [R44K]4-hydroxybenzoatehydroxylase complexed with
4-hydroxybenzoate diffract to 0.22-nm resolution. The structure of [R44K]4-hydroxybenzoate hydroxylase is identical to the wild-type enzyme except for local changes in the vicinity of the mutation. The
peptide unit between Ile43 and Lys44 is flipped by about 180° in 50% of the molecules. The 4>,yangles
in both the native and flipped conformation are outside the allowed regions and indicate a strained
conformation. [R44K]4-Hydroxybenzoate hydroxylase has a decreased affinity for the flavin prosthetic
group. This is ascribed to the lost interactions between the side chain of Arg44 and the diphosphoribose
moiety of the FAD. The replacement of Arg44 by Lys does not change the position of the flavin ring
which occupies the same interior position as in wild type.
[R44K]4-Hydroxybenzoate hydroxylase fully couples flavin reduction to substrate hydroxylation.
Stopped-flow kinetics showed that the effector role of 4-hydroxybenzoate is largely conserved in the
mutant. Replacement of Arg44 by Lys however affects NADPH binding, resulting in a low yield of the
charge-transfer species between reduced flavin and NADP*. It is inferred from these data that Arg44 is
indispensable for optimal catalysis.
Keywords. Crystal structure; flavoprotein monooxygenase; NADPH binding; 4-hydroxybenzoate hydroxylase; site-specific mutagenesis.

FAD-dependent aromatic hydroxylases are inducible enzymes which catalyze the insertion of one atom of molecular
oxygen into the substrate, using NAD(P)H as external electron
donor (van Berkel and Miiller, 1991). The aromatic substrates
act as effectors, stimulating the rate of enzyme reduction (Hosokawa and Stanier, 1966). As the reduced enzymes react readily
with oxygen, the effector role of substrates is essential to prevent
the wasteful utilization of high-energy reducing equivalents
(Massey and Hemmerich, 1975). FAD-dependent aromatic hydroxylases are induced in soil microorganisms able to assimilate
phenolic compounds as sole carbon source. In this way many
secondary plant metabolites, decomposition products of lignin
as well as aromatic pollutants, are readily subject to further catabolism (Middelhoven, 1993).
4-Hydroxybenzoate hydroxylase from Pseudomonas fluorescent is the most extensively studied flavoprotein aromatic hydroxylase (van Berkel and Muller, 1991). The strictly NADPHdependent enzyme catalyzes the first step of the ^-ketoadipate
pathway, i.e. the conversion of 4-hydroxybenzoate into 3,4-dihydroxybenzoate (Stanier and Ornston, 1973):
Correspondence toW.J. H. van Berkel, Department of Biochemistry. Agricultural University, Dreyenlaan 3, NL-6703 HA Wageningen,
The Netherlands
Fax: +31 8370 84801.
Abbreviations.[R44K)4-hydroxybenzoate hydroxylase, 4-hydroxybenzoate hydroxylase with Arg44 replaced by Lys; [C116S]4-hydroxybenzoate hydroxylase, 4-hydroxybenzoate hydroxylase with Cysll6 replaced by Ser; r.m.s.,root-mean-squared.
Enzymes.4-Hydroxybenzoate hydroxylase (EC 1.14.13.2); catalase
(EC 1.11.1.6).
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4-hydroxybenzoate + NADPH + 0 2
— 3,4-dihydroxybenzoate + NADP + + H z O .

(1)

The reaction sequence of 4-hydroxybenzoate hydroxylase has
been studied in detail (Husain and Massey, 1979) and rapid reaction kinetics have shown that hydroxylation of the substrate proceeds through the attack of a labile C(4a)-hydroperoxyflavin intermediate (Entsch et al., 1976).
The availability of a high-resolution crystal structure of the
enzyme/substrate complex (Wierenga et al., 1979; Schreuder et
al., 1989) and the cloning of \hepobA gene encoding 4-hydroxybenzoate hydroxylase from Psuedomonas aeruginosa (Entsch et
al., 1988) and P. fluorescens (van Berkel et al., 1992) allow us
to address the role of individual amino acid residues by sitedirected mutagenesis. Most mutagenesis studies performed have
dealt with amino acid replacements in the substrate-binding site.
In this way, much insight has been gained into the mechanism
of substrate activation (Entsch and van Berkel, 1995).
The effector specificity of 4-hydroxybenzoate hydroxylase is
less well understood. Recent crystallographic data indicate that
subtle structural perturbations determine the poor effector role
of 4-aminobenzoate derivatives (Schreuder et al., 1994). Understanding the effector specificity is limited by the fact that the
binding mode of NADPH is unknown (van der Laan et al.,
1989a). Stereochemical studies showed that the nicotinamidebinding pocket is located at the fre-face of the flavin ring
(Manstein et al., 1986). Based on these results and from crystallographic data of glutathione reductase (Pai and Schulz, 1983;
Wierenga et al., 1983), a potential mode of NADPH binding was
proposed (van Berkel et al., 1988). However, recent crystallo-

graphic data have revealed that the flavin ring can attain different orientations (Schreuder et al., 1994; Gatti et al., 1994;
van Berkel et al., 1994). This leaves the intriguing possibility
that flavin motion is not only essential for substrate binding and
product release but also for efficient reduction by NADPH (van
Berkel et al., 1994). To study this in more detail we decided to
replace Arg44 with Lys by site-directed mutagenesis. Arg44 is
located at the si-face of the flavin ring and is possibly involved
in flavin motion and/or NADPH binding (Schreuder et al.,
1994). Alteration of Arg44 is expected to yield important information about the role of this residue for the function of 4-hydroxybenzoate hydroxylase.

parameters of 4-hydroxybenzoate hydroxylase were determined
at pH 8.0, essentially as described (Eschrich et al., 1993). Rapidreaction studies were performed in the stopped-flow apparatus
using the single-wavelength mode. Kinetic traces of the oxidative half-reaction were analyzed according to published procedures (Entsch and Ballou, 1989; Eschrich et al., 1993). Rate
constants for anaerobic flavin reduction were estimated from kinetic traces recorded at 450 nm at variable concentrations of
NADPH (van Berkel et al., 1994). Rate constants for hydride
transfer and NADP + dissociation were generated from best fits
of stopped-flow traces (recorded at 690nm) to the kinetic
scheme of wild type (Husain and Massey, 1979) using the computer simulation program KINSIM (Barshop et al., 1983). The
hydroxylation efficiency of 4-hydroxybenzoate hydroxylase was
estimated from oxygen-consumption experiments, either in the
absence or presence of catalase (Eschrich et al., 1993). The
product 3,4-dihydroxybenzoate was identified and quantified by
reverse-phase HPLC (Entsch et al., 1991). Dissociation constants of enzyme/substrate complexes were determined from flavin fluorescence-quenching experiments (van Berkel et al.,
1992). The ionization state of aromatic ligands was measured by
recording absorption difference spectra as a function of ligand
concentration and of pH (Eschrich et al., 1993).

MATERIALS AND METHODS
General. Biochemicals and chromatography resins used
have been described elsewhere (van Berkel et al., 1992). Oxygen
consumption was measured at 25°C using a Clark electrode.
Fluorescence binding studies were performed on an Aminco
SPF-500 spectrofluorimeter. Absorption (difference) spectra
were recorded on an Aminco DW 2000 spectrophotometer. Activity measurements were performed on a LKB Ultrospec HI
spectrophotometer. Rapid-reaction kinetics were carried out
using a temperature-controlled single-wavelength stopped-flow
spectrophotometer, type SF-51, from High-Tech Scientific Inc.
with 1.3-ms deadtime. The instrument was interfaced to an Hyuandai 486 microcomputer for data acquisition and analysis. All
spectrophotometers were maintained at 25°C, unless stated
otherwise. Aromatic products were analysed with an ISCO 2300
HPLC system.

Crystallization. Crystals of [R44K]4-hydroxybenzoate hydroxylase in complex with 4-hydroxybenzoate were obtained
using the hanging-drop method. The protein solution contained
10 mg/ml enzyme in 100 mM potassium phosphate, pH 7.0. The
reservoir solution contained 39% saturated ammonium sulfate,
0.04 mM FAD, 0.15 mM EDTA, 1mM 4-hydroxybenzoate,
60 mM sodium sulfite in 100 mM potassium phosphate, pH 7.0.
Drops of 2 ul protein solution and 2 ul reservoir solution were
allowed to equilibrate at 4°C against 1ml reservoir solution.
Crystals with dimensions of upto 0.2X0.3X0.1 mm grew within
5 days.
Data collection. X-ray diffraction data were collected using
a Siemens multiwire area detector and graphite monochromated
CuKcr radiation from an 18-kW Siemens rotating-anode generator, operating at 45 kV and 100 mA. The crystal-detector distance was 11.6cm and the Iff angle was 20°. Data were processed using the XDS package (Kabsch, 1988). The space group
is C222, and the cell dimensions were: a = 7.27 nm, b =
14.64 nm and c = 8.85 nm, differing only slightly from those
of native crystals, a = 7.15 nm, b = 14.58 nm and c = 8.82 nm
(Schreuder et al., 1989). A total of 92992 observations yielded
23336 unique reflections with an /?-sym of 6.8%. The data set
is 96.6% complete to 0.22 nm.
Refinement. A starting electron-density map was calculated
based on the structure of the wild-type 4-hydroxybenzoate hydroxylase-substrate complex (Schreuder et al., 1989),after acorrection had been made for the slightly different cell dimensions
(Schreuder et al., 1994).The starting ^-factor was 0.213 for data
between 0.80 nm and 0.22 nm. The 2Fo-fc and Fo-Fc maps
clearly show the replacement of Arg44 by Lys. Arg44 in the
model was changed into Lys and was fitted in the electron-density map with the graphics program FRODO (Jones, 1985). The
complete protein model was inspected and corrected where necessary. Refinement was carried out by energy minimization and
temperature-factor refinement using the program Xplor
(Briinger, 1992). For the FAD we used the parameters as described by Schreuder et al. (1994). Water molecules were assigned by searching Fo-Fc maps for peaks of at least 4a, which
were between 0.20 nm and 0.50 nm of other protein or water
atoms. Water molecules with temperature factors after refinement in excess of 0.7 nm2 were rejected.

Mutagenesis and enzyme purification. Escherichia coli
TG2 (pAW45), containing the gene encoding 4-hydroxybenzoate hydroxylase from P. fluorescens, has been described elsewhere (van Berkel et al., 1992). Site-directed mutagenesis, using
E. coli RZ1032 for generation of uracil-containing singlestranded DNA, was performed in the bacteriophage M13mpl8
according to the method of Kunkel et al. (1987).
The oligonucleotide 5'-GGCCGCATCAAAGCCGGCGTG3' was used for the construction of [R44K]4-hydroxybenzoate
hydroxylase. To prevent possible crystallization problems due to
oxidation of Cysl16(van Berkel and Muller, 1987; van der Laan
et al. 1989b), the mutation was introduced into the E. coli gene
encoding the [C116S]4-hydroxybenzoate hydroxylase mutant
(Eschrich et al., 1990; van Berkel et al., 1992). The replacement
of Arg44 by Lys was confirmed by nucleotide sequencing using
the M13 dideoxynucleotide chain-termination method of Sanger
et al. (1977).
Mutant 4-hydroxybenzoate hydroxylase genes were expressed in transformed E. coli TG2 grown in 6-1 batches of
tryptone/yeast medium containing 75 ng/ml ampicillin at 37°C
with vigorous aeration (Westphal and de Kok, 1988). Mutant
enzymes were purified from E. coli TG2, essentially as described (van Berkel et al., 1992). The expression and yield of
[R44K]4-hydroxybenzoate hydroxylase is comparable to wildtype enzyme. For convenience, and in view of identical catalytic
properties (Eschrich et al., 1990), [C116S]4-hydroxybenzoate
hydroxylase is referred to as wild-type enzyme.
Analytical methods. Enzyme concentrations were determined by using a molar absorption coefficient, £4So of 10.2 m M ' 1
cm" 1 for holo-4-hydroxybenzoate hydroxylase (van Berkel et
al., 1992).
4-Hydroxybenzoate hydroxylase activity was routinely assayed in 100 mM Tris/sulfate, pH 8.0, containing 0.5 mM
EDTA, 200 p.M NADPH, 200 uM 4-hydroxybenzoate and
10 MM FAD (Muller and van Berkel, 1982). Steady-state kinetic

The final structure was obtained after four cycles of map
inspection and refinement and contains 243 water molecules.
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Table 1. Selected polar interactions (rf<0J5 o n ) involving Lys44 in [R44K]4-hydroxybenzoate hydroxylase and Arg44 in wild-type 4hydroxybenzoate hydroxylase. Distances in nm are given in parentheses. HOBzH 4-hydroxybenzoate. Data for wild-type enzyme are taken from
Schreuder et al.<1989).
Interactionsof
[R44K]4-hydroxybenzoate hydroxylase

wild-type enzyme

atom 1
(nm)
LysNZ
Lys440

04'ribityl
OWatl21
NH1Arg214
02« HOBzH
OWatl35

44NH1

(0.33)
(0.32)

(0.30)
(0.33)
(0.29)

N£

440

Fig.1. Stereo diagram of the final 2Fo-Fc electron density map of
[R44K]4-hydroxybenzoatehydroxylase,contoured at la. Theatomic
model of [R44K]4-hydroxybenzoatehydroxylase isdrawnincontinuous
bold lines, while the orientation of Arg44 in wild-type 4-hydroxybenzoate hydroxylase isindicated inbrokenlines.Thepeptide unit between
IIe43 and Lys44 is disordered, and about 50% of the peptides in the
crystal are rotated by about 180° with respect to wild-type enzyme.To
accomodate theflippingpeptide,werefined twoalternate conformations
for residues43and44.Whilethe two alternate conformations are virtually identical for Lys44,they differ slightly for He43, asis visible inthe
figure bythetwoseparatesidechains.Bothorientationsofthesidechain
of Ilc43fitwell totheelectron-density map.

The final tf-factor is 0.182 for 22697 reflections between
0.80 nm and 0.22 nm. The root-mean-squared (r.m.s.) deviations
are 9 • 10~4 nm for bond lengths and 1.4° for bond angles. All
non-glycine residues have d>,^ angles within, or close to, allowed regions. The only exceptions are Lys44 and Aspl44
which (with Lys44 replaced by Arg) also deviate in the structures of other complexes of 4-hydroxybenzoate hydroxylase
from P. fluoresces (Schreuder et al., 1989, 1994). The peptide
plane between Ue43 and Lys44 is disordered and two orientations have been modeled, each with half occupancy: the same
orientation as in the wild-type enzyme/substrate complex, and a
flipped orientation in which the peptide plane is rotated by about
180°. The consequences for the <f>,y/ angles of Lys44 will be
discussed in detail with the results.

RESULTS
Structural properties. The almost 97% complete 0.22-nm data
resulted in excellent electron-density maps (Fig. 1) which al-
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04'ribityl
01 ribose-P

(nm)
(0.29)
(0.34)

02 ribose-P
0 Wat610
NH1Arg214
02* HOBzH
OWatoTO

(0.35)
(0.28)
(0.29)
(0.34)
(0.27)

lowed us to study the structure of [R44K]4-hydroxybenzoate hydroxylase in great detail. The overall structure of [R44K]4-hydroxybenzoate hydroxylase in complex with 4-hydroxybenzoate
is almost identical to the structure of the wild-type enzyme/substrate complex. Superposition of the two revealed an r.m.s. difference of 0.015 nm for 391 equivalent C residues. As expected,
the differences were localized in the vicinity of the mutated residue. The differences are even here not very big, which may be
due to the positive charge at position 44 being preserved in the
Arg to Lys mutation. However, as Table 1 shows, some subtle
differences exist in the interactions of the two side chains with
the protein and the FAD. Most notable, the interaction between
the NH1 of Arg44 and the ribityl 0 4 ' seemed to be strong (d =
0.29 nm), while the interaction between the N c of Lys44 and
the ribityl 0 4 ' in the mutant appeared to be much weaker {d =
0.33 nm). This and the lost interactions with the ribitytphosphate
may explain the weaker FAD binding which was observed for
[R44K]4-hydroxybenzoate hydroxylase. From activity measurements performed in the absence or presence of varying amounts
of FAD, an apparent Kmvalue for FAD of 1uM was estimated.
This value is about 20-fold higher than the corresponding value
for wild type (Miiller and van Berkel, 1982).
Another interesting feature is the orientation of the peptide
unit between Ile43 and Lys44. The <f>,y/ angles of Arg44 in wildtype enzyme had already attracted attention (Schreuder et al.,
1989; Lah et al., 1994a) since Arg44 is located in the activesite region and its <f>,\f/ angles are far outside allowed regions.
As is shown in Figs 1 and 2, the peptide between Ile43 and
Lys44 was disordered in [R44K]4-hydroxybenzoate hydroxylase. Using a Fo-Fc omit map with Lys44 omitted from the
calculation of Fc and phases, we estimated that about 5 3 % of
the peptides in the crystal were flipped and 47% had the same
orientation as in wild type. These occupancies are identical
within experimental error and we modeled therefore two orientations of the peptide, each with half occupancy.
The results of the refinement confirm that the Ile43-Lys44
peptide is flipped in about 50% of the molecules in the crystal.
A flip of the Ile43-Arg44 peptide has also been observed by Lah
et al. (1994b) after the addition of 200 mM potassium bromide
to crystals of the wild-type enzyme/substrate complex. The d>,v
angles in both the native conformation and the flipped conformation are outside the allowed regions and point to a strained
conformation in which none of the two observed conformations
is very stable. The carbonyl oxygen in the flipping peptide (belonging to Ile43) interacts in both orientations only with solvent

Table 2.Optical properties of FADin free and 4-hydroxybenzoate-compIexed 4-hydroxybenzoate hydroxylase. Molar absorption coefficients
were determined at 25°C by recording absorption spectra in 50mM sodium phosphate, pH7.0, either in the absence or presence of 0.1%SDS
(Entsch et al., 1991).
Enzyme

Wild-type 4-hydroxybenzoate hydroxylase
Wild-type 4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate
[R44K]4-hydroxybenzoate hydroxylase
[R44K]4-hydroxybenzoatehydroxylase complexed with 4-hydroxybenzoate

nni

mM l cm '

nm

mM

373
380
370
378

8.5
9.1
8.9
9.0

450
450
445
450

10.2
10.2
10.2
9.6

cm

<p(°)
Fig.2. <f>,if/ plot of the structure of [R44K]4-hydroxybenzoate hydroxylase. Two <f>,y/ values are given for Ile43 and Lys44 because of
disorder of the De43-Lys44 peptide. Orientation A corresponds to a
flipped orientation(seetext),whileorientation 6 correspondstotheconformation as observed in the wild-type enzyme/substrate complex. The
<f>,»f/ angles ofLys44areoutside the allowed regions for both conformations, suggesting thatboth conformations are strained.

400

500

600

WAVELENGTH (nm)

Fig.3. Flavin absorption difference spectra observed upon binding
of 4-hydroxybenzoate to 4-hydroxybenzoate hydroxylase. The absorption spectra were recorded at 25°C in 100mMTris/sulfate, pH8.0.
Difference spectraareplottedbetween60uMfreeenzymeasareference
andthesamesolutioncontaining25,50,110and 165uM4-hydroxybenzoate, respectively. (A) wild-type (B) [R44K]4-hydroxybenzoate hydroxylase.

molecules which will not provide much stabilization for either
conformation.
The reason for the strained conformation is simple. Fig. 2
shows that it is the \f/ angle which is deviating, both for the
native and the flipped conformation. The iffangle was associated
with the peptide between Lys44 and Ala45 and not with the
peptide which flips. As has been discussed before (Schreuder et
al., 1991), the 4 4 - 4 5 peptide is firmly held in place by a hydrogen bond of its carbonyl oxygen (belonging to residue 44)
with the side chain of Arg214 and with a water molecule
(Watl35 or Wat609 in Table 1) which, in turn, is fixed by hydrogen bonds to the side chains of Arg220 and Tyr222.
It is not clear from the current structural data if this flipping
peptide serves any catalytic function. In either conformation, the
flipping peptide between residues 43 and 44 does not have any
specific interactions with the protein in the known crystal structures. In the absence of any structural information on the interaction of 4-hydroxybenzoate hydroxylase with NADPH, we do not
know whether this peptide interacts with bound NADPH.

1991), a value of £443 of 10.2 m M - 1 c m - 1 was estimated for the
molar absorption coefficient of protein-bound FAD (Table 2).
Fig. 3 shows the absorption difference spectra recorded upon titration of wild type (Fig. 3A) or [R44K]4-hydroxybenzoate hydroxylase (Fig. 3B) with 4-hydroxybenzoate. The shape of both
sets of difference spectra indicates that the mutation induced
marginal structural changes in the substrate-binding site. This is
in full agreement with the 'in' position of the flavin observed in
the crystal structure.
Binding of 4-hydroxybenzoate to [R44K]4-hyd rox ybe nz oate
hydroxylase resulted in about 70% quenching of the fluorescence of protein-bound FAD (pH 7.0). From titration of
[R44K]4-hydroxybenzoate hydroxylase with 4-hydroxybenzoate, simple 1:1 binding was observed and a dissociation constant for the enzyme/substrate complex of about 40 uM was estimated. This value is in the same range as found for wild type
(van Berkel et al., 1992). Wild-type 4-hydroxybenzoate hydrox-

Spectral properties. The optical flavin spectrum of [R44K]4hydroxybenzoate hydroxylase differs slightly from wild type
(van Berkel et al., 1992) by showing absorption maxima at
370 nm and 445 nm (Table 2). From recording absorption
spectra in the absence and presence of 0.1% SDS {Entsch et al.,
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tion (Entsch et al., 1976). Replacement of Arg44 by Lys did
not change the reaction stoichiometry. HPLC product analysis
showed that the mutant enzyme exclusively formed 3,4-dihydroxybenzoate from 4-hydroxybenzoate with stoichiometric
consumption of NADPH. In accordance with this, no production
of hydrogen peroxide was detected in oxygen-consumption experiments. We therefore conclude that [R44K]4-hydroxybenzoate hydroxylase is an effective hydroxylase. This conclusion
is further supported by rapid-reaction studies on the oxidative
half-reaction. These studies were performed at pH 6.6 and 6°C
in order to separate the individual reaction steps (Entsch and
Ballou, 1989). When reduced [R44K]4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate is mixed with oxygen, the spectral changes and reaction rates are nearly indistinguishable from wild-type and indicative for the subsequent formation and decay of the flavin C(4a)-hydroperoxide and flavin
C(4a)-hydroxide (Entsch et al., 1976).

Fig.4. pH-dependent absorption differences observed upon binding
ofaromatic ligandsto4-hydroxybenzoate hydroxylase.Wild-typeand
[R44K]4-hydroxybenzoate hydroxylase were titrated with 4-hydroxybenzoate or 4-hydroxycinnamate and the increase in absorption was
monitoredfromrecordingabsorption difference spectra (Eschrich etal.,
1993). The molar absorption differences are extrapolated to infinite
ligand concentration and plotted against pH. (A) Molar absorption
increase at 290nm upon titration of 10uM wild-type (O) or [R44K]4hydroxybenzoate hydroxylase (•) with 4-hydroxybenzoate. (B) Molar
absorption increase at 355nmupon titration of 20uM wild-type (O) or
[R44K]4-hydroxybenzoate hydroxylase (•) with 4-hydroxycinnamate.

ylase preferentially binds the aromatic substrate in the phenolate
form with a pK, of about 7.2 (Eschrich et al., 1993). Ionization
of the 4-hydroxyl group is expected to activate the substrate for
hydroxylation (Vervoort et al., 1992). Binding of 4-hydroxybenzoate to [R44K]4-hydroxybenzoate hydroxylase resulted in pHdependent absorption changes around 290 nm (Fig. 4A), indicative for the deprotonation of the phenolic moiety of the substrate
(Shoun et al., 1979). The absorption changes are smaller than
found for wild type (Eschrich et al., 1993), suggesting that the
mutation affects the arrangement of the hydrogen-bonding network around the 4-hydroxyl group of the substrate. These perturbations must be small, because no structural changes in this
region of the active site were detectable in the crystal structure.
Therefore, and because the absorption changes at 290 nm
increased with increasing pH (Fig.4A), we conclude that
[R44K]4-hydroxybenzoate hydroxylase is capable of substrate
activation. This conclusion is supported by the observation that
the p/C,of the competitive inhibitor 4-hydroxycinnamate (pAT, =
9.3, free in solution) was decreased by more than 2 upon binding
to [R44K]4-hydroxybenzoate hydroxylase (Fig. 4B). A comparable pKt shift has also been observed upon binding of 4-hydroxycinnamate to wild type (Entsch et al., 1991; Eschrich et al.,
1993).
Catalytic properties. Wild-type 4-hydroxybenzoate hydroxylase tightly couples enzyme reduction to substrate hydroxyla-
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The steady-state kinetic properties of [R44K]4-hydroxybenzoate hydroxylase were studied at pH 8.0, the pH optimum for
wild-type enzyme (van Berkel and Miiller, 1989). Table 3 shows
that the maximum turnover rate of [R44K]4-hydroxybenzoate
hydroxylase (k^,= 10 s _ l ) at 25°C was about fivefold slower
than wild type. In contrast to wild type, the maximum turnover
rate of [R44K]4-hydroxybenzoate hydroxylase was not influenced by decreasing the temperature to 6°C (Table 3). Table 3
also shows that the Km NADPH for [R44KJ4-hydroxybenzoate
hydroxylase was about one order of magnitude higher than for
wild type, suggesting that the mutation affects the binding of
NADPH. As a result, the catalytic efficiency of [R44K]4-hydroxybenzoate hydroxylase (expressed as KJKm NADPH) was
rather low (Table 3).
To investigate the interaction with NADPH in more detail,
the reductive half-reaction of [R44K]4-hydroxybenzoate hydroxylase was studied by anaerobic stopped-flow experiments.
In the absence of 4-hydroxybenzoate, the rate of reduction of
fR44K]4-hydroxybenzoate hydroxylase by NADPH was extremely slow (jfc^,, = 0.002 s" 1 at 1mM NADPH) and in the
same range as wild type (Eschrich et al., 1993). Reduction of
[R44K]4-hydroxybenzoate hydroxylase was highly stimulated in
the presence of 4-hydroxybenzoate, acting as an effector. As can
be seen from Fig. 5,the rate of reduction of substrate-complexed
[R44K]4-hydroxybenzoate hydroxylase was dependent both on
temperature and the concentration of NADPH. Table 4 shows
that under the conditions used, the maximum rate of reduction
of [R44K]4-hydroxybenzoate hydroxylase was about five times
slower than wild type.From Table 4 it is also evident that Arg44
plays an important role in NADPH binding. At both temperatures studied, the dissociation constant for NADPH in the ternary complex of the mutant was strongly increased with respect
to wild type, making [R44K]4-hydroxybenzoate hydroxylase a
rather inefficient reductase.
The reductive half-reaction of 4-hydroxybenzoate hydroxylase is assumed to involve the following sequence of events
(Husain and Massey, 1979):
E„S + NADPH ^

EOIS-NADPH

(2)

— E^S-NADP* - ^ E ^ S + NADP*
where E„,S is the oxidized enzyme/substrate complex and E«,,S
is the reduced enzyme/substrate complex. The formation of ternary complexes was indicated by the appearance and decay of
long-wavelength absorbances, presumably reflecting flavinNADP(H) charge-transfer intermediates (Howell et al., 1972).
The transient formation of long-wavelength absorption is supposed to be indicative for the proper orientation of flavin and

Table 3.Steady-state kinetic parameters of 4-hydroxybenzoate hydroxylase. Kinetic parameters were determined in air-saturated 100mMTris/
SOJ-, pH8.0. HOBzH,4-hydroxybenzoate.Data for wild-type 4-hydroxybenzoate hydroxylase at25°C arefromvan Berkel et al.(1992).
Enzyme

Wild-type 4-hydroxybenzoate hydroxylase
[R44K]4-Hydroxybenzoatehydroxylase
Wild-type 4-hydroxybenzoate hydroxylase
[R44K]4-Hydroxybenzoate hydroxylase

•c

[iM

6

40
520
50
560

25

[NADPH] (mM)

k2

uM
Wild-type 4-hydroxybenzoate hydroxylase

80

23

[R44K]4-Hydroxybenzoate hydroxylase

22

50

Wild-type 4-hydroxybenzoate hydroxylase

300

n.d.

[R44K]4-Hydroxybenzoate hydroxylase

50

n.d.

9
10
55
10

2.3X10=
1.9X10*
1.1x10 s
1.8X10'

For [R44K]4-hydroxybenzoate hydroxylase, the very low
yield of 690-nm charge-transfer absorption (Fig. 6B) complicates the evaluation of the kinetics of the reductive half-reaction.
Nevertheless, if itassumed that the molar absorption coefficients
of E„S-NADPH and F^S-NADP* are comparable to wild type,
the 690-nm trace depicted in Fig.6B can be satisfactorily simulated with the model presented in Eqn (2). With this simulation
(Fig.6B) and considering the rate of reduction determined at
450 nm, an optimal fit was obtained with k2 of 14 s"' and £,
of 50 s~\ This suggests that the low yield of charge-transfer
absorption observed is in part due to a relatively rapid decomposition of the E« d S-NADP + species. From this it is tentatively
concluded that at pH 8.0 and 6°C, reduction of [R44KJ4-hydroxybenzoate hydroxylase is rate limiting in catalysis.

Table 4. Kinetic parameters for the reductive half-reaction of 4-hydroxybenzoate hydroxylase.Forexperimental details see Figs5and6.
Forexplanation ofsymbolsseeEqn2.Datafor wild-type4-hydroxybenzoate hydroxylase at 25°C are from van Berkel et al., 1992. n.d., not
determined.
Kd NADPH

(NADPH)

pH 8.0. For kinetic reasons (Howell et al., 1972; Husain and
Massey, 1979), charge-transfer complex formation was studied
at 6 Q C. In contrast to wild-type (Husain and Massey, 1979), no
long-wavelength absorption was observed with [R44K]4-hydroxybenzoate hydroxylase at pH 6.6, presumably due to the
slow rate of flavin reduction (k'na = 1 s~l at 1mM NADPH)
and the very weak binding of NADPH.
Fig. 6 compares typical reaction traces for the reduction of
wild-type and [R44K]4-hydroxybenzoate hydroxylase at pH 8.0.
With both enzymes, maximal charge-transfer absorption was observed at 690 nm. The intensity of charge-transfer absorbance
was lower for [R44K]4-hydroxybenzoate hydroxylase (Fig. 6B)
than for wild-type (Fig.6A) and strongly dependent upon the
concentration of NADPH. Using the rate and dissociation constants obtained from flavin reduction at 450 nm (Table 4), the
690 nm trace of wild type depicted in Fig.6A is well simulated
with the model presented in Eqn (2). From this simulation
(Fig. 6A) it is concluded that both E^S-NADPH ( e ^ = 0.45
m M - ' cm"') and E„,S-NADP + (£«„= 1.5 mM" 1 cm" 1 ) contribute to the charge-transfer absorption. As can be seen from Table
4, the simulation predicts that at pH 8.0 and 6°C, NADP* release (ki) is much slower than flavin reduction (k2) and most
probably rate limiting in overall catalysis (Table 3). A similar
conclusion was drawn for wild type, when reacted at pH 7.6 and
2°C (Howell et al., 1972; Entsch and Ballou, 1989).

Fig.5.NADPHand temperature dependence ofthe rate of reduction
of (R44K]4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate. The experiments were performed in 100mMTris/sulfate, pH8.0. 30jiMenzyme wasanaerobically mixed with anequalvolumeof variableconcentrations of NADPH inthe stopped-flow spectrophotometer. Both solutions contained 1mM 4-hydroxybenzoate. The
rate of reduction of [R44K]4-hydroxybenzoate hydroxylase, as determined from the decrease of absorbance at 450nm, is plotted as a function of the concentration of NADPH; 25°C,.(A); 6°C, (O). The lines
through the data points wereobtained from non-linear regression analysis.

Enzyme

30
30
25
30

*-.

DISCUSSION
Arg44 in 4-hydroxybenzoate hydroxylase is situated in a
short loop which adjoins the si-face of the isoalloxazine ring of
the FAD (Schreuder et al., 1989). The conserved nature of this
loop (Entsch et al., 1988; Di Marco et al., 1993; Shuman and
Dix, 1993; Wong et al., 1994) and its interaction with both the
substrate and the FAD (Schreuder et al.. 1989) suggest that this
loop plays a functional role in catalysis. This assumption is corroborated by recent crystallographic data which show that the
flavin ring in 4-hydroxybenzoate hydroxylase can attain dif-

nicotinamide rings allowing the rapid transfer of a hydride
equivalent (Palfey et al., 1994).
Anaerobic reduction of [R44K]4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate involves long-wavelength absorbance changes when the reaction is performed at
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Fig.6.Time-course ofabsorbance changes upon reduction of the enzyme/substrate complex of 4-hydroxybenzoatehydroxylase byNADPH.
The experiments were performed at 6°C in the stopped-flow spectrophotometer. The Final reaction mixture contained 30uM enzyme, 1 mM4hydroxybenzoate, 1 mM NADPH in 100mM Tris/sulfate, pH8.0. Enzyme reduction and formation of charge-transfer absorption were monitored
at450nmand690nm,respectively.(A)wild-type;(B)[R44K]4-hydroxybenzoatehydroxylase.Theinsets showthetracesobtainedfromsimulating
the absorption changes at 690nm.(I) EollS-NADPH complex;(II) E^S-NADP* complex.

ferent conformations (Schreuder et al., 1994; Gattt et al., 1994;
van Berkel et al., 1994). Bavin motion towards a more solventaccessible region is assumed to provide a path for the substrate
to enter the active site and for the product to leave (Schreuder
et al., 1994; Gatti et al., 1994). Arg44 may facilitate flavin motion by stabilizing the flavin 'out* conformation through n-n
stacking interactions (Schreuder et al., 1994). Studies with arabinoflavin containing 4-hydroxybenzoate hydroxylase have indicated that flavin motion may also be important for the efficient
reduction of the enzyme/substrate complex by NADPH (van
Berkel et al., 1994).
The data presented in this study show that Lys replacement
of Arg44 does not change the overall folding of the enzyme/
substrate complex. Except for local changes around the site of
mutation, no structural differences are observed with respect to
wild type. Lys replacement of Arg44 decreased the affinity for
the FAD. From the structural data it is apparent that this is due
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to the weak interaction of the Lys44 side chain with its
ribitylphosphate moiety. Disruption of this interaction does not
influence the conformation of the flavin ring. As with wild-type
(Schreuder et al., 1989), the flavin ring occupies the interior
position in the active site, which is the expected conformation
to allow substrate hydroxylation (Schreuder et al., 1994). The
observed flipping of the Ile43-Lys44 peptide does not seem to
contribute to the stabilization of the flavin 'in' position because
all H-bond interactions remain virtually unaltered.
[R44K]4-Hydroxybenzoate hydroxylase tightly couples flavin reduction to substrate hydroxylation. The efficient production of 3,4-dihydroxybenzoate by [R44K]4-hydroxybenzoate
hydroxylase is in agreement with the flavin 'in' conformation
observed in the crystal structure. As discussed elsewhere
(Schreuder et al., 1990; Entsch and van Berkel, 1995), the flavin
'in' conformation is needed for the stabilization of the flavin(C4a)-hydroperoxide and for its correct orientation towards the

substrate. Lys replacement of Arg44 hardly influences the orientation of the substrate. Despite this, the mutation changes the
absorption properties of protein-bound substrate indicating some
disturbance of the hydrogen-bond network connecting the phenolic moiety of the substrate with the side chains of Tyr201 and
Tyr385. The crystal structures do not show significant changes,
indicating that these perturbations must be small. In analogy
with mutant Tyr385Phe (Eschrich et al., 1993), the changed
electronic properties of the substrate do not preclude efficient
hydroxylation.
The most intriguing result from the present study is that Lys
replacement of Arg44 substantially alters the binding kinetics of
the reductive half-reaction. The rather high rate of reduction of
[R44K]4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate suggests that this change in binding kinetics is
not related to the effector role of the substrate. This is in accordance with the conserved mode of substrate binding observed in
the crystal structure. Inefficient catalysis by Arg44Lys is mainly
due to the strongly increased dissociation constant for NADPH
in the ternary complex. It is not clear from the present kinetic
data whether this increase in KdNADPH reflects a change in the
NADPH association-rate or dissociation-rate constant, or both.
The binding mode of the NADPH molecule is unknown and it
is therefore difficult to assess the exact roie of Arg44 in this
process. There are, however, a few possibilities. The side chain
of Arg44 is located in the cleft leading towards the active site
and the residue might be directly involved in NADPH binding
of e.g., the ADP part of the molecule. Reduction of 4-hydroxybenzoate hydroxylase is influenced by movement of the flavin
ring in and out of the active site. 4-Hydrox.ybenzoate hydroxylase, reconstituted with arabino-FAD binds the flavin in the out
position (van Berkel et al., 1994) and is more rapidly reduced
by NADPH than wild type. The mutation of Arg44 to Lys could
lead to reduced stabilization of the flavin out conformation because of the absence of n-n stacking interactions, leading to less
efficient reduction. The Arg44Lys mutation could lead to a
change in the mutual orientation of the flavin and nicotinamide
rings, inhibiting hydride transfer. The low intensity of the reduced flavin-NADP+ charge-transfer species can be explained
by poor binding of the NADPH/NADP'' species, leading to kinetic destabilization, or by a change in the mutual orientation of
the flavin and nicotinamide rings, leading to decreased orbital
overlap.
For wild-type 4-hydroxybenzoate hydroxylase, the rate-limiting step in catalysis appears to vary with the reaction conditions. At pH 6.6 and low temperature, flavin reoxidation is
largely responsible for determining the rate of catalysis (Husain
and Massey, 1979; Entsch and van Berkel, 1995). Under optimal
reaction conditions (pH 8.0, 25°C), catalysis is too fast for a
clear separation of the individual reaction steps. Molecular orbital calculations suggest that under these conditions, the rate- .
limiting step in catalysis is dictated by the rate of substrate hydroxylation (Vervoort et al., 1992). The results presented here
suggest that at pH 8.0 and 6°C, neither substrate hydroxylation
or flavin reoxidation are rate limiting in catalysis, but that the
overall reaction rate is dictated by the rate of NADP* release. It
is noteworthy that in contrast to wild type (van Berkel and
Muller, 1989), the turnover rate of [R44K]4-hydroxybenzoate
hydroxylase did not increase upon raising the temperature to
25°C.

This study wassupported bytheNetherlands Foundation for Chemicalresearch (SON)with financial aidfrom theNetherlands Organization
for Scientific Research (NWO).
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The conserved Arg42 of the flavoprotein /7-hydroxybenzoate hydroxylase is located at the entrance
of the active site in a loop between helix H2 and sheet El of the FAD-binding domain. Replacement of
Arg42 by Lys or Ser decreases the turnover rate of p-hydroxybenzoate hydroxylase from Pseudomonas
fluorescens by more than two orders of magnitude. Rapid reaction kinetics show that the low activity of
the Arg42 variants results from impaired binding of NADPH. In contrast to an earlier conclusion drawn
for p-hydroxybenzoate hydroxylase from Acinetobacter calcoaceticus, substitution of Arg42 with Ser42 in
the enzyme from P. fluorescens hardly disturbs the binding of FAD.Crystals of [Lys42]p-hydroxybenzoate
hydroxylase complexed with 4-hydroxybenzoate diffract to 0.22-nm resolution. The structure of the Lys42
variant is virtually indistinguishable from the native enzyme with the flavin ring occupying the interior
position within the active site. Lys42 in the mutant structure interacts indirectly via a solvent molecule
with the 3-OH of the adenosine ribose moiety of FAD. Substrate perturbation difference spectra suggest
that the Arg42 replacements influence the solvent accessibility of the flavin ring in the oxidized enzyme.
In spite of this, the Arg42 variants fully couple enzyme reduction to substrate hydroxylation. Sequencecomparison studies suggest that Arg42 is involved in binding of the 2'-phosphoadenosine moiety of
NADPH.
Keywords: crystal structure; flavoprotein monooxygenase; p-hydroxybenzoate hydroxylase; NADPH
binding; site-specific mutagenesis.

p-Hydroxybenzoate hydroxylase is the prototype of the family of pyridine-nucleotide-dependent flavoprotein monooxygenases [1]. The enzyme catalyzes the orr/w-hydroxylation of 4hydroxybenzoate to 3,4-dihydroxybenzoate, an intermediate step
in the degradation of aromatic compounds in soil microorganisms [2]. The p-hydroxybenzoate hydroxylase-mediated conversion of 4-hydroxybenzoate is a multistep reaction with three
substrates and three products.
COO"
coo

Pseudomonas p-hydroxybenzoate hydroxylase has been studied
by means of many techniques, including rapid reaction kinetics
[ 3 - 5 ] , protein crystallography [ 6 - 8 ] and with site-directed mutagenesis [9]. As a result, many aspects of the catalytic reaction
are very well known, especially the steps involving oxygen.
However, many important aspects of the reductive reactions involving NADPH are unknown [10]. We do not even know the
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NADPH-binding site. Attempts to crystallize or soak p-hydroxybenzoate hydroxylase crystals with NADPH or analogs were unsuccesful. Either no NADPH binding was observed, or with the
analog adenosine-5'-phosphoribose the FAD got replaced [11].
p-Hydroxybenzoate hydroxylase has a fiafi nucleotide-binding
fold for the FAD, but not for NADPH [6]. p-Hydroxybenzoate
hydroxylase has no sites with sequence or structural similarity
to known NAD(P)H-binding sites [12], making it impossible to
predict the binding site. Also unexplained is the mechanism behind the stimulation of the reduction rate by the substrate. In the
absence of substrate, NADPH is hardly able to reduce the FAD.
Substrate binding causes an acceleration of the reduction rate by
more than five orders of magnitude [4]. To answer these questions, we need to know the binding mode of NADPH. in the
absence of a crystal structure, we decided to identify, by means
of site-directed mutagenesis, residues that are essential for
NADPH binding, to provide an experimental basis for the modeling of the NADPH-binding mode.
Chemical-modification studies of p-hydroxybenzoate hydroxylase from P. fluorescens suggested that arginine residues
are important for NADPH binding [13]. making arginine residues an attractive target for site-directed mutagenesis. Based on
the crystal structure, we selected a number of arginine residues
around the active-site cleft. The first arginine we found to be
important for NADPH binding was Arg44. Replacement of
Arg44 by lysine strongly reduced the affinity for NADPH without disrupting the efficiency of substrate hydroxylation [14].
Arg42 is another conserved residue, possibly involved in
NADPH binding. Arg42 is located at the entrance of the acti\e
site and points with its side chain towards the 2-OH and 3-OH of

Fig.t. Stereo drawing of the Co backbone of the structure of the enzyme
substrate (pOHB),thecofactor (FAD) andArg42 areindicated.

the adenine-ribose moiety of FAD [7](Fig.1).From nucleotide
sequencing of a /w&4-deficient mutant it wasproposed that replacement of Arg42 by Ser in p-hydroxybenzoate hydroxylase
from A. calcoacetkus reduces FAD binding by disturbing the
ADP-ribose pocket [15]. We present here studies of Arg42 variants of p-hydroxybenzoate hydroxylase from P. fluorescens,
which show that Arg42 is crucial for NADPH binding rather
than for FAD binding. Some of these results have been presented
elsewhere [16].
MATERIALS AND METHODS
Site-specific mutagenesis. Escherichia coli TG2 (pAW45),
harboring the gene encoding p- hydroxybenzoate hydroxylase
from P.fluorescens, hasbeen described [17]. Site-specific mutagenesis, using E.coli RZ1032 for generation of uracil-containing
single-stranded DNA, was performed in the bacteriophage
M13mpl8 according to the method of Kunkel et al. [18], Mutations were introduced in the gene encoding the microheterogeneity resistant [Serll6]/>-hydroxybenzoate hydroxylase mutant [19]. Forconvenience andin view of the identical catalytic
and structural properties [19], [Serll6]p-hydroxybenzoate hydroxylase is referred toasp-hydroxybenzoate hydroxylase. The
mixed oligonucleotide 5'-CGTGCTCGGC?££ATCCGCGCC-3\
which encodes theLys42 (AAA) andSer42 (TCC) substitutions,
was used for the construction of Arg42 mutants. The mutations
were confirmed by nucleotide sequencing using the M13 dideoxynucleotide chain-termination method of Sanger et al. [20],
Expression and enzyme purification. p-Hydroxybenzoate
hydroxylase genes were expressed in transformed E. coli TG2
cells grown in 3-1batches of tryptone/yeast medium containing
75 ng/ml ampicillin and 20pg/ml isopropyl thiogalactoside at
37°C with vigorous aeration [21].TheArg42 mutants were purified by a modified procedure of the purification protocol developed for p-hydroxybenzoate hydroxylase [17]. The enzyme
preparation obtained after protamine sulfate treatment was
loaded onto a Q-Sepharose column (40 cmX2.6cm), equilibrated in20mM Tris/sulfate, pH8.0.After washing, the enzyme
was eluted with 0.2 M K G in starting buffer and dialysed
against 40mM Tris/sulfate, pH8.0. The enzyme was loaded
onto a Cibacron blue 3GA-agarose column (40cmX2.6cm),
equilibrated in 40mM Tris/sulfate, pH8.0. and eluted in the
wash solution. After dialysis in 7 mM potassium phosphate,
pH 7.0, the enzyme was passed over a hydroxyapatite column
equilibrated in 7mM potassium phosphate. pH 7.0 [22].The
Arg42 mutants were purified to apparent homogeneity by FPLC
anion-exchange chromatography [23]. and stored asan 70% saturated ammonium sulfate precipitate at 4°C.
Analytical methods. Molar absorption coefficients for protein-bound FADwere determined in 50 mM sodium phosphate.
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' substrate complex ofp-hydroxybenzoate hydroxylase.The

pH 7.0,by recording absorption spectra intheabsence and presence of 0 . 1 % SDS [24].p-Hydroxybenzoate hydroxylase activity was assayed in 100mM Tris/sulfate, pH8.0, containing
0.5 mM EDTA, 200uM NADPH, 200uM 4-hydroxybenzoate
and 10 uM FAD [25], Steady-state kinetic parameters were determined at pH8.0,essentially asdescribed [26]. Rapid-reaction
kinetics were determined using a stopped flow spectrophotometer, type SF-51 (High-Tech Scientific Inc.) Rate constants for
anaerobic flavin reduction were estimated from kinetic traces
recorded at 450nm using variable concentrations of NADPH
[14]. Kinetic traces of theoxidative half-reaction were analyzed
essentially as described [5], The hydroxylation efficiency of
Arg42 mutants wasestimated from oxygen-consumption experiments [26], Hydrogen peroxide formation wasquantified bythe
addition ofcatalase attheendof the reaction. Aromatic products
were identified and quantified by reverse-phase HPLC [24].
Dissociation constants of enzyme • substrate complexes were
determined fluorimetrically [27].Absorption difference spectra
between free and substrate-complexed enzymes were recorded
on an Aminco DW-spectrophotometer [17].
Crystallization and data collection. Crystals of [Lys42]phydroxybenzoate hydroxylase complexed with 4-hydroxybenzoate were obtained using thehanging-drop method. The protein
solution contained 10—15 mg/ml enzyme in 100mM potassium
phosphate, pH7.0. The reservoir solution contained 39% saturated ammonium sulfate, 0.04mM FAD, 0.15mM EDTA,
30 mM sodium sulfite, 1mM 4-hydroxybenzoate 100 mM potassium phosphate, pH7.0. Drops of 2 pi protein solution and
2 pi reservoir solution were allowed toequilibrate at4°C against
1 ml reservoir solution. Crystals with dimensions of up to
0.2X0.3X0.1 mm' grew within 3 - 5 days.
X-ray diffraction data were collected using a Siemens
multiwire area detector andgraphite monochromated CuKa radiation from an 18-kW Siemens rotating anode generator, operating at 45kV and 100mA. The crystal-detector distance was
I t . 6 c m and the 29 angle was 20°. Data were processed using
the XDSpackage [28].The space group wasC222, andthe cell
dimensions, a = 7.135nm.b = 14.59 nmand c = 8.88nm, differ only slightly from the native crystals, a = 7.15nm. b =
14.58 nm and c = 8.82nm [7].A total of 78553 observations
yielded 23174 unique reflections with an tf-sym of 6.19c. The
data set is 96.8% complete to0.22 nm.
Structure refinement. A starting electron-density mapwas
calculated based on the structure of the enzyme •substrate complex [7], after a correction had been made for the slightly different cell dimensions [29].The starting ^-factor was0.232 for
data between 0.80nm and 0.22nm. The 2Fo-Fc and Fo-Fc
maps show the replacement of Arg42 by Lys. Arg42 in the
model waschanged into Lysand wasfitted in the electron-density map with the graphics program O [30]. The complete pro-

Fig.2.Superposition of the structures ofp-hydroxybenzoate hydroxylase and [Lys42]p-hydroxybenzoate hydroxylase in complexes with 4hydroxybenzoate. The structure of p-hydroxybenzoate hydroxylase is drawn with solid bonds and the structure of [Lys42]p-hydroxybenzoate
hydroxylase is shown with open bonds.The view is from the ribityl side chain towards the flavin isoalloxazine ring. The water molecules shown
refer to the structure of [Lys42]p-hydroxybenzoate hydroxylase (Table 1).
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Fig.3. Stereo diagram of the Fo-Fc omit map of [Lys42]p-hydroxybenzoate hydroxylase, contoured at 4ff. Theamino acid residues aredrawn
in continuous bold lines, while the FAD is indicated in continuous gray lines.The orientation of the 3-OH group of the adeninosine ribose moiety
of FAD(ADE 03) is indicated.

tein model was inspected and corrected where neccessary. Refinement was carried out by energy minimization and temperature-factor refinement using the program Xplor [31]. For FAD
we used the parameters as described by Schreuder et al. [29].
Water molecules were assigned by searching Fo-Fc maps for
peaks of at least Aa, which were between 0.20 nm and 0.50 nm
of other protein or water atoms. Water molecules with temperature factors after refinement in excess of 0.7 nm 2 were rejected.
The final structure was obtained after four cycles of map inspection and refinement and contains 289 water molecules. The final
^-factor was 0.175 for 22 634 reflections between 0.80 nm and
0.22 nm. The coordinates of the refined structure of the enzyme
• substrate complex of [Lys42]/>-hydroxybenzoate hydroxylase
will be deposited in the Brookhaven Protein Data Bank.

change the level of protein expression. With both recombinant
enzymes, expression yields up to 10% of total E. coli protein
were observed. Unlike wild-type enzyme, the Arg42 mutants
displayed a rather weak interaction with Cibacron-blue agarose.
In spite of this, their yields after purification were comparable
to that of nativep-hydroxybenzoate hydroxylase [17]. Moreover,
the purified Arg42 mutants were bright yellow, indicative of
tight binding of FAD.
Structural properties. The structure of [Lys42]p-hydroxybenzoate hydroxylase was very similar to the structure of native phydroxybenzoate hydroxylase [7]. The rmsd was 0.02 nm for
391 equivalent Ca atoms. The side chain of Lys42 had the same
orientation as the side chain of Arg42 in the native structure
(Fig. 2). A water molecule (Wat249 in the model) occupied the
position of the guanidinium group of the larger arginine side
chain and bridged the 3-OH of the FAD ribose and the NZ of
Lys42 (Table 1).The only significant difference in the neighborhood of the modified residue was a small rotation of the Tyr38

RESULTS
Expression. Replacement of Arg42 by Lys or Ser in p-hydroxybenzoate hydroxylase from P.fluorescens did not significantly
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Table 1.Selected polar Interactions (d<0.32nm) involving Lys42 in
[Lys42]p-hydroxybenzoate hydroxylase and Arg42 inp-hydroxybenzoate hydroxylase. Data for p-hydroxybenzoate hydroxylase are taken
from Schreuder et al.[7].
Enzyme

Atom1

Atom2

Distance

[Lys42]p-hydroxybenzoate
hydroxylase

Lys NC

Wall9 0
Wat249 0
03 ribose

0.27
0.27
0.29

Wall67 0
03 ribose
C3ribose
Wat615 0

0.28
0.26
0.30
0.27

Wat 249 0

400

p-Hydroxybenzoate hydroxylase

Arg Nf
Arg NH1

500
WAVELENGTH (nm)

Table 2. Dissociation constants of enzyme •substrate complexes of
p- hydroxybenzoatehydroxylase andp-hydroxybeiuoate hydroxylase
variants. Dissociation constants were determined at 25°C in 50mM
potassium phosphate pH7.0, or 100mM Tris/sulfate pH8.0, by fluorimetric titration experiments. PHBH,p-hydroxybenzoate hydroxylase.
Substrate

pH

Dissocia on constant of
PHBH

[Lys42]PHBH [Ser42]PHBH

500
WAVELENGTH (nm)

600

jiM

4-Hydroxybenzoate

7.0
8.0

2,4-Dihydroxybenzoate

7.0
8.0

30± 5
40± 5
90±10
90±10

120±15
120±15
270±20
275±25

100±10
100±10
250±20
250±25

side chain, which faced the solvent. The active sites of p-hydroxybenzoate hydroxylase and [Lys42]p-hydroxybenzoate hydroxylase were identical within experimental error. However, the
electron density of the guanidinium part of the Arg44 side chain
was very weak in [Lys42]p-hydroxybenzoate hydroxylase
(Fig. 3), while this side chain had strong electron density in phydroxybenzoate hydroxylase. Accordingly, the temperature
factors of the Arg44 NHl and NH2 were around 0.7 nm' for
[Lys42]p-hydroxybenzoate hydroxylase, and around 0.43 nnv
for p-hydroxybenzoate hydroxylase, suggesting that the Arg44
side chain has became more mobile in the Lys42 variant.
Attempts to obtain high-quality crystals of [Ser42]p-hydroxybenzoate hydroxylase failed. The protein-flavin interaction in
this mutant was therefore assessed by spectral analysis.
Spectral properties. X-ray diffraction studies have revealed that
the isoalloxazine ring of the FAD inp-hydroxybenzoate hydroxylase can attain different conformations inside and outside the
active site [29, 32, 33]. Substrate-binding studies suggest that
the flavin conformation observed in the crystal structure correlates with the flavin spectral properties in solution [32]. This
concept was used to study the mode of flavin binding in the
Arg42 mutants in further detail. Fig. 4 shows that the shape of
the difference spectrum between free and 4-hydroxybenzoate
complexed [Lys42]/?-hydroxybenzoate hydroxylase (Fig. 4A).
resembled that of p-hydroxybenzoate hydroxylase (Fig. AC).
suggesting an "in* position for the flavin ring, in full agreement
with the crystal structure. Titration of [Lys42]p-hydroxybenzoate hydroxylase and [Ser42|p-hydroxybenzoate hydroxylase
with 2,4-dihydroxybenzoate. resulted, similarly to titration of
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WAVELENGTH (nm)

Fig.4. Flavin absorption difference spectra observed upon binding
of 4-hydroxybenzoate or 2,4-dihydroxybenzoate to p-hydroxybenzoate hydroxylase variants. Absorption spectra were recorded at 25°C
in 50mM sodium phosphate pH7.0. The enzyme concentration was
30uM.Thedifference spectra areextrapolated toinfinite substrateconcentration.
,4-hydroxybenzoate;
.2,4-dihydroxybenzoate. (A)
[Lys42]p-hydroxybenzoate hydroxylase; (B) [Ser42]p-hydroxybenzoate
hydroxylase; (C)p-hydroxybenzoate hydroxylase.

native p-hydroxybenzoate hydroxylase, in difference spectra indicative for the flavin 'out* conformation [32]. Binding of 4hydroxybenzoate to [Ser42]p-hydroxybenzoate hydroxylase
(Fig. 4B) induced spectral changes, which deviate from those
of p-hydroxybenzoate hydroxylase and which are intermediate
between the changes observed for the flavin 'in' and 'out'
spectra.
The Arg42 mutants have a somewhat lower affinity for 4hydroxybenzoate and 2,4-dihydroxybenzoate than p-hydroxybenzoate hydroxylase, which was studied in more detail by fluorimetric titration experiments. For both Arg42 variants, the flavin fluorescence quantum yield was about 40% compared with
that of />-hydroxybenzoate hydroxylase [27]. In contrast to phydroxybenzoate hydroxylase, the flavin fluorescences of
[Lys42]p-hydroxybenzoate hydroxylase and [Ser42]p-hydroxybenzoate hydroxylase were not strongly quenched upon binding

Table 3. Kinetic parameters ofp-hydroxybenzoate hydroxylase and
p-hydroxybenzoate hydroxylase variants.Steady-state kineticparameters were determined at 25°C in air-saturated 100mM Tris/sulfate
pH8.0. Forexperimental detailsof thereductive half-reaction seeFig.5.
Data forp-hydroxybenzoate hydroxylase are from (17]. The designation
greater than (>) refers to minimum values and the fact that accurate
values could not be estimated because of very weak NADPH binding.
Enzyme

*.,

Km for
4-hydroxy- NADPH
benzoate

s"1

MM
p-Hydroxybenzoate
hydroxylase
[Lys42]p-hydroxybenzoate
hydroxylase
[Ser42)/7-hydroxybenzoate
hydroxylase

for
NADPH
HM

fc*
s-1

25

50

55

150

300

110

>500

>6

>2000

>6

75

>500

>0.2

>2000

>0.2

of 4-hydroxybenzoate. With [Lys42]/?-hydroxybenzoate hydroxylase, the enzyme • substrate complex exhibited a fluorescence
quantum yield of more than 80% of that of the free enzyme,
while with [Ser42]/>-hydroxybenzoate hydroxylase, substrate
binding even resulted in a slight increase of flavin fluorescence.
In both cases, substrate binding was described by simple binary
• complex formation with dissociation constants in the range
100—120 pM. These values were about threefold higher than
those observed with /?-hydroxybenzoate hydroxylase (Table 2)
and were in agreement with the dissociation constants derived
from the absorption difference spectra. Binding of 2,4-dihydroxybenzoate to the Arg42 mutants resulted in a 50% decrease
in fluorescence of protein-bound FAD with dissociation constants in the range 240—280 uM, threefold higher than with phydroxybenzoate hydroxylase (Table 2). These results confirm
that the Arg42 replacements have a small but consistent effect
on the binding of aromatic substrates.
Catalytic properties. Very low activities were observed when
the catalytic performance of the Arg42 mutants was tested at
pH 8.0 (standard assay) and at pH 7.0. This was due to a large
extent to weak binding of NADPH, limiting the accurate estimation of steady-state kinetic parameters (Table 3). To confirm that
the low activity was not due to FAD dissociation, we measured
the turnover rate of the Arg42 mutants in the absence and presence of varying amounts of free FAD. These experiments revealed that the apparent K,„for FAD of fLys42b>hydroxybenzoate hydroxylase and [Ser42b?-hydroxybenzoate hydroxylase
ranged from 100 nM to 200 nM, which is slightly higher than
the corresponding value of 45 nM reported for /7-hydroxybenzoate hydroxylase [25]. This, together with the structural and
spectral data presented above, shows that replacement of Arg42
by Lys or Ser does not significantly disturb FAD binding.
The interaction of the Arg42 mutants with NADPH was
studied by anaerobic-reduction experiments using the stoppedflow spectrophotometer. Following the disappearance of flavin
absorption at 450 nm, the reaction of the uncomplexed Arg42
mutants with NADPH was as slow as with />-hydroxybenzoate
hydroxylase ( C J = 0.002 s"' at 1mM NADPH)'[14]. However,
reduction of the enzyme • substrate complex was much slower
for the Arg42 mutants than for native />-hydroxybenzoate hy-
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Fig.S.NADPH dependence of the rate of reduction of the enzyme•
substrate complexes of [Lys42]p-hydroxybenzoate hydroxylase and
[Ser42]p-hydroxybenzoate hydroxylase. The experiments were performed at 25°C in 100mM Tris/sulfate pH8.0. 20uM enzyme was
mixed anaerobically with an equal volume of NADPH in the stoppedtlow spectrophotometer. Both solutions contained 1 mM 4-hydroxybenzoate. The rate of flavin reduction, as determined from the decrease of
absorbance at 450nm. is plotted as a function of the concentration of
NADPH. X, [Lys42]p-hydroxybenzoate hydroxylase; O. [Ser42]/>-hydroxybenzoate hydroxylase.

droxylase, taking seconds or longer (Table 3). There was an almost linear relationship between the rate of enzyme reduction
and NADPH concentration (Fig. 5), suggesting impaired coenzyme binding. In agreement with this, no long-wavelength-absorbance increase, indicative of a charge-transfer complex between reduced flavin and NADP" [14, 34]. was detectable.
However, the effector role of the substrate was not completely
lost in the Arg42 mutants. For example, at 1mM NADPH, substrate binding stimulated the rate of flavin reduction of
[Lys42h>hydroxybenzoate hydroxylase by about three orders of
magnitude (Table 3), which is nevertheless 100-fold less than
for p-hydroxybenzoate hydroxylase [17] and which is rate limiting in catalysis (Table 3).
With both Arg42 mutants. HPLC analysis revealed the formation of 3,4-dihydroxybenzoate as the sole aromatic product
from 4-hydroxybenzoate. The formation of 3,4-dihydroxybenzoate was stoichiometric with the consumption of 4-hydroxybenzoate and NADPH. indicative of efficient hydroxylation. Oxygen-consumption experiments performed in the absence or presence of catalase confirmed that the reduction of the Arg42 mutants by NADPH is tightly coupled to substrate hydroxylation
and that no hydrogen peroxide is formed.
Stopped-flow experiments in which substrate-complexed reduced Arg42 mutants were mixed with oxygen (Fig. 6) revealed
some small variations at 405 nm between [Ser42]/>-hydroxybenzoate hydroxylase and p-hydroxybenzoate hydroxylase, probably due to different intrinsic absorption at that wavelength. The
rapid increase of absorption at 405 nm. indicative of the formation of the flavin C(4a)-hydroperoxide. was followed by a small
absorption decrease (Fig. 6). indicative for substrate hydroxylation involving the transient formation of the flavin C(4a)-hydroxide pseudobase [5|. In the final step, the latter flavin species
rapidly decomposed to the oxidized enzyme as evidenced by
the increase of absorption at 490 nm (Fig. 6B). For both Arg42
mutants, the individual rate constants obtained after treating the
data according to a three-step reaction were in the same range
as with /»-hydroxybenzoate hydroxylase [5|. This confirms that
the Arg42 replacements do not significantly affect the stabilization and reactivity of oxygenated flavin intermediates.
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Fig.6.Time-course of the reaction of the reduced enzyme • substrate
complexesof^-hydroxybenzoatehydroxylaseand [Ser42]p-hydroxybenzoate hydroxylase with oxygen.Theexperimentswere performed at
6°C in 50mMpotassium phosphate pH6.6. Dithionite-reduced enzyme
(15uM) was mixed anaerobically with an equal volume of 2mM of
oxygen in the stopped-flow spectrophotometer. Both syringes contained
1mM 4-hydroxybenzoate. The time-course of absorption was followed
at 405nm (A) and 490nm (B). p-Hydroxybenzoale hydroxylase, continuous line; [Ser42]p-hydroxybenzoate hydroxylase, broken line.

DISCUSSION
Our studies established that Arg42 ofp-hydroxybenzoate hydroxylase from P. fluorescens is essentia! for NADPH binding
and not for FAD binding. The hydrogen bond between the NH2
of Arg42 and the 3-OH of the adenosine-ribose of the FAD does
not contribute much to binding of FAD. Our conclusions disagree with those of Dimarco et al. [15], who attributed the lack
of activity in cell extracts of A. calcoaceticus with [Ser42]/?hydroxybenzoate hydroxylase to impaired FAD binding of the
mutant enzyme. However, this conclusion was inferred from the
crystal structure of P.fluorescens p-hydroxybenzoate hydroxylase and no experimental data were presented to support this
claim. Our experimental data and the very high sequence identity between P. fluorescens p-hydroxybenzoate hydroxylase and
A. calcoaceticus /j-hydroxybenzoate hydroxylase suggest that
the lack of enzymatic activity in [Ser42]/?-hydroxybenzoate
hydroxylase A. calcoaceticus extract was either due to the extremely slow reduction rate of [Ser42]/j-hydroxybenzoate hydroxylase by NADPH. or due to a very low expression level for
the mutant protein.
Comparison of the 0.22-nm crystal structure of |Lys42]/>
hydroxybenzoate hydroxylase with the structure of native/?-hydroxybenzoate hydroxylase shows that both structures are virtu-
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ally identical except for local changes around the site of mutation. In the Lys42 variant, the lost interaction between the guanidinium group of Arg42 and the adenosine ribose moiety of
FAD is compensated by a water molecule (Wat249), which connects the NZ of Lys42 with the 3-OH of the ribose group. This
bridging water molecule may explain the relatively tight binding
of FAD in the Lys42 variant. The position of the substrate and
interacting residues is virtually identical in both crystal structures. The decreased affinity for 4-hydroxybenzoate and 2,4-dihydroxybenzoate must therefore be due to some subtle effects
beyond the experimental error of about 0.2 A in protein crystal
structures. This is possible given that a fourfold difference in
affinity corresponds to a difference in binding energy of only
3.3 kJ/mol.
In spite of the decreased affinity for the aromatic substrate,
the Lys42 replacement did not diminish the stabilization and hydroxylation power of the flavin (C4a)-hydroperoxide. This
agrees well with the inner orientation of the flavin isoalloxazine
ring in the crystal structure and with the finding that the Lys42
replacement does not disturb any of active-site residues, which
leaves the hydrogen-bond network between the phenolic moiety
of the substrate and the side chains of Tyr201 and Tyr385 fully
intact.
The spectral properties of [Lys42]p-hydroxybenzoate hydroxylase are consistent with the closed conformation of the flavin in the crystal structure. The small spectral differences with
respect to p-hydroxybenzoate hydroxylase might be explained
by the significantly higher mobility of the Arg44 side chain,
which normally shields the flavin ring from the solvent.
Increased exposure of the flavin ring towards the solvent will
cause similar spectral changes as a movement of the flavin to
the 'out* position, since this leads also to an increased solvent
exposure. Since the flavin conformation in the Arg42 variant
does not differ significantly from that in native /j-hydroxybenzoate hydroxylase, we cannot explain the lack of NADPH binding or flavin reduction by a shift of the flavin conformation from
'in' to 'out*.
Although no structural data for [Ser42]/?-hydroxybenzoate
hydroxylase are available it seems that in this mutant protein the
interaction between the side chain of residue 42 and the adenosine-ribose moiety of FAD will be weakened with respect to
the Lys42 variant. Our data show that despite this weakened
interaction, FAD binding is normal. The spectral perturbations
upon titration with 4-hydroxybenzoate are shifted toward the
spectral changes associated with the 'out' conformation, suggesting that in [Ser42]/7-hydroxybenzoate hydroxylase the equilibrium of flavin conformers is shifted toward the open form.
However, in the absence of structural data we cannot exclude the
possibility that the spectral changes are due to increased solvent
exposure due to an even greater mobility of the Arg44 side chain
in (Lys42]/>-hydroxybenzoate hydroxylase.
[Lys42]/?-hydroxybenzoate hydroxylase and [Ser42]/>-hydroxybenzoate hydroxylase fully couple flavin reduction to substrate hydroxylation, which means that the flavin (C4a)-hydroperoxide must have the 'in' conformation [35). In this respect,
the Arg42 mutants differ from [Lys220]/>-hydroxybenzoate hydroxylase, in which increased mobility of the flavin ring prevents product formation [36]. These observations suggest that
for [Ser42]/7-hydroxybenzoate hydroxylase the shift in flavin
equilibrium, if present, must be limited to the oxidized state.
This means that the electrostatic stabilization of the anionic reduced flavin in the inner position is not disturbed by the removal
of the positive charge at position 42. This is not too surprising
given that Arg42 is not located in the active-site region.
p-Hydroxybenzoate hydroxylase lacks a recognizable domain for binding NADPH [6. 9]. Sequence alignments suggest
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that this may be a common property of the flavoprotein aromatic
hydroxylases [37]. Here we show that in P.fluorescens p-hydroxybenzoate hydroxylase substitution of Arg42 with lysine or
serine results in impaired NADPH binding, preventing efficient
reduction of protein-bound FAD. Arg42 must therefore be important for NADPH recognition. Information about the specific
function of Arg42 comes from recent studies on p-hydroxybenzoate hydroxylase from Pseudomonas CBS3 [38]. This enzyme,
involved in the biodegradation of 4-chlorobcnzoate, prefers
NADH over NADPH. In the Pseudomonas CBS3 sequence,
Arg42 is replaced by a threonine residue. Moreover, sequence
comparison and homology-modeling studies suggest that the
short helix preceding residue 42 (helix H2 in the P. fluorescens
enzyme) [7] is involved in coenzyme specificity by binding the
2'-phosphoadenosine moiety of NADPH [38].The poor NADPH
binding in the Arg42 mutants ofp-hydroxybenzoate hydroxylase
from P. fluorescens supports this view and strengthens the idea
that the NADPH molecule binds in a cleft leading towards the
active-site between the FAD-binding domain and the substratebinding domain [6]. The current results are in full agreement
with other mutagenesis [14, 16] and modeling studies [16],
which suggested that in addition to Arg42, the following residues in the active-site cleft are important for NADPH binding:
Arg44 for binding the adenosine-ribose; and Hisl62 and Arg269
for binding the pyrophosphate. However, additional proteinengineering studies and X-ray-crystallography studies are
needed to unravel the molecular details of NADPH recognition
by this class of flavoenzymes.
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Abstract: A novel conserved sequence motif has been located
among the flavoprotein hydroxylases. Based on the crystal structure and site-directed mutagenesis studies of />-hydroxybenzoate
hydroxylase (PHBH) from Pseudomonas fluorescens, this amino
acid fingerprint sequence is proposed to play a dual function in
both FAD and NAD(P)H binding. In PHBH, the novel sequence
motif (residues 153-166) includes strand A4 and the N-terminal
part of helix H7.Theconserved amino acidsAsp 159,Gly 160,and
Arg 166are necessary for maintaining the structure.The backbone
oxygen of Cys 158 and backbone nitrogens of Gly 160 and
Phe 161interact indirectly withthepyrophosphate moiety of FAD,
whereas it is known from mutagenesis studies that the side chain
ofthemoderately conserved His 162isinvolvedinNADPH binding.

catalyzes the orr/w-hydroxylation of 4-hydroxybenzoate into 3,4dihydroxybenzoate via the transient stabilization of an oxygenated
flavin intermediate (Entsch & van Berkel, 1995).The structure of
PHBH is unusual because there isnoNADPH-binding domain. 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).Site-directed mutagenesis studieshave pointed tothe involvement ofArg44 (Eppink et al., 1995)
and His 162 (Eppink et al., 1997) in NADPH binding. From this
and the properties of other mutants, a model for the mode of
coenzyme binding was proposed (van Berkel et al., 1997).
In the past few years, the number of flavoprotein hydroxylase
cloned genes has increased tremendously, and about 50amino acid
sequences are known currently. Therefore, and in view of the
unknown binding mode of NADPH in this class of flavoenzymes,
it was of interest to search for thepresence of conserved sequence
motifs. This report describes the identification of a novel sequence
motif in flavoprotein hydroxylases, which appears to be important
for the binding of both FAD and NAD(P)H.

Keywords: fingerprint; flavoprotein family; NADPH-binding;
p-hydroxybenzoate hydroxylase; sequence alignment

Flavoprotein hydroxylases are monooxygenases that catalyze the
insertion of one atom of molecular oxygen intothe substrate, using
pyridine nucleotides as external electron donor (van Berkel &
Miiller, 1991). These enzymes play an important role in the biodegradation of lignin-derived aromatic compounds as well as environmentalpollutants,and inthebiosynthesisofsterols,antibiotics,
and plant hormones. They lack a known fingerprint sequence for
NAD(P)H binding, butpossess two fingerprint motifs for the FAD
binding. The first FAD motif identifies the dinucleotide binding
/3a/J-fold. which binds the ADP moiety of FAD (Wierenga et al.,
1986), whereas the second motif represents residues that are in
contact with the riboflavin moiety of FAD (Eggink et al., 1990).
PHBH (EC 1.14.13.2) is the prototype of FAD-dependent hydroxylases, and the only enzyme in this class of flavoproteins for
which a three-dimensional structure is known in atomic detail
(Schreuder et al., 1989). The strictly NADPH-dependent enzyme

Discussion: Sequence alignmentshaveclassified anumberof gene
products to flavoprotein hydroxylases (Kalin etal., 1992;Kukor &
Olsen, 1992; Nakahigashi et al., 1992; Blanco et al., 1993; Filippini et al., 1995;Haigler et al., 1996; Marin et al., 1996; Seibold
et al., 1996;Tsuji et al., 1996;Yang et al., 1996).These sequence
data, together with that of PHBH from Pseudomonas fluorescens
(van Berkel, 1992),were the starting points for a thorough screeningofdifferent databases.Thissearchwasperformed with BEAUTY,
which isanBLAST-enhanced alignment utility that integrates multiple biological information resources (Worley et al., 1995). From
the 50 collected sequences, small groups were generated based
on the different types of substrates: p-hydroxybenzoate (phb),
2-hydroxybiphenyl (biph), phenol (phe), salicylate (sal),p-aminobenzoate (pab), polyketide (poly),4-methyl-5-nitrocatechol (cat),
epoxide (epox), 2-methy!-3-hydroxypyridine-5-carboxylic acid
(oxy), and a group of monooxygenases (mono) for which the function is largely unknown. A multiple sequence alignment was per-

Reprint requests to: W.J.H. van Berkel, Department of Biochemistry,
WageningenAgricultural University,Dreijenlaan 3,6703HAWageningen,
The Netherlands;e-mail: willem.vanberkel@fad.bc.wau.nl.
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common fingerprint sequence among the family of FAD-dependent
oxidoreductases differs somewhat between the disulfide oxidoreductases and flavoprotein hydroxylases because the latter enzymes
have more conserved residues downstream from the GD sequence
(DiMarco et al., 1993). In PHBH, this fingerprint sequence (residue 278-308) is located partly at the re-side of the isoalloxazine
ring of FAD,near the binding siteof thearomatic substrate (Fig. 1;
Schreuder et al., 1989).
Table 1shows that the newly defined DG amino acid sequence
is highly conserved among all flavoprotein hydroxylases studied.
In PHBH, this short sequence motif comprises strand A4 and the
N-terminal partof helix H7(residues 153-166)of theFADbinding
domain, and issituated near the cleft leading toward theactive site
(Fig. 1). Strand A4 (residue 154-157) is completely buried and
multiple contacts are made with residues of both the FAD binding
domain and a long excursion of the substrate binding domain.
However, as one of the referees pointed out, one could argue that
this excursion, together with the FAD and the interface domain,
forms one large globular domain and that the contacts of strandA4 .
are important for maintaining the integrity of this domain. The
large turn (residues 158-163) that connects strandA4 and helix H7
contains the strictly conserved residues Asp 159and Gly 160.This
Gly 160 faces the putative NADPH binding cleft and its Phi/Psi
angles (62.1/-174.8) are allowed for glycines, whereas they are
disallowed for other residues. Also, a side chain at this position
would probably hinder binding of the cofactor. The structurally
important and tightly packed residues Asp 159 and Gly 160 form
hydrogen bonds with the backbone atoms of residues 163-165
(Fig. 2). Indirect hydrogen bonds exist between the backbone oxygen of Cys 158 and backbone nitrogen of Gly 160, with the
pyrophosphate moiety of FAD via protonated water molecules
(Schreuder et al., 1989).From site-directed mutagenesis studies, it
isknown that replacement of Cys 158by Ser decreases the affinity
for FAD, probably by influencing the solvation of the pyrophosphate moiety of FAD (van der Bolt et al., 1994). Mutagenesis
studies alsorevealed that His 162 isvery important for the binding
of NADPH (Eppink et al., 1997).Table 1shows that this position
in the conserved sequence motif almost always contains a positively charged residue. Chemical modification of salicylate hydroxylase has suggested that Lys 165,the equivalent of His 162 in

Fig.1. Ribbon structure of/>-hydroxybenzoate hydroxylase from Pseudomonasfluorescein.MOLSCRIPT (Krautis, 1991)picture highlighting the
conserved regionsoftheprotein.CXGXXG sequence inred;DGsequence
in blue; GD sequence in green. The FAD and aromatic substrate are depicted in ball and stick representation.

formed with the programs MACAW (Schuler et a!., 1991) and
ClustalW(Thompson etal., 1994)usingthe Blosummatrixes (Henikoff & Henikoff, 1992). From the alignment of 50 flavoprotein
hydroxylase sequences,three conserved regions could be deduced,
which are shown in Table 1.
The first FAD fingerprint sequence, shown in Table 1, is the
well-known Rossmann fold orj6a£-fold (containing the GXGXXG
sequence),acommon motifamong FAD-and NAD(P)H-dependent
oxidoreductases (Wierenga et al., 1986).In PHBH, this fingerprint
(residues 5-19) is important for binding the ADP moiety of FAD
(Fig. 1).The structural properties of this dinucleotide binding fold
were reported more than 10 years ago (Wierenga et al., 1983,
1985, 1986).
The second FAD binding motif contains the GD sequence
(Table 1) with the highly conserved Asp residue, which contacts
the 0 3 ' of the ribose moiety of FAD (Eggink et al., 1990). This

Fig.2. Stereo pictureof the novel conserved sequence motif inp-hydroxybenzoate hydroxylase.Close viewof the turn region from
amino acid 158-166. including the strong intradomain hydrogen bonds.
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PHBH,isimportant for binding thepyrophosphate moiety of NADH
(Suzuki et al., 1996a). Phe 161 in PHBH is not conserved in the
fingerprint. Mutagenesis studies confirmed that replacement of
Phe by Ala weakens NADPH binding, but that Phe 161 is not
structurally important (van Berkel et al., 1997). Helix H7 is not
regular (Schreuder et al., 1989) but, as in regular a-helices, all
peptide dipoles point in approximately the same direction, giving
rise toan overall helix dipole moment (Hoi etal., 1978).This helix
H7 (residues 164-169) is located near the protein surface (Fig. 1).
The highly conserved residue Arg 166 in this helix forms strong
inter- and intradomain contacts with the backbone oxygens of
Phe 161 and Ala 287 (Fig. 2). Substitution of Arg 166 by Ser led
to significant structural changes in the Ca-backbone and destabiHzation of the mutant (van Berkel et al., 1997).
In conclusion, a unique short amino acid sequence motif for
flavoprotein hydroxylases is presented that seems to serve a dual
function. Crystallographic analysis and site-directed mutagenesis
studies of PHBH from P.fluorescens suggest that this sequence is
involved indirectly in binding the pyrophosphate moiety of FAD
and that it is also necessary for the recognition of the NADPH
cofactor. Although the mode of NADPH binding in PHBH is still
unknown, helix H7 might be involved in binding the pyrophosphate moiety of the pyridine nucleotide cofactor. There are two
common characteristics of a dinucleotide binding fold (Wierenga
et al., 1985) that probably also occur here. (1) A glycine residue
near the N-terminus of a helix, to allow close contact with the
pyrophosphate moiety: Gly 160 is located at such a position near
the N-terminus of helix H7. (2) Favorable interaction of the helix
dipole with the negatively charged pyrophosphate moiety: In the
proposed model, the pyrophosphate moiety of NADPH is located
near the positive end of the dipole of helix H7 (van Berkel et al„
1997). The newly identified fingerprint is highly specific for flavoprotein hydroxylases. Running BEAUTY with the sequence
DFLVGADGIHSXVR (based on the alignment results and where
X denotes alt possibilities) yielded 48 of 52 flavoprotein hydroxylases present in the databases, and 5 unrelated proteins. Our fingerprint recognizes all different types of flavoprotein hydroxylases
that are encoded by a single gene, something the current fingerprints cannot recognize. This shows that our fingerprint is able to
detect unambiguously flavoprotein hydroxylases, which will allow
the identification of such enzymes among the millions of genes
that are produced currently by the large scale whole-genome sequencing efforts.
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T h e conserved residues His-162 a n d Arg-269 of the
flavoprotein p-hydroxybenzoate hydroxylase (EC
1.14.13.2) are located at the e n t r a n c e of the interdomain
cleft that leads toward the active site. To study their
putative role in NADPH binding, His-162 and Arg-269
w e r e selectively changed by site-specific mutagenesis.
The catalytic properties of H162R, H162Y, and R269K
w e r e similar t o t h e wild-type e n z y m e . However, less conservative His-162 and Arg-269 r e p l a c e m e n t s strongly impaired NADPH b i n d i n g without affecting the conformation of the flavin ring and t h e efficiency of substrate
hydroxylation.
The crystal structures of H162R and R269T in complex
w i t h 4-hydroxybenzoate w e r e solved at 3.0 and 2.0 A
resolution, respectively. B o t h structures are virtually
indistinguishable from the wild-type enzyme-substrate
complex except for the substituted side chains. In contrast to wild-type p-hydroxybenzoate hydroxylase,
H162R i s not inactivated b y diethyl pyrocarbonate.
NADPH protects wild-typep-hydroxybenzoate hydroxyl a s e from diethylpyrocarbonate inactivation, suggesting
that His-162 is involved in NADPH binding. Based on
t h e s e results and GRID calculations w e propose that the
side chains of His-162 and Arg-269 interact with the
pyrophosphate moiety of NADPH. An interdomain bindi n g mode for NADPH is proposed w h i c h takes a novel
s e q u e n c e motif (Eppink, M. H. M., Schreuder, H. A., and
v a n Berkel, W.J. H. (1997) Protein Set 6,2454-2458) into
account.

p-Hydroxybenzoate hydroxylase is the most thoroughly characterized member ofa group ofinducible flavoprotein monooxygenases which are involved in the biodegradation of aromatic
compounds by soil microorganisms (1). The enzyme catalyzes
the hydroxylation of4-hydroxybenzoate to 3,4-dihydroxybenzoate, i.e. the first step of the 0-ketoadipate pathway (2), using
NAD(P)H as electron donor shown in Scheme 1.The dihydroxylated aromatic product is readily subject to ring fission and
further catabolism, allowing the microbes to grow (2). p-Hydroxybenzoate hydroxylase has been isolated from many microorganisms, and several gene sequences are presently known
(3). However, most information regarding its structure and
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function comes from studies on the strictly NADPH-dependent
enzymes from Pseudomonas strains (4).The kinetic properties
of p-hydroxybenzoate hydroxylase have been elucidated (5),
together with the catalytic mechanism (6, 7). The catalytic
cycle of p-hydroxybenzoate hydroxylase and related flavoenzymes can be separated in two half-reactions, both involving
ternary complex formation. In the reductive part of the reaction, the substrate acts as an effector, highly stimulating the
rate of flavin reduction by NADPH (8). After NADP* release,
the substrate is hydroxylated in the oxidative part ofthe reaction through electrophilic attack ofa transiently stable oxygenated flavin intermediate (6). Efficient hydroxylation requires
substrate activation upon binding (4).This prevents the uncoupling of the hydroxylation reaction from oxygen reduction
which would result in the production of potential harmful hydrogen peroxide.
The crystal structure of the enzyme-substrate complex of
p-hydroxybenzoate hydroxylase is known in atomic detail (9,
10). The enzyme is a homodimer of two independently acting
44-kDa polypeptide chains containing a noncovalently bound
FAD molecule (11). Each subunit is built up from three domains, the FAD binding domain containing a characteristic
fla/3-fold(12), the substrate binding domain, and the interface
domain (10). The substrate is deeply buried in the interior of
the protein (Fig. 1) and residues from all three domains are
involved in catalysis. Crystallographic studies have revealed
that the flavin ring can attain different orientations in and out
of the active site (13-15). The mobility of the flavin cofactor is
thought to be essential for the exchange of substrate and product during catalysis (13, 14) and for the recognition of NADPH
(15). In contrast to many other pyridine nucleotide-dependent
enzymes, p-hydroxybenzoate hydroxylase lacks a well defined
domain for binding the coenzyme. Sequence alignments suggest that this might be a common property of the family of
flavoprotein aromatic hydroxylases (16). So far, no crystal
structures ofp-hydroxybenzoate hydroxylase with NADPtH) or
pyridine nucleotide analogs have been obtained (17).
Chemical modification studies of wtPHBH 1 from Pseudomonas fluorescens have indicated the involvement of histidine
(18), arginine (19), and tyrosine (20) residues in NADPH binding. Based on this information and the available crystallographic data, a potential mode of NADPH binding was proposed (20). In this model, the pyrophosphate moiety of NADPH
binds in a cleft leadingtoward the activesite and interacts with
the side chains of His-162 of the FAD-binding domain and
Arg-269 of the substrate binding domain (12). Despite their
1
Theabbreviations used are:wtPHBH,wild-typep-hydroxybenzoate
hydroxylase;Mes,4-morpholineethanesulfonic acid;POHB,4-hydroxybenzoate; HPLC,high performance liquid chromatography.
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location near the protein surface (Fig. 1), both residues are
highly conserved inp-hydroxybenzoatehydroxylase enzymes of
known primary structure (3).
To investigate the validity of the proposed NADPH binding
mode in more detail, we have undertaken the characterization
of His-162 and Arg-269 variants ofp-hydroxybenzoate hydroxylase from P. fluorescens. In this work we show that the His162 and Arg-269 replacements weaken the NADPH binding
without affecting the protein structure and the efficiency of
substrate hydroxylation. Based on these and additional experiments, a refined model for the interdomain binding of NADPH
is proposed. A preliminary account of this work has been presented elsewhere (1, 21).
EXPERIMENTAL PROCEDURES
Materials—Diethylpyrocarbonate was purchased from Janssen
Chemicals.Allother chemicals have been described elsewhere(22).
Site-specificMutagenesis—Site-specific mutagenesis ofthe geneencoding wtPHBH from P. fluorescens was performed in bacteriophage
M13mpl8 according to the method of Kunkel etal. (23). The oligonucleotide 5'-GCGATGGCTTCXXXGGCATCTCG-5'(whereXXX denotes
thereplacementofCACforGAC(H162D),AAC (H162N),TCC(H162S),
ACC(H162T),TAC(H162Y),and AGG(H162R),respectively)wasused
as primer for the construction ofHis-162 mutants.The oligonucleotide
5'-GCGCCGCTGXXXAGCTTCGTGG-3' (where XXX denotes the replacement ofCGCfor GAC (R269D),AAA(R269K),AAC (R269N), TCC
(R269S), ACC (R269T), and TAC (R269Y),respectively) were used as
primers for the construction ofArg-269 mutants. The mutations were
introduced into the Escherichia coligene encodingthe microheterogeneity-resistant mutant C116S (24). All mutations were confirmed by
nucleotide sequencing according to Sangeretal. (25).For convenience
and in view of identical catalytic properties (26), C116S is further
referred toas wtPHBH.
Enzyme Purification—Mutated p-hydroxybenzoate hydroxylase
genes were expressed in transformed E. coli TG2 grown in 5-liter
batches oftryptone/yeast mediumcontaining 100;ig/ml ampicillin and
20 /ig/ml isopropyM-thio-0-D-galactopyranoside at 37°Cunder vigorous aeration. Themutant enzymeswerepurified byaslightly modified
procedure ofthe purification protocol developed for wtPHBH (26).The
coo-

coo+ NADPH • H* + 0 ;

I + NADP* + H;0

FlG.1. Domain structure of p-hydroxybenzoate hydroxylase. The FAD
domain (orange), substrate domain
(green),and interface domain (blue) are
indicated.Thesubstrate (POHB)isin red
and the FAD in yellow. The amino acid
residues His-162 and Arg-269 are depicted in magenta. Data were takenfrom
the crystal structure of the enzyme-substrate complexrefined at 1.9 Aresolution
(10).
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enzymesolutionobtainedafter protaminesulfate treatment wasloaded
ontoQ-SepharoseFF,equilibrated in 20mMTris/sulfate, pH8.0. After
washing, the enzyme was eluted with 0.2 MKC1 and dialyzed against
the starting buffer. The enzyme was then loaded onto Cibacron blue
3GA-agarose, equilibrated in 40 mM Tris/sulfate, pH 8.0. R269D,
R269N, R269S, R269T, and R269Y eluted during washing, whereas
R269Kand allHis-162 mutants elutedwith0.2 HKC1. After dialysisin
7 mMpotassium phosphate buffer, pH 7.0, the mutant enzymes were
passed through ahydroxyapatite column (27) and purified to apparent
homogeneity by fast protein liquid anion exchange chromatography
(28).Purified enzymeswerestoredasammoniumsulfate precipitates at
4°C.
Analytical Methods—Molar absorption coefficients of protein-bound
flavin were determined in 50mM sodium phosphate buffer, pH 7.0,by
recording absorption spectra inthe absence and presence of0.1% SDS
(29).Difference spectrawith Cibacronblue 3GAwererecorded with an
automated Aminco DW-20OO spectrophotometer, essentially as described by Thompson and Stellwagen (30). Dissociation constants of
enzyme-ligand complexes were determined fluorimetricaUy (31).Oxygen consumption experiments were performed as described previously
(3).Aromatic product formation was analyzed byreverse phase HPLC
(29). Kinetic experiments were performed at 25BC in 100 mMTris/
sulfate pH 8.0, unless stated otherwise. The standard activity ofphydroxybenzoate hydroxylase was measured as reported earlier (32).
Steady-state kinetic parameters were determined as described previously (33). Rapid-reaction kinetics were performed with a High-Tech
Scientific SF-51 stopped flow spectrophotometer (Salisbury, Wilts,
United Kingdom),equipped with an anaerobickit and interfaced to an
Hyundai 486 microcomputer for data acquisition and analysis (22).
pH-dependent rapid reaction experiments were performed in 40mM
Mes,pH6-7,or40mMHepes,pH7-8.Theionicstrengthofbuffers was
adjusted to 50mM with added sodium sulfate (34).
ChemicalModification with Diethylpyrocarbonate—Ethoxyformylation ofhistidine residues was performed by adding 0.5 mMdiethylpyrocarbonate to 20 *iM enzymein 80 mM Mes, pH 5.8(/ = 0.1 M)(18).
Chemical modification was interrupted by dilution or Bio-Gel P6DG
filtration after addition of excess imidazole. The amount of modified
histidines was determined at 244nm (Ae^^ = 3.6 mM-1cm -1 ).
Crystallization—-Crystals of POHB complexed H162R and R269T
were obtained using the hanging drop vapor diffusion method. The
protein solutionscontained 10-15mg/mlenzymein 100mM potassium
phosphate buffer, pH 7.0. The reservoir solution contained 40% saturated ammonium sulfate, 0.04mM FAD,0.15mMEDTA,2mMPOHB,
and 30 mMsodium sulfite in 100 mMpotassium phosphate, pH 7.0.
Drops of 2 jd of protein solution and 2 p\ of reservoir solution were
allowed to equilibrate at 4*C against 1ml ofreservoir solution. Crystals with dimensions ofupto0.3 x 0.2 x 0.1 mm' grewwithin 5days.
Data Collection—X-ray diffraction data were collected using a Siemens multiwire area detector and graphite monochromated CuKa
radiationfroman 18-kWSiemensrotating anodegenerator, operating

TABLE I

X-ray diffraction data and refinementstatisticsofH162R and R269T
C222,
Enzyme
Space group
Cell dimensions(A)
a
b
c
Unique reflections
Resolution(A)

R.„ (*)

Completeness(%)
Starting model
InitialR factor{%)
FinalR factor (%)
Water molecules
Root mean squarebond
Root mean squarebond
Average Bfactors (A2)
Protein
Flavin ring
POHB

H162R
C222,

R269T
C222,

71.8
72.0
146.0
146.3
88.3
88.8
6695
26122
3.0
2.0
13.0
4.5
72.4
92.2
POHB"
POHB"
22.7
22.5
12.8
17.7
218
289
lengths (A)
0.010
0.010
angles (degrees.
1.52
1.45
26.6
16.5
16.3

26.7
15.8
15.1

"wtPHBH-POHB complex(10).
at 45kVand 100mA.Datawereprocessed usingtheXDS package(35).
Data collection statistics are given in Table I.
Refinement—Astarting electron density map was calculated for
H162RbasedonthestructureofthewtPHBH-POHBcomplex(10),after
a correction had been made for the slightly different cell dimensions
(13). The 2F,rFc and Fa-Fe maps clearly showed the replacement of
His-162byArg.His-162waschanged intoArgand fitted intheelecton
density map with the graphics program O(36).The complete protein
model was inspected and corrected where necessary. Refinement consisted of four macrocycles of map inspection and rebuilding using O
with subsequent energy minimization and temperature factor refinement using theX-plor package (37).For the FADweused the parameters as described by Schreuder et al. (13). Water molecules were
assigned by searchingF„-Fc maps for peaksofat least 4<7, which were
between2.0and5.0Aofotherproteinorwateratoms.Watermolecules
with temperature factors after refinement in excess of 70 A2 were
rejected. The refined structure has an R factor of 12.8% for 6695
reflections between 8.0 and 3.0 A and contains 218 water molecules.
Therootmeansquaredeviations from idealvalues are0.010Aforbond
lengths and 1.52° for bond angles.
The same procedure as described abovewas used for the refining of
theR269Tstructure,butthereflections werescaledbyapplyingoverall
anisotropic B factor refinement, resulting in the following B factors:
B l l = -0.798 A2;B22 - -1.849 A2;B33 = 0.983A2.The 2F0-Feand
F0-FcmapsclearlyshowedthereplacementofArg-269byThr.Thefinal
structure was obtained after four cycles of map inspection and refinement and contains 289watermolecules.ThefinalR factor is 17.7%for
26122 reflections between 8.0 and 2.0A.The root mean square deviations from idealvalues are 0.010Aforbondlengths and 1.45s forbond
angles. The refinements statistics of H162R and R269T are summarized inTable I.
GRID Calculations—Energetically favorable binding sites for the
pyrophosphate moiety ofNADPH in wtPHBHwere computed with the
GRID program (38) using HPO«2~ and P0 4 3 ~ as probe groups on a
Silicon graphics Indigo workstation. The parameters used to evaluate
thenonbondedinteractions(includingelectrostatic,hydrogenbond,and
Lennard-Jones functions) ofprobe groups are based on the "extended"
atom concept used for the program CHARMM(39).Three-dimensional
contour surfaces generated at selected energy levels were displayed
with the program O(36)together with wtPHBH(10).
NADPHModel—Thecontoursurfaces oftheGRIDcalculationswere
used as a start for building a three-dimensional model of the enzymesubstrate complex in the presence ofNADPH.The pyrophosphate part
oftheNADPHmoleculewasfitted onthepositionoftheGRIDcontours
with the graphics program O.The nicotinamide ring wasplaced at the
re-side oftheflavinringbyrotatingaround singlebonds.Similarly, the
2'-phosphate group was placed next to helix H2 as indicated by mutagenesis studies (1).The model was then energy minimized by using
the conjugate gradient method using the XPLOR package (37). The
ternary complex was minimized allowing both NADPH and enzymesubstrate complex to move,but the protein Ca-atoms werefixed.The
parameter set as determined byEngh and Huber (40)was used for the
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FIG. 2.Absorption perturbation difference spectra of wtPHBH
and R269T with Cibacron blue 3GA. The experiments were performed in0.1MTris/sulfate, pH 8.0, at 25*C. A1.0-mlsample solution
containing 15/iM enzymeand a 1.0 mlofreference buffer solutionwere
titrated with 5.0, 9.9, 14.7, 19.5,and 24.3 JIMCibacron blue 3GA.The
difference spectra thus obtained were corrected for dilution and the
absorbance ofthe free enzyme.A, wtPHBH;B,R269T.
proteinpartofthestructure.ThePOHB,NADPH,andFADparameters
wereoriginallyderivedfrom CHARMMparameters(39).Duringenergy
minimization the charges ofthe residues Arg, Lys,Glu,and Asp were
removed. The final model was obtained after 120minimization cycles
with an initial drop in the energy of40kcal/mol.
RESULTS
Enzyme Purification—All His-162 mutants were expressed
at high levels (5-10% oftotal protein) in E. coli TG2, and thenyield after purification was comparable tothat ofwtPHBH (26).
Comparable levels of protein expression were observed with
the Arg-269 variants. However, with the exception of R269K,
the Arg-269 variants were not retained on the Cibacron blue
3GA column used in the standard purification protocol. Such
change in binding characteristics has also been observed with
malate dehydrogenase variants (41). Since Cibacron blue 3GA
is a strong inhibitor of wtPHBH, competitive with respect to
NADPH (42), it was of interest to study the interaction of the
His-162 and Arg-269variants with the dye free in solution. Fig.
2 shows that the absorption perturbation difference spectra of
wtPHBH and R269T, recorded in the presence of increasing
concentrations of Cibacron blue 3GA, were nearly identical. It
has been suggested t h a t the shape ofthese difference spectra is
indicative of electrostatic enzyme-dye interactions (43, 44).
From analyzing the spectral data of Fig. 2 according to the
procedure described by Thompson and Stellwagen (30), it was
deduced that the dissociation constant of the wtPHBH-Cibacron blue 3GAcomplex(Kd = 0.34 ± 0.05 UM)is about one order
of magnitude lower than the dissociation constant of the
R269T-Cibacron blue 3GAcomplex(Kd =4.6 ± 1.2 /XM). Similar
results as with wtPHBH were obtained for R269K and the
His-162 variants. However, the affinity between Cibacron blue
3GA and the other Arg-269 mutants compared more favorable
with that of R269T (not shown). Neither the dissociation con-
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FIG. 3. Kinetics of the reductive
half-reaction of His-162 and Arg-269
mutants. The experiments were performed in 100mM Tris/sulfate, pH 8.0, at
25"C. 30 ftMenzyme was anaerobically
mixed with varying concentrations of
NADPH. Both solutions contained 1 mM
POHB.The apparent rate constant of flavin reduction (k'^) as determined from
the decrease in absorbance at 450 nm is
plotted as a function ofthe NADPH concentration. A, His-162 mutants; B, Arg269 mutants.
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strate binding could be described by simple binary complex
formation with dissociation constants ranging from 20 to 40
MM.
Reaction Stoichiometry—Oxygen consumption experiments
revealed that in the presence of excess POHB and limiting
NADPH, equal amounts of oxygen and NADPH were consumed. No hydrogen peroxide formation was detected when
catalase was added at the end of the reactions. HPLC product
analysis confirmed that all His-162 and Arg-269 mutants fully
coupled enzyme reduction to substrate hydroxylation with stoichiometric formation of 3,4-dihydroxybenzoate.
Steady-state Kinetics—The steady-state kinetic parameters
ofthe His-162 and Arg-269mutants were studied at pH 8.0, the
optimum pH for turnover of wtPHBH (31). In agreement with
the dissociation constants reported above, no significant
changes in apparent Km values for POHB were observed (Table
II). However, the apparent Km values for NADPH varied
strongly (Table II), indicating that the type of amino acid residue engineered at position 162 or 269 drastically affects coenzyme binding. As can be seen from Table II, H162R, H162Y,
and R269K are rather efficient enzymes with similar catalytic
properties as wtPHBH. H162K and R269S are less efficient due
to a clear increase in the apparent Km for NADPH. With
H162D, H162N, H162S, H162T, R269D, R269N, R269T, and
R269Y no reliable turnover rates could be estimated due to
impaired NADPH binding.

stant of the enzyme-dye complexes nor the shape of the difference spectra changed significantly in the presence of 1 mM
POHB or 1 mM NADPH. The dissociation constants of the
enzyme-dye complexes were also determined from fluorimetric
binding studies, using an enzyme concentation of2 UM.With all
His-162 and Arg-269variants and similar to wtPHBH, quenching of flavin fluorescence was observed. From the titration
curves and treating the data according to 1:1 binding (30),
dissociation constants of 0.22 ± 0.05 /IM and 1.2 i 0.3 u-M were
estimated for the wtPHBH-Cibacron blue 3GA and R269TCibacron blue 3GA complex, respectively. These values are in
reasonable agreement with the values deduced from the absorption difference spectral analysis. Altogether, the binding
studies with Cibacron blue 3GA suggest that there is a corrrelation between the affinity ofthe mutant enzymes with the free
and the immobilized dye. However, it is clear that the binding
characteristics ofthe free dye donot simply predict the affinity
of the mutant enzymes with the immobilized dye.
Substrate Binding—The His-162 and Arg-269 replacements
did not change the optical properties of the flavin prosthetic
group. The flavin absorption spectra of all mutants were identical to wtPHBH (26). Moreover, the flavin perturbation difference spectra in the presence of POHB indicated the flavin "in"
conformation (14). Similar to the wild-type enzyme (26), the
flavin fluorescence of the His-162 and Arg-269 mutants
strongly decreased upon POHB binding. For all mutants, sub-
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MODIFIED HISTIDINES

FIG.5. Chemical modification of wtPHBH and H162R with
diethylpyrocarbonate. 20 JXM enzymewas incubated in 80mM Mes,
pH6.0 (/ = 0.1M), with 0.5mM diethylpyrocarbonate at 25°C,and the
absorbance increase at 244nm was recorded with time.At time inter
vala, aliquots were withdrawn from the incubation mixtures and assayed for residual activity. A, time dependence of ethoryformylation:
wtPHBH (•); H162R (•). B, residual enzyme activity as a function of
modified histidines: wtPHBH (•); H162R (•).

FIG.4. pH dependence of the reductive half-reaction of wtPHBH and H162R.The experiments were performed at 25°Cin Mes
and Hepes buffers of constant ionic strength (/ = 50 mM).For other
conditions see Fig.3.A,maximal reduction rate constants (k^) and B,
dissociation constants (Kd NADPH) are plotted as a function of pH.
wtPHBH (•), H162R(D).
Pre-steady-state Kinetics—The NADPH binding was further
investigated by stopped-flow kinetics (pH 8.0, 25 °C). In these
experiments, the anaerobic reduction of the enzyme-substrate
complex was followed by measuring the decrease in FAD absorption at 450 nm with time as a function of the NADPH
concentration (22, 45). The rate constant of reduction of the
His-162 mutants is strongly dependent on the type of amino
acid residue engineered (Fig. 3A). With H162R, the rate constant of flavin reduction strongly increased with increasing
concentrations of NADPH and a maximal reduction rate constant of about 240 s " 1 and an apparent Kd for NADPH of 0.23
mM were estimated. These values are in the same range as
reported for the wild-type enzyme (26) (Table II), suggesting
that the H162R replacement does not significantly affect the
effector role of POHB and the mode of NADPH binding. With
H162Y and to a lesser extent with H162K, a high rate constant
of reduction was found but with a modestly elevated Kd for
NADPH, revealing poor NADPH binding (Table II). With the
other His-162 mutants, the rate constant of flavin reduction
increased slightly with increasing NADPH concentrations (Fig.
3A), and the almost linear dependence of the reduction rate
constant with NADPH concentration confirmed that these mutants have lost the ability of proper coenzyme binding. In
agreement with the steady-state kinetic data, drastic changes
in catalysis were observed when the reductive half-reactions of
the Arg-269 mutants were studied. Except for R269K, all Arg269 mutants were rather slowly reduced due to impaired coenzyme binding (Fig. 3B, Table II).

2-fold between pH 6 and 7. For H162R, a similar enhancement
in rate constant ofreduction was observed between pH 7and 8
(Fig. 4A). Interestingly, wtPHBH showed only a modest increase in Kd NADPH between pH 8 and pH 6, whereas the
affinity ofH162R for NADPH strongly decreased with decreasing pH (Fig. 4B).
Chemical Modification Studies—wtPHBH is readily inactivated by diethylpyrocarbonate at pH 6 (18). This inactivation
was tentatively ascribed to the cooperative modification of His162 and His-289, possibly both involved in NADPH binding
(18). Similar to wtPHBH, incubation ofH162R with diethylpyrocarbonate at pH 6 led to the modification of about four histidines (Fig. 5A).However, in the wild-type enzyme, the initial
rate constant of ethoxyformylation is higher than with H162R
and is accompanied with a much stronger decline in enzyme
activity (Fig. 5B). During the initial stage of the chemical
modification reactions, the ethoxyformylation of one histidine
residue resulted in a loss of activity of more than 50% in
wtPHBH and less than 10%in H162R (Fig. 5B). In contrast to
wtPHBH (K'm NADPH modified enzyme >100 tivt), ethoxyformylation ofH162R did not change the apparent Km NADPH
(cf. Table II),suggesting that His-162 is a main target of diethylpyrocarbonate modification which is involved in NADPH
binding.
Structural Properties—All His-162 and Arg-269 variants
were tested by crystallization assays. Crystals with high and
moderate quality diffraction properties were obtained for
R269T and H162R, both in complex with POHB. The electron
density maps of H162R and R269T clearly identified the side
chain substitutions (Figs. 6 and 7). The refined three-dimensional structures of H162R and R269T are very similar to the
structure of wtPHBH (10)with root mean square differences of

Because the ionization state of His-162 seems to play a role
in NADPH binding (31), it was of interest to compare the pH
dependence ofthe reductive half-reaction ofwtPHBH with that
of H162R. As can be seen from Fig. 4A, the rate constant of
reduction of substrate-complexed wtPHBH increased about
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TABLE II

Kineticparametersofp-hydroxybenzoate hydroxylase variants
Steady-state kinetic parameters were determined at 25°C in air-saturated 100 mMTris/sulfate, pH 8.0. Turnover rates (*„() are apparent
maximum values extrapolated toinfinite concentrations ofPOHBand NADPH.Dissociation constantslKdNADPH)and maximal reduction rate
constants ik^) weredetermined from anaerobicreductionexperiments asdescribedinthelegendofFig.3. Kineticconstantshavemaximum error
values of10%.
Kj NADPH

Enzyme

PHBH
H162R
H162Y
H162K
H162N
H162S
H162T
H162D
K269K
R269Y
R269T
R269D

0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.06

55
45
40
>10
>10
>10
>10

0.05
0.07
0.20
>0.5
>0.5
>0.5
>0.5
0.07
>0.5
>0.5
0.32
>0.5
>0.5

55
>30
>30
40
>30
>10

0.15
0.23
0.58
1.50
>5
>5
>5
>5
0.45
>5
>5
>5
>5
>5

240
230
180
>70
>10
>10
>10
260
>30
>30
>80
>30
>10

FIG.6. Stereo drawing of an F.-F„
omit map ofH162R,contoured at 3 o.
The atomicmodelofH162Rwith residue
Arg-162 is drawn in black bonds, while
the orientation ofHis-162 in wtPHBH is
drawninopen bonds.

FIG. 7. Stereo drawing of an Fa~Fe
omit map of R268T,contoured at 4o-.
The atomic model ofR269T with residue
Thr-269 is drawn in black bonds, while
the orientation ofArg-269 inwtPHBH is
drawninopen bonds.

respectively 0.25 and 0.20 A for 391 equivalent Coratoms. The
His-162 and Arg-269 side chains are situated near the protein
surface (Fig. 1) and do not form strong hydrogen bonds with
other residues. This feature is conserved in H162R and R269T,
leaving the local structure near the sites of mutation unchanged. However, the high B factors of the Arg-162 side chain
suggest that this side chain is much more flexible than the
His-162 side chain in the wild-type enzyme.

GRID Calculations and Model Building—To get more insight in the binding mode of the pyrophosphate moiety of
NADPH, we searched for energetically favored binding sites of
the "extended" phosphate groups HPO« 2 ~ and P 0 4 3 ~ in the
wild-type enzyme (10).These calculations were performed with
the program GRID (38). Using a GRID spacing of 1 A we
observed one large and a few small density peaks (contoured at
an energy level of - 1 5 kcal/mol) in the active site cleft. By

84

FIG. 8.Proposed interdomainbindingofNADPH.A, Stereodrawingofthethree-dimensional modeloftheternary wtPHBH-POHB-NADPH
complexwith POHBand FADinopen bonds.The phosphate contours ofthe GRIDcalculations are at -15 kcalmol -1 and the NADPHmolecule
(indarkgray bonds)wasmodeled onthe positionsofGRIDpeaks.Thecloseinteraction between C-4ofthe nicotinamide moietyofNADPH and
N-5 ofthe flavin ring is indicated. B, closeup ofthe interdomain cleft leading toward the active site with Arg-33,Arg-42,Arg-44, His-162, and
Arg-269inmagenta,whereasTyr-38isshowninwhite.NADPHiscoloredincyan,and FAD,POHB,andtheproteindomainsaresimilarlycolored
as in Fig. 1.
using the graphics program O (36), the pyrophosphate moiety
of NADPH was modeled in the position of an extended GRID
peak closelylocated to His-162and Arg-269(Fig.8A).Based on
this position, the other parts of the NADPH molecule were
modeled in an extended conformation, similar to other NAD(P)
complexes (46). In this model, the cofactor reaches the active
site through a cleft between the FAD binding and substrate
binding domains (Fig. 8B).This mode ofinterdomain binding is
new among known NAD(P)-dependent enzymes (46). The nicotinamide was placed at the re-side (47) and parallel to the
flavin ring (Fig. 8A). Attempts to place the nicotinamide such
t h a t the pro-S hydrogen would be transferred were unsuccessful due to steric hindrance of Pro-293. In the pro-R configuration, the nicotinamide ring fitted well, in full agreement with
previous studies (48).
There has been discussion about whether the flavin ring
would be reduced in the "in" or in the "out" position. In the in
position, small protein conformational changes are necessary,
because too short contacts exist between the nicotinamide ring
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of NADPH and residues 290-297 which are part of the highly
conserved active site loop (16). In the out position, no such
short contacts exist, and the NADPH complex was therefore
modeled in the out position. The C-4 atom is 3.9 A apart from
the N-5 of the flavin ring to allow hydride transfer (Fig. 8A).
Recent results supported the finding that mobility ofthe flavin
ring is necessary for optimal reduction by NADPH (15) and
that NADPH reduces the flavin ring probably in the out conformation (49). In the final model, the carboxamide moiety of
the nicotinamide ring is in hydrogen bonding distance with
Ala-266 and Pro-293 at the re-side of the flavin ring and the
nicotinamide-ribose part is situated in the entrance toward the
active site pocket and interacts via its hydroxyl groups with the
highly conserved Asp-286 of the active site loop and with the
ribityl moiety of FAD.
As mentioned before, the pyrophosphate moiety ofNADPH is
situated between His-162 and the highly mobile Arg-269 side
chain. Additionally favorable interactions ofthe helix H7 dipole
moment may occur with the negatively charged pyrophosphate

moiety (16).The pyrophosphate moiety also interacts with Arg44, Phe-161, and is close to His-162. The adenine ring of the
adenosine moiety interacts with Tyr-38. Finally, the 2'-phosphate ofthe adenine-ribose is placed in the helix H2 region and
interacts closelywith Arg-33 and to a lesser extent with Tyr-38
and Arg-42 (distance of about 4 - 5 A). Site-directed mutagenesis studies have shown that these residues play a n important
role in NADPH binding (1,22, 50)and that helix H2 is involved
in determining the coenzyme specificity (3).
DISCUSSION

In this report we have described the catalytic and structural
properties ofHis-162 and Arg-269 variants ofp-hydroxybenzoate hydroxylase from P. fluorescens. The results clearly establish that His-162 and Arg-269 play an important role in
NADPH recognition. Flavin spectral analysis and substrate
hydroxylation experiments revealed no significant changes in
the active site. From this and the structural properties of
H162R and R269T it is concluded that the poor catalytic efficiency of the majority ofthe mutant proteins can be ascribed to
impaired NADPH binding.
His-162 is part of a novel conserved sequence motif in flavoprotein hydroxylases with a putative role in FAD and
NAD(P)H binding (16).Inp-hydroxybenzoate hydroxylase, this
sequence motif (residues 153-166) extends from strand A4 to
helix H7 and includes a large turn (residues 158-163), with
His-162 and the structurally important Asp-159 and Gly-160.
His-162 is conserved in p-hydroxybenzoate hydroxylases of
known sequence and a positive charged residue is present at
this position in other flavoprotein hydroxylases (16). Replacement ofHis-162 by Ser, Thr, Asn, and Asp results in inefficient
flavin reduction due to impaired coenzyme binding. NADPH
binding is only moderately affected in the H162R, H162Y, and
H162K variants, suggesting that both the bulkiness and hydrogen bonding capacity of residue 162 are of importance in
NADPH recognition. Our results agree with a chemical modification study of salicylate hydroxylase, which suggested that
Lys-165, the equivalent of His-162 in p-hydroxybenzoate hydroxylase, is involved in binding the pyrophosphate moiety of
NADH (51).
At pH 6, H162R interacts much weaker with NADPH than
wtPHBH, while at pH 8, the interaction is about the same.
Groups with a pKa value in this range are His-162 (free pKa —
6.2) and the 2'-phosphate moiety ofNADPH (pKa ~ 6.5) (52).A
possible explanation could be the following. At pH 6, His-162 is
protonated which leads to a stronger interaction with the pyrophosphate moiety of NADPH. However, the 2'-phosphate of
NADPH is also protonated which leads to a weaker interaction
with Arg-33 and Arg-44 (Fig. 8B). At pH 8, the situation is
reversed; His-162 is uncharged which leads to weaker interaction, while deprotonation of the 2'-phosphate of NADPH leads
to a stronger interaction. These two effects are compensatory
and may explain the nearly constant bindingbetween pH 6 and
8 of NADPH and wtPHBH. For H162R, the situation is different. Arg-162 is protonated at both pH 6 and 8, favoring the
interaction with the pyrophosphate ofNADPH at both values of
pH. At pH 8, also the deprotonated 2'-phosphate of NADPH
will contribute to the binding strength. At this pH, the binding
of NADPH to H162R is about as strong as with wtPHBH,
suggesting that the extra ionic interaction ofArg-162 with the
pyrophosphate compensates the intrinsic weaker NADPH
binding of H162R. At pH 6, the 2'-phosphate of NADPH gets
protonated, leading to weaker interaction not compensated by
the creation of an additional ionic interaction elsewhere, which
would nicely explain the observed weaker NADPH binding of
H162R at pH 6.
Arg-269, located in the substrate binding domain, proved to
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be even more essential for NADPH recognition. Except for
R269K, all Arg-269 variants have lost the ability of proper
NADPH binding. This is in agreement with the poor catalytic
properties ofthe R269A isoenzyme from P.fluorescens (53), and
points to an electrostatic interaction between Arg-269 and
NADPH. Furthermore, the high resolution x-ray structure of
R269T shows that impaired NADPH binding is not caused by
structural changes.
GRID calculations revealed an energetically favorable binding site for dianionic pyrophosphate near the N terminus of
helix H7, supporting our earlier proposal (16) that the positive
dipole of this helix is important for binding the pyridine nucleotide cofactor. The properties of the His-162 and Arg-269 variants and the GRID calculations suggest that the pyrophosphate moiety of NADPH interacts with the side chains of His162 and Arg-269. This interdomain binding mode is in
agreement with the involvement ofArg-42(50) and Arg-44 (22)
in NADPH binding, and the role ofhelix H2 in determining the
coenzyme specificity (3).
Recent studies have shown that the flavin ring is mobile and
t h a t it can move in and out of the active site (13-15). In our
model, we assumed that the flavin is in the out conformation in
the NADPH complex. However, while our model fully explains
all available mutagenesis and biochemical data, it is still very
well possible that the flavin ring assumes an intermediate
conformation in the NADPH complex. Further studies will be
necessary to firmly establish the position of the flavin in the
NADPH complex.
In conclusion, this report lends strong support for an interdomain binding ofNADPH inp-hydroxybenzoate hydroxylase.
There are only a few "non-Rossmann" fold enzymes of known
three-dimensional structure with an interdomain binding
mode of the pyridine nucleotide cofactor. These enzymes include isocitrate dehydrogenase from E. coli (54, 55), isopropylmalate dehydrogenase from Thermus thermophilus (56), the
ribosome-inactivating protein trichosanthin isolated from root
tuber (57),beef liver catalase (58),catalase from Proteus mirabilis (59), and glycogen phosphorylase 6 (60). In some of these
proteins, a high flexibility of the nicotinamide nucleoside moiety is observed. In p-hydroxybenzoate hydroxylase, such flexibility could be essential for the recognition of the flavin ring,
leading to the unique effector specificity (8).
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these residues are located near the protein surface (Fig. 1) and
belong to a recently discovered sequence motif presumably
involved in both FAD and NADPH binding [1]. Within this
so-called DG sequence, Phe 161 is variable whereas Arg 166 is
highly conserved [1].
To study their role in NADPH binding, we selectively altered Phe 161 and Arg 166 of PHBH by site-directed mutagenesis. The catalytic properties of the mutant proteins are described together with the crystal structures of F161A and
R166S. It is shown that both residues are involved in NADPH
binding and that Arg 166 is important for structural stability.
The implications for NADPH binding are discussed. Some
preliminary results have been presented elsewhere [13].

Abstract Phe 161 andArg 166 of/p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens belong to a newly discovered
sequence motif in flavoprotein hydroxylases with a putative dual
function in FAD and NADPH binding |1|.To study their role in
moredetail, Phe 161 and Arg 166 were selectively changed by sitedirected mutagenesis. F161A and F161G are catalytically
competent enzymes having a rather poor affinity for NADPH.
The catalytic properties of R166K are similar to those of the
native enzyme. R166S and R166E show impaired NADPH
binding and R166E has lost the ability to bind FAD. The crystal
structure of substrate complexed F161A at 2.2 A is indistinguishable from the native enzyme, except for small changes at
thesiteofmutation.Thecrystal structureofsubstrate complexed
RI66S at 2.0 A revealed that Arg 168 is important for providing
an intimate contact between the FAD binding domain and a long
excursionofthesubstrate bindingdomain.Itisproposedthat this
interaction is essential for structural stability and for the
recognition of the pyrophosphate moiety of NADPH.
© 1999 Federation of European Biochemical Societies.

2. Materials and methods
2.1. Mutagenesis andenzyme purification
Mutations were introduced in the pob\ gene encoding PHBH, essentially as described elsewhere [14]. The oligonucleotide 5'-GGCATCTCGXXXCAATCGATCC-3' (where XXX describes the replacement oTTGG for AAA (R166K), GAA (R166E) and AGT
(RI66S), respectively), and theoligonucleotide 3'-GCGATGGCXXXCACGGCATCTCGC-5', where XXX describes the replacement of
TTC for GCC (F161A) and GGC (F16IG), respectively), were used
for the construction of the mutant proteins. All mutations were confirmed by nucleotide sequencing according to the method of Sangeret
al. [15].Purification of PHBH variants was done according to procedures reported earlier [6,16]. The expression levels and yields of
F161A, F161G and R166K werecomparable to the wild-type enzyme
[16]. For R166S and R166E, a rather poor expression was observed,
which resulted in a 10- and 100-fold lower yield of pure enzyme,
respectively.

Key words: p-Hydroxybenzoate hydroxylase; Flavoprotein
monooxygenase; Crystal structure; NADPH binding;
Sequence motif; Site-directed mutagenesis

1. Introduction
/j-Hydroxybenzoate hydroxylase (PHBH) from Pseudomonas fluorescens is a member of the family of NAD(P)H-dependent flavoprotein monooxygenases [2]. The enzyme catalyzes the conversion of 4-hydroxybenzoate (POHB) into 3,4dihydroxybenzoate, an intermediate step in the degradation of
aromatic compounds in soil microorganisms [3].
The crystal structure of the enzyme-substrate complex of
PHBH is known in atomic detail [4] but the binding mode
of NADPH is unclear. In contrast to many dehydrogenases
and reductases, PHBH and related enzymes lack a well-defined domain for binding the pyridine nucleotide cofactor
[5]. Site-specific modifications of PHBH have provided some
insight into the mode of NADPH binding [6-8]. From these
studies it was proposed that the pyrophosphate moiety of
NADPH interacts with His 162 of the FAD binding domain
and Arg 260 of the substrate binding domain and that helix
H2 is involved in binding the 2'-phosphate ribose moiety of
NADPH [8]. Earlier modelling studies suggested that the 2'phosphate of NADPH interacts with Arg 1 '* [9-11]. and that
Phe ,ti1 shields NADPH from entering the active site [12], Both

2.2. Analytical andphysical methods
Molar absorption coefficients for protein-bound FAD were determined in 50mM sodium phosphate. pH 7.0 by recording absorption
spectra in the absence and presence of 0.1% SDS [17]. Absorption
difference spectra between free and substrate complexed enzymes
were recorded as reported earlier [7]. Dissociation constants of enzyme-substrate complexes were determined fluorimetrically [18].
PHBH activity was routinely assayed in 100 mM Tris/sulfate, pH
8.0, containing 0.5 mM EDTA. 0.2 mM NADPH. 0.2 mM POHB
and 10 uM FAD [19]. Steady-state kinetic parameters were determined at pH 8.0 [20]. Rapid-reaction kinetics were carried out using
a stopped flow spectrophotometer, type SF-51, from High-Tech Scientific Inc. Rate constants for anaerobic flavin reduction were estimated from kinetic traces recorded at 450 nm (pH 8.0, 25°C) [6],
Uncoupling of substrate hydroxylation wasquantified by oxygen consumption experiments performed in the absence and presence of catalase [20]. Aromatic products were identified by reverse-phase HPLC
[17], The thermal stability of PHBH variants was studied in 50 mM
potassium phosphate. pH 7.0, essentially as described elsewhere [18].
23. Crystallization, datacollection andstructural refinement
Crystallization of substrate complexed FI61A and RI66S and collection of X-ray diffraction data were performed as reported earlier
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Fig. I. Stereoview of the Cct backbone of the enzyme-substrate complex of PHBH. 4-Hydroxybenzoate (POHB), cofactor (FAD). Phe161 and
Arg"''1 are indicated.

[6]. With RI66E, no suitable crystals were obtained. A starting electron density map was calculated based on the structure of the wildtype enzyme/substrate complex [4], after a correction had been made
for the slightly different cell dimensions (Table 1). The starting R~
factor was 0.244 for FI61A for data between 8.0 A and 2.2 A. and
0.245 for RI66S for data between 8.0 A and 2.0 A. The F^-Fc omit
maps clearly showed the replacement of PheUil by Ala in Ft61A (Fig.
2A), and Arg"" by Ser in RI66S (Fig. 3A). With the graphics program O [21], the mutated residues were changed and fitted in the
electron-density map. The complete protein models were inspected
and corrected where necessary. Refinement was carried out by energy
minimization and temperature-factor refinement using the program
XPLOR [22]. For F161A overall anisotropic B-factors were refined
and applied to the dataset, with the following B-factors: B1I= 1.08
A 2 ; B22=-1.01 A ! ; 533=-0.06 A". The final structures were obtained after five cycles of map inspection and refinement. Thefinal
/(-factors are 0.179 and 0.183 for FI6IA and R166S,respectively.The
X-ray diffraction data and refinement statistics are summarized in
Table 1.The coordinates will bedeposited in the Brookhaven Protein
Data Bank.

3.2. Physical properties
Fluorescence binding studies revealed that the dissociation
constant of the enzyme-substrate complex was not affected by
the Phe161 and Arg 166 replacements. With all mutants, K^
values of 30± 5 U.M (pH = 7.0) were estimated, values similar
to the wild-type enzyme [18]. Moreover, the nearly identical
shape and intensity of flavin absorption difference spectra
between the free enzymes and the enzyme-substrate complexes
(not shown) suggest that the mode of flavin and substrate
binding in the mutant proteins compares favorably with that
of wild-type PHBH [23]. The only exception is R166E where
no reliable absorption difference spectrum could be obtained
due to impaired FAD binding.
3.3. Catalytic properties
The catalytic properties of the mutant proteins were studied
at pH 8.0, the optimum pH for turnover of the wild-type
enzyme [18]. No hydrogen peroxide production was detected
in oxygen consumption experiments, showing that the Phe1G1
and Arg 160 mutants tightly couple oxygen reduction to sub-

3. Results
3.1. Structural properties
The overall structures of F161A and R166S are very similar
to the structure of wild-type PHBH [4],with root mean square
differences of respectively 0.18 A and 0.22 A for 391 equivalent Cct atoms. Fig. 2B shows that substitution of Phe Itil for
Ala results in a weaker interaction between the backbone oxygen of Phe1G1 and the NH1 atom of Arg 160 ( 2 . 7 - 3 . 1 A).
Furthermore, a slight shift of the side chain of Arg3,i'J was
observed. This shift is most probably caused by the lost van
der Waals contact between the NHI of Arg2(,,J and CE2 of
Phe"' 1 (3.1 A) increasing the mobility of the Arg 269 side chain
as indicated by the temperature factors (52 A--*70 A'). The
structure of R166S clearly revealed a backbone movement
(Fig. 3B). The removal of the hydrogen bond interactions
between the NHI of Arg 1 ^' and the backbone oxygens of
Phe"' 1 and Ala-"' results in a shift of helix H7 and adjoining
loops, including residues 160-173, of about 0.5-1.0 A.
Consequently, weaker hydrogen bond interactions were
present in this region, resulting in higher flexibility of this
part of the protein as indicated by increased average temperature factors of 42.0 A- instead of 27.5 A ' for wild-type
PHBH.

Table1
Data collection and refinement statistics of the enzyme-substrate
complexes of F161A and R166S
Complex

F16IA

RI66S

71.7
146.3
88.5
C222,
27 343
2.0
4.9
94.4
24.4
17.9
292
0.01)9
1.43

72.2
146.8
88.9
C222,
22 860

27.2
14.2
14.0

30.3
19.2
21.6

Cell dimensions (A)
ii

h
c
Space group
Unique reflections
Resolution (A)
R <"<<.)
Completeness (%)
Initial /(-factor
Final /(-factor
Water molecules
rms of bond leneths (A)
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Averasie B-factors (A-)
protein
flavin rins>
substrate
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Fig. 2. Crystal structure of F16IA in complex with POHB. A: Stereo diagram of the omit map of F161A, contoured at 3a. with the residues
160-164 omitted from the map. The atomic model of F161A is drawn in bold lines, while Phe161 of wild-type PHBH is indicated in open lines.
B: Superposition of the structures of wild-type PHBH and F161A in complex with POHB. The structure of the wild-type enzyme is drawn in
open bonds and the structure of F161A is shown in solid bonds.

strate hydroxylation. As can be seen from Table 2, the Phe ! t n
and Arg 166 replacements did not strongly affect the apparent
Km POHB. However, with some of the mutant proteins, the
apparent ATin NADPH was considerably higher than with the
wild-type enzyme. The most profound effects were observed
with F161A, R166S and R166E, which all showed a more
than five-fold increase in Km NADPH (Table 2). With all
mutants, no activity was found with NADH. With the exception of R166E, all mutants showed turnover rates comparable
to wild-type enzyme. The very low turnover rate observed for
R166E must be due to some structural effect since this mutant
binds poorly FAD. Activity measurements in the absence and
presence of varying amounts of FAD revealed an apparent
Km FAD for R166E of about 5 pM. This value is about two
orders of magnitude higher than the corresponding value for
the wild-type enzyme [19].

able kinetic parameters could be determined for the reductive
half-reaction of R166E.
3.4. Thermal stability
The poor expression of R166S and R166E was taken as a
first indication that these mutants are less stable than the
wild-type enzyme. This was confirmed by thermoinactivation
studies. Fig. 4 compares the time-dependent inactivation of
wild-type PHBH and the Arg160 mutants at pH 7.0, 50°C.
From this comparison it is clear that, like wild-type enzyme
[18], the substrate complexed Arg 166 mutants are more thermostable than the free enzymes. Moreover, in the absence of
substrate wild-type PHBH and R166K are far more stable
than R166S and R166E (Fig. 4). This supports the idea that
a positively charged residue at position 166 is required for
structural stability.

Stopped flow kinetics were performed to follow the anaerobic reduction of the enzyme-substrate complex with time as
a function of the NADPH concentration. Table 2 shows that
the reduction rates of the mutants are similar to that of the
wild-type enzyme and not rate limiting in catalysis. However,
in agreement with the results from steady-state kinetics, a 5 10-fold weaker NADPH binding was observed for F161A and
R166S. As a consequence of the weak FAD binding, no reli-

4. Discussion
Phe"' 1 and Arg"3*' of PHBH belong to a newly discovered
conserved sequence motif in flavoprotein hydroxylases [I].
These residues are located in a surface accessible loop structure (residues 158-174). including helix H7, with a strained
conformation [4]. The side chain of Arg1,,i; contacts the back-
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Fig. 3. Crystal structure of R166S in complex with POHB. A: Stereo diagram of the omit map of RI66S, contoured at 3o\ with the residues
164-168 omitted from the map. The atomic model of RI66S is drawn in bold lines, while Arg166 of wild-type PHBH is indicated in open lines.
B: Superposition of the structures of wild-type PHBH and R166S in complex with POHB. Wild-type structure is drawn in open bonds and the
structure of R166S is shown in solid bonds.
that Phe' 61 is not conserved among flavoprotein hydroxylases

bone oxygen of both Phe161 {FAD binding domain) and
Ala 3s7 (substrate binding domain), whereas the side chain of
Phe 161 interacts with the side chain of Phe 3 ' 1 and is situated
between the guanidinium groups of Arg 166 and Arg 269 . Removal of the aromatic side chain at position 161 slightly
weakens the enzyme-NADPH interaction. The crystal structure of F161A at 2.0 A resolution suggests that this is due
to the lost contact between Arg 269 and Phe 161 , increasing the
mobility of Arg2f,CJ. Recent mutagenesis studies have
indicated that Arg2fi9 is of crucial importance for binding
the pyrophosphate moiety of NADPH [8].The catalytic properties of Phe 1,n indicate that Phe161 is not essential for
NADPH binding. This is in agreement with the recent finding

m.
More profound effects on catalysis and in particular on
NADPH binding were observed with the Arg !(i6 variants.
R166K is an efficient enzyme, but the introduction of Ser166
significantly decreases the affinity for NADPH. Replacement
of Arg1Wi by Glu causes structural perturbations, and impaired binding of NADPH and FAD. We therefore conclude
that the catalytic performance and stability of PHBH depends
strongly on the ionic character of residue 166. In this respect it
is interesting to note that in phenol hydroxylase from the
yeast Trichosporon cutaneum, the conformation and backbone
interactions of the side chain of Arg 232 are highly similar to its

Table 2
Kinetic parameters of Phe"'1 and Arg""' variants of PHBH from Pseudomonus fluorcst
K„, POHB(uM)
A',„ NADPH <uM)
A-„„ <*"')
Enzvme
34
Wild-type
112
37
FI6IG
ISO
38
FI6IA
67
50
R166K
290
40
R166S
360
5
R166E
The maximum standard error is 10/i.. n.m.=not measurable.
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K, N A D P H (uM)

230
330
1100

2:0
2200
n.m.

*'„.i

300
300
300
285
240
n.m
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Fig. 4. Time-dependent thermoinactivation of Arg"*' variants of
PHBH. The thermoinactivation of 2 uM enzyme was studied in
50 mM potassium phosphate pH 7.0 at 50°C, in either the absence
(open symbols) or presence of 1 mM POHB (filled symbols). Aliquots were withdrawn from the incubation mixtures at intervals and
assayed at 25°C. pH 8.0. The remaining activity is plotted as a
function of lime. Wild-type PHBH (o.»). RI66K ( v . T ) . R166S
( a . i ) and R166E (DM).
Arg l a i equivalent of PHBH [24]. The crystal structure of
R166S shows a clear shift in the loop structure between residues 159 and 174, comprising helix H7. This movement is
caused by the absence of interaction between Ser"*1 and the
backbone oxygens of Phe llil and Ala287 (Fig. 2B). In RI66K.,
the positively charged Lys side chain probably preserves the
interactions with the backbone oxygens of Phe lfH and Ala2a~.
The crystallographic analysis also established that the loop
structure comprising residues 160-173 is far more flexible in
the R166S mutant than in the wild-type enzyme. The flexibility of this loop decreases the overall structural stability as
indicated by the low level of protein expression and the increased rate of thermoinactivation. In line with this, mutant
R166E has lost the ability to bind FAD. Residue 166 is at
least 10 A away from the FAD, supporting the idea that the
Glu"' 6 mutation influences the structural integrity of the FAD
binding domain.
In conclusion, the results presented here show that Arg1(iti in
PHBH is structurally important and that both Phe 161 and
Arg l,i6 are involved in NADPH recognition. However, our
studies provide no evidence that Phe161 and Arg1,ili interact
directly with NADPH. It cannot be excluded that the poor
affinity for NADPH in the mutant proteins is caused by the
increased flexibility of the loop structure comprising residues
160-173. This loop also contains His"'-, a residue that is of
utmost importance for binding the pyrophosphate moiety of
NADPH [8],
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4-Hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3
Purification, characterization, gene cloning, sequence analysis and assignment
of structural features determining the coenzyme specificity
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4-Hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was purified by five consecutive steps
to apparent homogeneity. The enrichment was 50-fold with a yield of about 20%. The enzyme is a
homodimeric flavoprotein monooxygenase with each 44-kDa polypeptide chain containing one FAD molecule as a rather weakly bound prosthetic group. In contrast to other 4-hydroxybenzoate hydroxylases of
known primary structure, the enzyme preferred NADH over NADPH as electron donor. The pH optimum
for catalysis was pH 8.0 with a maximum turnover rate around 45°C. Chloride ions were inhibitory, and
competitive with respect to NADH.
4-Hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 has a narrow substrate specificity. In
addition to the transformation of 4-hydroxybenzoate to 3,4-dihydroxybenzoate, the enzyme converted
2-fluoro-4-hydroxybenzoate, 2-chloro-4-hydroxybenzoate, and 2,4-dihydroxybenzoate. With all aromatic
substrates, no uncoupling of hydroxylation was observed.
The gene encoding 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was cloned in
Escherichia coli. Nucleotide sequence analysis revealed an open reading frame of 1182 bp that corresponded to a protein of 394 amino acid residues. Upstream of the pobA gene, a sequence resembling an
E. coli promotor was identified, which led to constitutive expression of the cloned gene in E. coli TGI.
The deduced amino acid sequence of Pseudomonas sp. CBS3 4-hydroxybenzoate hydroxylase revealed
53% identity with that of thepobA enzyme from Pseudomonas fluorescens for which a three-dimensional
structure is known. The active-site residues and the fingerprint sequences associated with FAD binding
are strictly conserved. This and the conservation of secondary structures implies that the enzymes share
a similar three-dimensional fold. Based on an isolated region of sequence divergence and site-directed
mutagenesis data of 4-hydroxybenzoate hydroxylase from P. fluorescens, it is proposed that helix H2 is
involved in determining the coenzyme specificity.
Keywords: cloning; coenzyme specificity; flavoprotein hydroxylase; haloaromatic biodegradation; sequence alignment.

Pseudomonas sp. CBS3 utilizes 4-chlorobenzoate as sole
source of carbon and energy (Klages and Lingens, 1980). In this
strain, a hydrolytic dechlorination occurs as the initial degradation step, leading to 4-hydroxybenzoate (Miiller et a!., 1984).
This product is then converted in the next step to 3,4-dihydroxybenzoate before the ring is cleaved at the ortho position {Klages
and Lingens, 1980). The three component enzyme system involved in the conversion of 4-chlorobenzoate to 4-hydroxyCorrespondence to W. J. H. van Berkel, Department of Biochemistry. Agricultural University. Dreijenlaan 3, NL-6703 HA. Wageningen,
The Netherlands
Fat: +31 317 484801.
Enzymes. 4-Hydroxybenzoate 3-monooxygenase [4-hydroxybenzoate, NADPH: oxygen oxidoreduaase (3-hydroxytating)] (EC
1.14.13.2); 4-hydroxybenzoate 3-monooxygenase [4-hydroxybenzoate.
NAD(P)H: oxygen oxidoreductase <3-hytlroxylating)l (EC 1.14.13.33);
catalase (EC 1.11.1.6): alkaline phosphatase (EC 3.1.3.1): DNA polymerase I (Klenow fragment) (EC 2.7.7.7): type II site-specific deoxyribonucteases {Ball.BamH\.EcoR). HindlU. 5m/3A) (EC 3.1.21.4).
Note. The novel nucleotide sequence data published here have been
submitted to the EMBL. GeneBank. and DDBJ nucleotide sequence databases and are available under accession number X74827.
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benzoate has been thoroughly characterized during the last few
years (Eisner et al., 1991a; Chang et al., 1992; Loftier et al.,
1995) and 4-chlorobenzoate dehalogenase of Pseudomonas sp.
CBS3 has been the subject of intensive genetic analysis (Savard
etal., 1986; Eisner etal., 1991b; Babbitt et al., 1992). No information is available about the biochemical properties and genetic
background of the enzyme converting 4-hydroxybenzoate. To
date, the DNA sequences of the pobA genes encoding 4-hydroxybenzoate hydroxylase from Pseudomonas aeruginosa (Entsch
et al., 1988), Pseudomonas fluorescens (van Berkel et al., 1992;
Shuman and Dix, 1993), Acinetobacter calcoaceticus (DiMarco
et al., 1993), and Rhizobium leguminosamm (Wong et al., 1994)
have been reported. However, none of these FAD-dependent hydroxylases are involved in the biodegradation of a halogenated
aromatic compound.
The structure and mechanism of 4-hydroxybenzoate hydroxylase from P. fluorescens has been studied in great detail (van
Berkel and Miiller, 1991; Entsch and van Berkel. 1995; Gatti et
al., 1996). As a result, this strictly NADPH-dependent enzyme
has become the primary model for flavoprotein aromatic hydroxylases that have many characteristics in common. The structure

of 4-hydroxybenzoate hydroxylase is unusual becaus..- there is
no well-defined binding site for the NADPH coenzyme
(Schreuder et al., 1991).Here,wedescribe the purification, biochemical characterization, cloning, and sequence analysis of 4hydroxybenzoate hydroxylase from Pseudomonassp. CBS3.
The results show that the enzyme is structurally similar to 4hydroxybenzoate hydroxylase from P.fluorescensbut prefers
NADHaselectrondonor.Specialemphasis isgiven tothestructural features that determine the coenzyme specificity.

MATERIALS AND METHODS
General. Q-Sepharose FF,Superdex PG-200, Superdex 200
HR 10/30, restriction endonucleases, T4 DNA ligase, the
double-stranded deletion kit, the T7 sequencing kit, and deaza
T7 sequencing mixes were purchased from Pharmacia LKB;
shrimp alkaline phosphatase was from United States Biochemicals;theGeneclean IIkitwasfrom Dianova; [,5S]dATP[aS] was
from Amersham;Good buffers and Cibacron blue 3GA agarose
were from Sigma. Bio-Gel P6DG and Bio-Gel HT hydroxyapatite were purchased from Bio-Rad, and benzoate derivatives
were obtained from Aldrich; 2-fluoro-4-hydroxybenzoate was
synthesized and purified as reported earlier (van Berkel et al.,
1994).
Bacterial strains and vectors.Pseudomonas sp.CBS3was
originally isolated from garden soil with 4-chlorobenzoate as
sole carbon source (Klages and Lingens, 1980).The strain was
grownwith 5mM4-chlorobenzoate assubstrate asdescribed.In
addition, the bacterial strains E.coliJM 107(Yanisch-Perronet
al., 1985)and E.coliTGI (Sambrooket al., 1989)were usedin
this study. Plasmids used included the broad host-range cosmid
pLAFR3 (Friedman et al., 1982) for the construction of thegenomic library and high-copy-number plasmid pUC18 as acloning vector (Yanisch-Perron et al., 1985).M13vectors mpl8 and
mpl9 were used for DNA sequencing (Yanisch-Perron et al.,
1985).E.colistrains were grown at37°C in L-broth (Sambrook
et al., 1989). Antibiotics for selective media were used at the
following concentrations: ampicillin (100|ig/ml) and tetracycline (12.5|4g/ml). To test E. coli clones for the presence of
4-chlorobenzoate dehalogenase activity, cells were incubated in
liquid medium containing 4-chlorobenzoate. Positive clones
were identified by an increase in chloride concentration during
the incubation time.TotestE.coliclonesfor 4-hydroxybenzoate
hydroxylase activity,cellswere incubated inliquid mediumcontaining4-hydroxybenzoate. After 2days,allcultures wereexamined for the product 3,4-dihydroxybenzoate by the method of
Arnow (1937).
Preparation, analysis, and manipulation of DNA. Total
DNAof Pseudomonas sp.CBS3 was prepared according tothe
method of Marmur (1961). Preparative amounts of plasmid or
cosmid DNA were obtained by the method of Bimboim and
Doly (1979) and the method of Clewell and Helinski (1969),
respectively. Foranalytical purposes,recombinant plasmidDNA
of E.coliwas isolated by the alkaline lysis method (Sambrook
et al., 1989). DNA fragments were isolated from agarose gels
with the Geneclean II kit according to the recommendations of
the supplier. Transformation of E.coli with plasmid DNA was
performed by the CaCl; procedure (Mandel and Higa, 1970).
Analytical methods.4-Hydroxybenzoate hydroxylase activity was routinely assayed in 100mM Tris/sulfate, pH8.0. containing 1 mM 4-hydroxybenzoate. 0.2 mM NADH. 0.5mM
EDTA and 10uM FAD. The enzyme was preincubated with
FAD and NADH for 5min at 37°C. The reaction was subsequently started by the addition of 4-hydroxybenzoate and the
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NADH oxidation was followed by recording the absorption
decrease at 340nm. For the determination of the stoichiometry
of the reaction, oxygen consumption in the above-mentioned
mixture was measured in a closed chamber with a Clark
electrode. Atthe endof thereaction, acatalytic amount of catalase was added to estimate the efficiency of hydroxylation
(Eschrich et al., 1993).The aromatic product was identified and
quantified by HPLC analysis, using a RP-18 column
(20cmX0.4cm) that was run in 50mM sodium-potassium
phosphate, pH5.5/2-propanol (90:10, by vol.). Alternatively,
3,4-dihydroxybenzoate was determined in a colorimetric assay
with molybdate-nitrite reagent according toArnow (1937).Free
chloride ions were determined by a Marius chlor-o-counter
(Labo International, Delft, the Netherlands) as described by
Slater et al.(1985).
Steady-state kinetic parameters of 4-hydroxybenzoate hydroxylase were determined at pH8.0, essentially as described
(Eschrich et al., 1993). pH-dependent activity measurements
wereperformed in 80mMMes,pH5-7, 80mMHepes,pH 7 8, 80mM Hepps, pH7.5-8.5. and 80mM Ches, pH 8.5-9.5.
The ionic strength of the Good buffers wasadjusted to 100mM
with added sodium sulfate (Wijnands et al., 1984). The inhibition by monovalent anions wasstudied, essentially as described
before (Steennis et al., 1973). Forthe determination of the temperature optimum, the enzyme solution together with FADand
NAD(P)H was preincubated in 80mM Hepps. pH8.0 (/ =
0.1 M) for 5min at temperatures between 10°C and 90°C. The
reaction was started by the addition of 4-hydroxybenzoate and
the measuring time was 5min.
Absorption spectra were recorded at 25°C on an Aminco
DW2000 spectrophotometer. SDS/PAGE and analytical gel
filtration (Superdex 200HR 10/30)werecarried out. essentially
as reported earlier (van Berkel and Miiller, 1987). Protein concentrations were determined by the enhanced alkaline copper
assay (Lowry et al., 1951) using bovine serum albumin as a
standard. For the identification of the prosthetic group, an aliquot of theenzyme (purified intheabsenceof FAD)wasboiled
for 10min. The protein precipitate wasremoved by centrifugation at 10000g for 5min and the yellow supernatant wassubjected toHPLCanalysis,usingaRP-18column (20cmx0.4cm)
that was run in 100mM ammonium acetate, pH4.8/methanol
(80:20, by vol.). The cofactor eluted at the same position as
FADafter 9.1min, whereas FMNeluted after 15.3min.
The N-terminal sequence of4-hydroxybenzoate hydroxylase
from Pseudomonas sp.CBS3wasdetermined by automated Edmandegradation onaBiosystems model477Agas-phaseprotein
sequencer. This analysis was generously carried out by Dr B.
Hauer from BASF AG, Ludwigshafen. Prior to sequencing.
0.5 mg protein was precipitated with trichloroacetic acid,
washed with water, dried and finally dissolved in formic acid.
The N-terminal sequence (MKTVTRTQVGIIGAGPAGLL)was
identical to that deduced from the DNAsequence of the cloned
gene. Nucleotide sequence analysis was performed by the dideoxynucleotide chain-terminating method of Sanger et al.
(1977). The nucleotide sequences wereanalysed with theGENMON program (Geseilschaft fur Biotechnologische Forschung,
Braunschweig,Germany).
Enzyme purification. 50g frozen Pseudomonas sp. CBS3
cells were suspended in 50ml 50mM potassium phosphate,
pH7.5, containing 1 mM 4-hydroxybenzoate. 0.5 mM phenylmethylsulfonyl fluoride. 0.5 mM EDTA. 0.5 mM dithiothreitol
and 1 mg deoxyribonuclease. Cells were disrupted through a
precooled French press andcell debriswasremoved by centrifugation at 16000vs? for 20min. The clarified cell extract was
heated under continuous stirring in a 90: C water bath until the
temperature of the extract had reached 55°C. The extract was

Table 1.Purification schemeof4-hydroxybenzoate hydroxylase from
Pseudomonas sp.CBS3.

transferred to a 55°C water bath and kept there for 5 min. After
cooling on ice, the resulting precipitate was removed by centrifugation at 16000 g for 30 min. All further operations were performed at 4°C in buffers containing 0.5 mM dithiothreitol. The
supernatant from the heat treatment was diluted twice and applied to a Q-Sepharose FF column (2.5 c m x 2 0 cm) equilibrated
with 20 mM Tris/sulfate, pH 7.5. After washing with starting
buffer, the enzyme was eluted with a linear gradient of NaCl
(0—0.5 M in 500 ml). Fractions containing the 4-hydroxybenzoate hydroxylase activity (0.3—0.4 M NaCl) were pooled, and
concentrated in an Amicon ultrafiltration cell with YM 30 membrane to about 30 ml. After dialysis against 20 mM Tris/sulfate,
pH 7.5, containing 20 uM FAD, the enzyme solution was passed
through a Cibacron blue 3GA agarose column (2.5 c m X 2 0 c m )
equilibrated in 20 mM Tris/sulfate, pH 7.5. After washing with
two volumes of starting buffer, the collected enzyme fraction
was concentrated by ultrafiltration to about 8 ml and dialyzed
against 10 mM potassium phosphate, pH 7.6, containing 20 uM
FAD. The enzyme solution was then passed through a hydroxyapatite column (2.5X10 cm), equilibrated in 10 mM potassium
phosphate, pH 7.6. After washing with two volumes of starting
buffer, the collected enzyme fraction was subjected to a 40—
60% ammonium sulfate fractionation. The 60% ammonium sulfate precipitate was collected by centrifugation and dissolved in
3 ml 100 mM potassium phosphate, pH 7.6, containing 100 mM
NaCl and 20 uM FAD. In the final step, the enzyme solution
was applied to a Superdex PG-200 column (2.5 cmXlOOcm),
equilibrated in 100 mM potassium phosphate, pH 7.6, containing
100 mM NaCl. Active fractions were pooled, concentrated by
ultrafiltration to about 6 ml and stored as a 6 0 % ammonium
sulfate precipitate at 4°C.

Step

Cell extract
Heat treatment
Q-Sepharose
Cibacron blue agarose
Hydroxyapatite
Superdex 200

Cloning and sequence analysis. Total DNA of Pseudomonas sp. CBS3 was partially digested with Sau3A to generate
predominantly 20-35-kb fragments. pLAFR3 DNA was digested with Hindlll and £coRf. The linear cosmid was cut with
BamHl and dephosphorylated. Ligation was carried out with
8 pg total DNA fragments and 0.8 ug of left and right cosmid
arms. The recombinant DNA was packaged in } .phage using a
DNA packaging kit from Boehringer Mannheim. E. coli JM 107
was infected with the cosmid-containing phages and transfectants were selected on AM3-plates supplemented with tetracycline (12.5 jig/ml), 5-bromo-4-chloro-3-indolyl-j?-D-gaiactopyranoside and isopropyl thio /?-D-galactoside. This selection yielded
2632 recombinant clones, which were screened for the presence
of 4-chlorobenzoate dehalogenase activity.
Each of the clones of the genomic library was inoculated
in 200 u.1liquid medium containing 5g/1 tryptone, 2.5 g/1 yeast
extract, and 5 mM 4-chlorobenzoate. After seven days at 37°C,
the cultures were checked quantitatively for chloride release. By
this method, one clone designated pLAFR3 45—10 C was detected, which was able to dehalogenate 4-chlorobenzoate. During the incubation time, a metabolite accumulated in the culture
medium of this clone, which was identified as 3,4-dihydroxybenzoate by HPLC analysis. These results showed that pLAFR3
4 5 - 1 0 C carried the genes specifying 4-chlorobenzoate dehalogenation as well as the gene encoding for 4-hydroxybenzoate
hydroxylase, and that these genes must be clustered in Pseudomonas sp. CBS3. The sequences and properties of the dehalogenase genes have been published by other groups using our strain
(Savard et al.. 1986; Babbitt et al., 1992).
Subcloning of plasmid pLAFR3 45-10C in pUC18 yielded a
2.8-kb Pst\—Kpn\ fragment as the smallest insert expressing 4hydroxybenzoate hydroxylase activity. To further localize the
pobA gene on this fragment, we constructed a series of mutants,
which were deleted unidirectionally with exonuclease III and SI
nuclease. The smallest insert containing the intact 4-hydroxy-
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Volume Protein

Activity

Specific
activity

Yield

ml

mg

U

U/mg

%

100
90
160
32
10
50

3170
1190
218
76
36
15

670
640
480
310
230
150

0.2
0.5
2.2
4.1
6.4
10.0

100
96
72
46
34
22

benzoate hydroxylase gene was a 1.6-kb fragment, as judged
from 4-hydroxybenzoate hydroxylase activity experiments.
Restriction fragments of the 1.6-kb insert of pUC18 38/1
containing pobA from Pseudomonas sp. CBS3 and a series of
deletion clones were used for sequence determination. A total
of 1593 bp, which corresponds to the region between the Pst\
and the EcoRl restriction site, was sequenced. The nucleotide
sequence was determined in both directions. Only one open
reading frame of appropriate length was found in this fragment,
which extends from nucleotides 337 to 1521.
Structure homology modelling. The globular fold of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was
predicted using the ProMod package, implemented under the
Swiss-Model automated protein modelling server (Peitsch.
1995). The three-dimensional model of the crystal structure of
the enzyme-substrate complex of 4-hydroxybenzoate hydroxylase from P. fluorescens refined at 0.19-nm resolution (Brookhaven Protein Data Bank file 1PBE; Schreuder et al., 1989)
served as the template file. Dimer formation of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was obtained
by superimposing the monomelic model onto a monomer of 4hydroxybenzoate hydroxylase from P. fluorescens and performing a symmetry operation using the cell dimensions of the P.
fluorescens enzyme (Schreuder et al., 1989). The quality of the
predicted three-dimensional protein model of dimeric 4hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was
assessed by determining the 3D-1D profile score (Luthy et al.,
1992).

RESULTS
Enzyme purification. Extracts of Pseudomonas sp. CBS3 cells,
grown with 4-chlorobenzoate as carbon source, catalyzed the
NAD(P)H-dependent conversion of 4-hydroxybenzoate to 3,4dihydroxybenzoate (Klages and Lingens, 1980). In extracts from
cells grown with glucose, no 4-hydroxybenzoate hydroxylase
activity was detectable, which indicates that the enyme was inducible. A heat treatment step at 55°C was necessary to destroy
interfering NAD(P)H oxidase activity present in the cell extract.
Initial purification of the 4-hydroxybenzoate hydroxylase resulted in substantial loss of activity. Increased enzyme recovery
was achieved by purification in the presence of FAD. The results
of a typical purification are summarized in Table 1. In contrast
to 4-hydroxybenzoate hydroxylase from P. fluorescens (Miiller
et al., 1979). the enzyme was not retarded on Cibacron-blue
3GA agarose. Analysis of the purified enzyme by SDS/PAGE
revealed the presence of a single band, which corresponded to
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Fig.1. SDS/PAGE analysis of purified 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3. Left lane, marker proteins (from
topto bottom:phosphorylase b,94kDa;bovineserumalbumin, 67kDa;
ovalbumin, 43kDa; carbonic anhydrase, 29kDa; trypsin inhibitor,
20kDa; cr-lactalbumin, 14.4kDa); Right lane, purified p-hydroxybenzoate hydroxylase from Pseudomonassp.CBS3.

/

*:.,

K.

°C

s"1

UM

4-Hydroxybenzoate

35

7.4±0.4

75 ±10

NADH

25
35
45

6.8±0.4
U.6±0.5
16.9±0.8

80±10
120±20
180±30

NADPH

25
35
45

6.6±0.5
8.6±0.7
13.3 ±0.9

140±20
160±30
200±40

D

Fig.2. Restriction map and sequence strategy of the 1.6-kb fragment
containing the pobA gene of Pseudomonas sp. CBS3.The boldfaced
arrow indicates the pobA region. The arrows represent the direction of
sequencing from particular restriction sites.Arrows starting with squares
indicate DNA fragments obtained from deletion subclones. Abbreviations for restriction enzymes: E, EcoRl (in polycloning site); H,
/Ywidlll;P.PstU S, Sphl;Sn, SnaBU Ss, Sspl:XI.XhoV. XII, XhoW.

Table 2. Steady-state kinetic parameters of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3. All experiments were performed in air-saturated 80mM Hepps pH8.0 (/ = 0.1M), containing
10uM FADand 0.5 mMEDTA.Turnover rates(£'.„)and Michaelisconstants (K[,)are apparent values determined at fixed concentrations of
either 4-hydroxybenzoate (1mM) or NADH (0.2 mM).
Substrate

n

D

a polypeptide chain molecular mass of about 44 kDa (Fig. 1).
Analytical gel filtration resulted in a single symmetrical peak
with a retention time identical to that of 4-hydroxybenzoate hydroxylase from P. fluorescens (van Berkel and Miiller, 1987).
From this and running calibration proteins in parallel, a relative
molecular mass of about 90 kDa was estimated, which suggests
that 4-hydroxybenzoate hydroxylase from Pseudomonas sp.
CBS3 is a dimer composed of identical subunits.
Catalytic properties. Oxygen consumption experiments revealed that 4-hydroxybenzoate hydroxylase from Pseudomonas
sp. CBS3 catalyzed the conversion of 4-hydroxybenzoate with
the consumption of equimolar concentrations of NAD(P)H and
oxygen. The addition of FAD was essential to achieve optimal
turnover. From activity experiments performed in the absence or
presence of varying amounts of FAD, an apparent Km value for
FAD of 150 nM was estimated. FMN had no effect on the activity. The pH optimum for catalysis was around pH 8 and a maximum turnover rate was observed at 45°C. As can be observed
from the kinetic parameters recorded in Table 2, the catalytic
efficiency (expressed as KJtCm NADH) was relatively constant
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between 25°C and 45°C. 4-Hydroxybenzoate hydroxylase from
Pseudomonas sp. CBS3 showed a narrow substrate specificity.
Besides the primary substrate 4-hydroxybenzoate (100%), the
substrate analogs 2-fIuoro-4-hydroxybenzoate (50%), 2-chloro4-hydroxybenzoate (40%), and 2,4-dihydroxybenzoate (8%)
were the only compounds that stimulated the oxidation of
NADH at a significant rate. With all substrates, oxygen consumption was tightly coupled to substrate hydroxylation as evidenced by the lack of formation of significant amounts of hydrogen peroxide.
4-Hydroxybenzoate hydroxylase from Pseudomonas sp.
CBS3 catalyzed the oxidation of NADH as well as NADPH. As
can be noted from the apparent Michaelis constants and turnover
rates recorded in Table 2, the enzyme preferred NADH as the
external electron donor. The activity of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was inhibited in the
presence of monovalent anions; the inhibition was competitive
with respect to NADH. From competition experiments performed at pH 8.0 and 37°C, a K^ value of 50 mM was estimated
for chloride inhibition.
The above results indicate that 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 has many characteristics in
common with the corresponding enzyme from P.fluorescens for
which a three-dimensional structure is known (Schreuder et al.,
1989; van Berkel and Muller, 1991). A main point of distinction
between both enzymes is the coenzyme specificity. The preferential utilization of NADH as electron donor in case of the CBS3
enzyme is exceptional among 4-hydroxybenzoate hydroxylases
of known primary structure (Entsch and van Berkel, 1995). This
prompted us to to clone the gene encoding 4-hydroxybenzoate
hydroxylase from Pseudomonas sp. CBS3.
Nucleotide sequence analysis. Fig. 2 shows a restriction map
of the cloned region with the location of the pobA gene and the
sequencing strategy. The nucleotide sequence and the derived
primary structure of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 are presented in Fig. 3. The first 20 amino
acids of the deduced protein sequence corresponded to the N-

CGCCGCTTCCTTGGAGCGTATGTAGTAGTACAGACTTCCCTGCTGTACGCCAAGA
GCCTCGGCGATGTCCTTGGTGGTTGCGACGTGATAGCCACGCAGCGAAAACTGCC
TGGCGGCCTCTTGCAGTACGCGAAGATATTTCGCCGAATATTTGTCGOTGGATTG
CTGCGGAATACCCAAAACGGTGTCCTCGAAAGGCTATGCAGGTAACTATTCTATA

226

GATCGTTCGAATTATAGCAGAAACGATCCGTGAATCGAACISlIsaTGTCAAGCC
-35
AGCAATCTATGTAAGAACGGGAAACTCTCGATCAATTAGGATTACGACGCAGCAA
-10
SD
ATGAAAACCGTTACGCGAACCCAGGTTGGAATTATTGGAGCG
MetLviThrValThrArgThrGinV I Olvlie II*GlvAla

281
336
378

ATGGATCTGCTGGACAGTGCCGGCGTCGGCGCGCGGATGCAC
MetAspLeuLeuAsp SsrAlaGlyValGlyAlaArgMetHis

terminal sequence determined by sequence analysis of purified
4-hydroxybenzoate hydroxylase. The open reading frame predicted a 394-amino-acid protein with a calculated molecular
mass of 43632 Da. This value was consistent with that determined by SDS/PAGE for the purified enzyme.
14 bp upstream from the initiation codon was a putative
Shine-Dalgarno site {Shine and Dalgarno, 1974). Further upstream, sequences homologous to the consensus sequences of
E. colt promotors {Rosenberg and Court, 1979) were identified.
Expression of Pseudomonas sp. CBS3 4-hydroxybenzoate hydroxylase in E. colt was due to its own promotor, since the enzyme was produced when the 1.6-kb fragment was inserted into
pUCl8 in the opposite orientation relative to the vector-encoded
lac promotor. The termination codon of pobA was followed by
inverted repeat sequences, which may act as transcription terminators (Rosenberg and Court, 1979). The overall G + C content
of 60.5% of the pobA gene corresponded well to the G + C
content of 60% of Pseudomonas sp. CBS3. As would be predicted from the high G + C content of the pobA gene, its codon
usage was highly biased (68.4%) in favour of G or C in the
wobble base, as noted with other Pseudomonas genes (Nakai et
al., 1983; You et al., 1990).
Amino acid sequence comparison. Up to now, amino acid sequences of 4-hydroxybenzoate hydroxylase have been obtained
from the pobA gene of six related bacterial strains (Entsch et al.,
1988; van Berkel et al., 1992; DiMarco et al., 1993; Shuman
and Dix, 1993; Wong et al., 1994). Based on the three-dimensional structure of 4-hydroxybenzoate hydroxylase from P.Jluorescens (Schreuder et al., 1989) and sequence alignments it was
established that these strictly NADPH-dependent enzymes share
a similar three-dimensional fold and that the most variable regions lie on the surface of the protein outside the active site
(Entsch and van Berkel, 1995). In agreement with this, multiple
sequence alignment with the presently determined sequence of
4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3
revealed about 5 0 % of sequence identity and more than 80%
sequence similarity (data not shown). The primary structure of
4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3
was analyzed in further detail with reference to the sequence
numbering (Weijer et al., 1982; van Berkel et al., 1992) and
structural properties (Schreuder et al., 1989, 1991) of 4-hydroxybenzoate hydroxylase from P. fluorescens.
The amino acid sequence of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS3 showed a N-terminal insertion of
four residues and did not contain a negatively charged C-terminal tail (Fig. 4). Conserved regions in the primary structure of
4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3
were present in all three domains and included the fiafi-fold for
binding the ADP moiety of FAD (residues 1—32, Wierenga et
al., 1986), the flavin ribityl-binding motif (residues 2 7 9 - 2 8 9 ;
Eggink et al., 1990), the active site loop comprising residues
290—302 and the tf-strands containing the residues involved in

TATGGCCGGCTCCTGCTGGCAGGTGATGCCGCTCATATCGTG
TyrGlyArgLeuLeuLeuAlaGlyAspAlaAlaHis lieVal

GTCCGCCTTCTGGCCAAGGCATTCGCGGAGCTGTATACAACG
ValArgLeuLeuAlaLysAlaPheAlaGluLeuTyrThrThe
GGTTCGCAGGAGCGGCTCCTGASCTATTCCCACGATOCGCTG
GlySerGinGluArgLeuLeuSetTyrSerHisAspAlaLeu

Fig. 3. Nucleotide sequence of the pobA region of Pseudomonas sp.
CBS3 and the deduced amino acid sequence of 4-hydroxybenzoate
hydroxylase. Nucleotide sequence of the 1593-bp DNA fragment containing the pobA gene. The open reading frame starts at base 337 and
terminates at base 1521. The deduced amino acid sequence is indicated
below the DNA sequence. Underlined amino acid residues are identical
with those determined by Edman degradation of the purified enzyme.A
potential ribosome binding site (marked SD) and an E. colt promotorlike sequence (marked - 1 0 and -35) upstream of the open reading
frame are indicated. The arrows designate inverted repeat sequences
downstream of the termination codon (indicated by asterisks).

GGTTCGCTCCTGAGCGGGCCACACGGTGG
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pfl

MK

TOVAIIGA

GPSGLLLGQL

LKKAGIDNVI

PCSS3

MKTVTRTQVGIIGA

GPAGLLLSHL

LCIAGIDSW VESRSRAEIE

LERQTPDYVL

Pfl

71
61
31
VDRRMARDGL VHEGVEIAFA GQRRRIDLKR

PCBS3

VGARMHAEGA VHHGIAIAFE GERRRIDLTG LTG-RAITVY

GRIRAGVLEQ GMVDLLREAG
STIRAGVLEQ

GTMDLLDSAG

91
101
111
LSGGKTVTVY GQTEVTRDLM EAREACGATT
AQHEVIKDLV AAREAAGVLP

Pfl

121
131
141
151
161
VYQAAEVRLH DLQGERPYVT FERDGERLRL DCDYIAGCDG FHGISRQSIP

PCBS3

VFEVTDTRIE

Pfl

181
191
YPFGWLGLLA DTPPVSHELI

201
211
231
221
YANHPRGFAL CSQRSATRSR YYVQVPLTEK VEDWSDERFW

PCBS3

YPFGWFGILV EAPPSSEELI

YARHDRGFAL VSTRSPGIOR

Pfl

241
251
261
TELKARLPAE VAEKLVTGPS LEKSIAPLRS

PCBS3

EELHTRLESS DGWKIIEGKI

Pfl

301
311
321
LAASDVSTLY RLLLKAYREG RGELLERYSA

331
ICLRRIWKAE

PCBS3

LAVNDVRLLA KAFAELYTTG

DALRRVWRAE QFSWWHTSML HKFDDATPFQ

Pfl

371
361
381
391
QRIQQTELEY YLGSEAGLAT IAENYVGLPY E E I E

PCBS3

QRLQVAELDY

DMDTEKPWR YVRDGVDETL VCDYWGCDG

ITTSEAGARV

171
AERLKVFERV

FHGPSRQTIP VQAREEFERV

KYFQCDPSES VESWPDARIW

2B1
271
FWEPMQHGR LFLAGDAAHI

291
VPPTGAXGLN

FQKNIVGMRS FVCATMRYGR LLLAGDAAHI VPPTGAKGLN

SQERLLSYSH

341
RFSWWMTSVL

351
HRFPDTDAFS

LAENYVGALT Q

Fig.4. Alignment of the amino acid sequences of 4-hydroxybenzoate hydroxylase from P. fluorescens and Pseudomonas sp. CBS3. The
deduced amino acid sequence of 4-hydroxybenzoate hydroxylase from Pseudomonassp. CBS3 (PCBS3) is aligned with the amino acid sequence
of 4-hydroxybenzoate hydroxylase from P.fluorescens(Pfl, Weijer et al., 1982; van Berkel et al., 1992).The P.fluorescenssequence is the default
sequence. Asterisks indicate identical amino acids (*).

Fig.5. Ribbon diagram of the modelled three-dimensional structure
of the enzyme-substrate complex of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS3. The three-dimensional structure of 4hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was predicted by comparative model building usingProMod implemented inthe
Swiss-Model package (Peitsch, 1995). The crystal structure of the enzyme-substrate complex of4-hydroxybenzoate hydroxylase from P. fluorescens(Schreuder et al., 1989) served as the template file. The schematic ribbon diagram wasgenerated with MOLSCRIPT (Kraulis, 1991).
FAD and 4-hydroxybenzoate are drawn with balls and sticks. Helix H2.
which is supposed to be involved in NAD{P)H binding, is indicated by
an arrow.

substrate binding (Tyr201, Ser212, Arg214, and Tyr222). Other
important stretches of sequence homology included the loop adjoining the s/-face of the flavin ring (residues 43—50) and the
helices involved in subunit dimerization (residues 328-386).
From the conservation of active site and secondary structure elements, it is clear that the core structure of 4-hydroxybenzoate
hydroxylase from Pseudomonas sp. CBS3 is highly identical to
that of the enzyme from P. fluorescens. We therefore decided to
construct a three-dimensional model of the Pseudomonas CBS3
hydroxylase, based on the structure of the P.fluorescens enzyme
using the knowledge-based protein modelling tool ProMod

Residue Number
Fig.6. Profile window plots of the protein models of 4-hydroxybenzoate hydroxylase from P. fluorescens and 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3.The quality of the predicted
three-dimensional protein model of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS3 was assessed by comparison its 3D-1D
profile score (Liithy et al., 1992)withthat of4-hydroxybenzoaiehydroxylasefrom P.fluorescens.For thecalculation of the profile score, a sliding window of 21 residues was used. (A) 3D-1D profile score of 4hydroxybenzoate hydroxylase from P. fluorescens (
). (B) 3D-1D
profile score of 4-hydroxybenzoate hydroxylase from Pseudomonassp.
CBS3(
).

(Peitsch. 1995). Fig. 5 shows a ribbon diagram of the modelled
structure. The predicted fold of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS3 is almost identical to the fold of
the P.fluorescens enzyme. The root-mean-square difference is
3.4 nm for 385 equivalent Ca atoms. The quality of the model
was assessed by determining the 3D-1D profile score (Liithy et
al., 1992). which evaluates the compatibility of each residue to
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Pfl

MK

TQVAIIGA

GPSGLLLGQL LHKAGIDNVI LERQTPDYVL

Pa

MK

TQVAIIGA

GPSGLLLGQL LHKAGIDNVI LERQTPDYVL GRIRAGVLEQ

GRIRAGVLEQ

Pf2

MKTLK

TQVAIIGA

GPSGLLLGQL LHNAGIQTLL LERQSADYVQ GRIRAGVLEQ

Ac

MQTMK

TKVAIIGS

GPAGLLLGQL LYKAGIEHVI VEQRSADYVA

SRIRAGILEQ

RU

LR

TQVAIIGS

GPSGLLLGQL LTEAGIDNVI LDRVNKDYIL GRVRAGVLEE

R12

LR

TQVAIIGS

GPSGLLFGQH LTEAGIENVI LDRVNKDYIL

PCBS3

MKTVTRTQVGIIGA

GPAGLLLSHL L C I A G I D S W VESRSRAEIE

GRVRAGVLEE

STIRAGVLEQ

Fig.7. Multiple sequence alignment of the N-terminal sequences of 4-hydroxybenzoate hydroxylases. The N-terminal amino acid sequence
(residues 1-50) of4-hydroxybenzoate hydroxylase from P.fluorescens(Pfl, Weijeret al., 1982)isaligned with the N-terminal aminoacid sequences
of 4-hydroxybenzoate hydroxylase from P. aeruginosa(Pa, Entschet a!., 1988);P.fluorescensisozyme (Pf2, Shuman and Dix, 1993);A. calcoaceticus (Ac, DiMarco et al., 1993); R. leguminosarumBI55 (Rll, Wong et al., 1994); R. leguminosarumMNF300 (R12, Wong et al.. 1994) and
Pseudomonassp. CBS3 (PCBS3, this study). Identical amino acids are indicated by asterisks (*). The P.fluorescens(Pfl) sequence is the default
sequence.

its environment independently from the crystallographic data.
The profile window plots of P. fluorescens and Pseudomonas
CBS3 4-hydroxybenzoate hydroxylase (Fig. 6) are very similar
and the relatively high 3D-1D scores indicate that both models
are likely to be correct. The lowest 3D-1D scores ( < 0 . 2 ) were
observed for the sequence segments 28—44 and 220—230, involved in FAD and substrate binding, respectively. The relative
low score in these regions might be caused by the absence in the
calculations of these ligands. In addition, the sequence segments
comprising residues 128-148, 2 4 2 - 2 6 4 , 3 0 2 - 3 3 0 , and 3 5 5 377 have a lower score in the Pseudomonas CBS3 model compared to the P fluorescens crystal structure. They are located
near the protein surface and contain less well defined loops as
indicated by relative high temperature factors (Schreuder et al.,
1989). These loops belong to the most variable parts of the sequence (compare Fig.4) and might therefore be folded slightly
different in both structures. When we determined the 3D-1D
score for the P. fluorescens monomer, we obtained a rather low
score for the region 353—374 (helix H12) which is involved
in dimer contacts. When we determined the profile for the P.
fluorescens dimer, the score for this region improved significantly. Similarly, the score of the equivalent region of the Pseudomonas CBS3 molecule improved significantly when generating a Pseudomonas CBS3 dimer, using the transformation of the
P. fluorescens molecule. These results suggest that also the dimer contacts are similar for both molecules.
Coenzyme specificity. The three-dimensional structure of 4-hydroxybenzoate hydroxylase is unusual because there is no recognizable domain for the binding of the coenzyme NADPH (Wierenga et al., 1983). Because the most striking property of 4hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 is
its preference for NADH over NADPH as external electron donor, it was of interest to search for structural features possibly
involved in determining the coenzyme specificity. Chemical
modification and site-directed mutagenesis studies on 4-hydroxybenzoate hydroxylase from P. fluorescens have provided some
insight in the binding mode of NADPH (Eppink et al., 1995).
The pyrophosphate moiety of the pyridine nucleotide cofactor
most probably binds in a cleft between the FAD-binding domain
and the substrate-binding domain (van Berkel and Muller, 1991;
Schreuder et al.. 1991). The binding mode of the 2'-phosphate
group of the adenosine moiety of NADPH is far more unclear
but it could involve the interaction with the side chain of Tyr38

(van Berkel et al., 1988). Tyr38 is strictly conserved in the
NADPH-dependent 4-hydroxybenzoate hydroxylases (Fig. 7)
and is located in a short helix near the protein surface far away
from the active site (Schreuder et al., 1989). Intriguingly, the
sequence of this helix (residues 3 5 - 4 2 ) deviates considerably
in the primary structure of 4-hydroxybenzoate hydroxylase from
Pseudomonas sp. CBS3 (Fig. 7).

DISCUSSION
This paper reports the biochemical properties, gene cloning,
and sequence determination of 4-hydroxybenzoate hydroxylase,
a flavin-dependent aromatic hydroxylase involved in the biodegradation of 4-chlorobenzoate in Pseudomonas sp. CBS3. Characterization of the purified enzyme clearly established that 4hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3
shares many properties with the corresponding enzyme from P
fluorescens (van Berkel and Muller, 1991). These properties included the subunit molecular mass, the quaternary structure, the
pH optimum for catalysis, the substrate specificity and the inhibition by chloride ions. Remarkable differences between both
enzymes concerned the temperature optimum for catalysis, the
interaction with FAD and the coenzyme specificity. Whereas 4hydroxybenzoate hydroxylase from P. fluorescens has a temperature optimum for catalysis around 30°C (van Berkel and
Muller, 1989), the maximum turnover rate of the enzyme from
Pseudomonas sp. CBS3 was observed at 45a C. In contrast to 4hydroxybenzoate hydroxylase from P. fluorescens (Muller and
van Berkel, 1982), the enzyme from Pseudomonas sp. CBS3
easily lost FAD. Although the reason for this is not yet clear, it
should be noted that mutagenesis studies on the P. fluorescens
enzyme have established that impaired binding of the flavin cofactor may be induced by conservative amino acid substitutions
in the vicinity of the FAD-binding site (van der Bolt et a!., 1994;
Eppink etal., 1995).
In contrast to all 4-hydroxybenzoate hydroxylases sequenced
thus far, 4-hydroxybenzoate hydroxylase from Pseudomonas sp.
CBS3 preferred NADH as the external electron donor. Up to
now, only three NAD(P)H-dependent 4-hydroxybenzoate 3-hydroxylases, which include the enzymes from Corinebacterium
cychhexanicum (Fujii and Kaneda. 1985). Moraxelki sp. (Sterjiades, 1993), and Rhodococcus erythropolis (Suemori et al.,
1993), have been purified and partially characterized. Pseudo-
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monas 4-hydroxybenzoate 3-hydroxylases thus far were regarded as being highly specific for NADPH (van Berkel and
Muller, 1991; Webb, 1992). It is clear from the present study
that this view should be revised.
Cloning of the pobA gene encoding 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 allowed the expression
of 4-hydroxybenzoate hydroxylase activity in E. colilQX, even
though the gene was inserted in the opposite orientation relative
to the lac promotor of pUC18. This indicates that the structural
gene of 4-hydroxybenzoate hydroxylase from Pseudomonas sp.
CBS3 was expressed by its own promotor and that no regulatory
genes were present on the cloned fragment. The deduced amino
acid sequence of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 showed about 50% sequence identity and
more than 80% sequence similarity with that of the other 4hydroxybenzoate hydroxylases sequenced thus far. This high degree of sequence conservation is in accordance with the supposed common evolutionary origin for the isofunctional enzymes of the /?-ketoadipate pathway (Woese, 1987; Hartnett et
al., 1990; Harayama et al., 1992).
In accordance with the highly tuned function of 4-hydroxybenzoate hydroxylase (Entsch and van Berkel, 1995), all active
site residues in the novel sequence were strictly conserved.
These residues included Ser2l2, Arg214, and Tyr222, involved
in substrate binding and flavin motion (Schreuder et al., 1994;
Gatti et al., 1994) and Tyr201 and Tyr385, which are involved
in substrate activation and the regioselectivity of hydroxylation
(Entsch et al., 1991, Eschrich et al., 1993). Another conserved
structural feature involved the active site loop comprising residues 290—302. This loop has a complex twisted conformation
(Schreuder et al., 1989) which may be of importance in regulating the effector specificity (van Berkel et al., 1992).
As expected from the high degree of sequence identity, structure homology modelling predicted that the 4-hydroxybenzoate
hydroxylases from Pseudomonas sp. CBS3 and P. fluorescens
shared superimposable globular folds. No gross deviations were
detected in the 3D-1D average profiles of both enzymes indicating the conservation of secondary structural elements.
The three-dimensional structure of 4-hydroxybenzoate hydroxylase is unusual because there is no recognizable domain
for the binding of the pyridine nucleotide cofactor. From stereochemical studies it is known that the nicotinamide part of the
reduced pyridine nucleotide cofactor binds at the reside of the
flavin ring allowing rapid hydride transfer (Manstein et al.,
1986). Chemical modification studies (van Berkel and Muller,
1991) and model building (van Berkel et al., 1988) have indicated that the pyrophosphate moiety of the pyridine nucleotide
cofactor most probably binds in a cleft between the FAD-binding
domain and the substrate-binding domain. Recent studies on mutant enzymes confirmed this idea and furthermore showed that
Tyr38 plays an important role in the recognition of the adenosine
2'-phosphate part of NADPH (Eppink, M. H. M. and van Berkel,
W. J. H., unpublished results). Tyr38 is situated near the protein
surface in a short helix (helix H2; Schreuder et al., 1989) the
sequence of which is highly conserved in the strictly NADPHdependent 4-hydroxybenzoate hydroxylases (Fig. 7). Inspection
of the present primary structural data revealed that Tyr38 is replaced by glutamic acid in the sequence of 4-hydroxybenzoate
hydroxylase from Pseudomonas sp. CBS3. This and the strongly
deviating sequence surrounding Tyr38 (Fig. 7) leads us to propose that helix H2 (residues 3 5 - 4 2 ) is involved in determining
the coenzyme specificity. To test this proposal, we aim to address in more detail the role of helix H2 in NAD(P)H binding of
4-hydroxybenzoate hydroxylase from P. fluorescens by protein
engineering. In this respect, it is important to note that structure
homology modelling predicts that the secondary structure of he-
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lix H2 is retained in the enzyme from Pseudomonas sp. CBS3
(Fig. 5).
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Switchofcoenzymespecificityof
p-hydroxybenzoatehydroxylase

Abstract
p-Hydroxybenzoate hydroxylase is the archetype of the family of NAD(P)H-dependent
flavoprotein aromatichydroxylases.Theseenzymes share aconserved FAD-binding domain
but lack a recognizable fold for binding the pyridine nucleotide. We have switched the
coenzyme specificity of strictly NADPH-dependent p-hydroxybenzoate hydroxylase from
Pseudomonasfluorescensby site-directed mutagenesis. To that end, we altered the solvent
exposedhelix H2 region (residues 33- 40) of theFAD-binding domain. Non-conservative
selective replacements of Arg33 and Tyr38 weakened the binding of NADPH without
disturbingtheprotein architecture.Introduction ofabasicresidueatposition34increased the
NADPHbindingstrength. Double (M2) and quadruple (M4) substitutions in theN-terminal
part of helix H2 did not change the coenzyme specificity. By extending the replacements
towards residues 38 and 40, M5and M6 mutants were generated which were catalytically
more efficient with NADH than with NADPH. This is the first report on the coenzyme
reversion ofaflavoprotein aromatichydroxylase.

Introduction
Flavoprotein aromatic hydroxylases catalyse the insertion of one atom of molecular oxygen
intothesubstrate,usingNAD(P)Haselectrondonor(vanBerkel andMiiller,1991):

ArOH + NAD(P)H +

H+ + 0 2

E-FAD
*- Ar(OH) 2 + NAD(P)+ +

H20

Thesemonooxygenases play an important role inthe catabolism of both naturally occurring
andman-madeorganicmoleculesinsoilmicroorganisms(vanBerkeletal., 1997). Recently,
it was found that flavoprotein aromatic hydroxylases are also widely involved in the
biosynthesis of sterols, antibiotics and plant hormones (Eppink etal., 1997 and references
therein).
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Flavoprotein aromatic hydroxylases have many catalytic properties in common and their
substrate specificity is consistent with an electrophilic aromatic substitution mechanism
(Massey, 1994). An important, yet poorly understood property is the control function of the
aromatic substrate over flavin reduction by NAD(P)H (Palfey et al,

1999). The

interpretation of the effector role of the substrate is limited by the fact that so far, no
structural data of enzyme-NAD(P)H complexes for this class of flavoproteins have been
obtained (Enroth et al, 1998). Unlike many dehydrogenases (Baker et al., 1992; Lesk,
1995;Chen etal, 1996;Bellamacina, 1997) and reductases (Scrutton et al, 1990; Sem and
Kasper, 1993;Friesen et al., 1996), flavoprotein aromatic hydroxylases do not possess a
recognizable NAD(P)H-binding domain (Entsch and van Berkel, 1995).Moreover, they lack
a consensus sequence identifying theircoenzyme specificity (Eppink etal., 1997).
Insight into the mode of coenzyme recognition by flavoprotein aromatic hydroxylases
mainly comes from studies on NADPH-specific p-hydroxybenzoate hydroxylase (PHBH)
from Pseudomonas fluorescens. Based on the properties of PHBH variants (Eppink et al.,
1995, 1998a, 1998b, 1999), an interdomain binding for the pyridine nucleotide was
proposed (Eppink et al., 1998b). The pyrophosphate moiety of NADPH most probably
binds in acleft leading toward the active site, whereas the adenosine 2'-phosphate moiety is
assumed to bind in the region around helix H2 near the protein surface (Figure 1). With the
exception of NAD(P)H-dependent PHBH from Pseudomonas sp. CBS3, this region is
highly conserved in PHBH enzymes of known sequence (Seibold et al, 1996).

Fig. 1. Ribbon structure of native PHBH (see cover for full color representation). Helix
H2 is depicted in white.FAD,POHB and the residues Arg33, Gln34, Tyr38 and Arg42 are
indicated. The coordinates from the refined 1.9 A structure (Schreuder et al, 1989) were
used to generate this figure with RIBBONS (Carson, 1991).
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In this study, we have examined the structural features which determine the coenzyme
specificity of PHBH from P.fluorescens. Guided by the amino acid sequence ofPHBH
from Pseudomonas sp. CBS3 (Seibold etal., 1996) and the proposed NADPH binding
mode,amutagenesis strategy was developed to change the coenzyme specificity. To that
end,singleandmultipleaminoacidreplacementswereintroduced in helix H2 (Table I). The
characterization ofthe mutant proteins and the catalytic and structural consequences that
occurasaresultoftheaminoacidreplacementsarepresentedbelow.
TableI.Mutagenesis strategy of PHBHfrom P.fluorescens

Enzyme

Sequence

PHBH P. fluorescens
R33K/S/E

(X=K/S/E)

33 R - Q - T - P - D - Y - V - L - G - R 42
X-Q-T-P-D-Y-V-L-G-R

Q34T/R/K

(X=T/R/K)

R-X-T-P-D-Y-V-L-G-R

Y38K/F/E

(X=K/F/E)

R-Q-T-P-D-X-V-L-G-R

M2

S-R-T-P-D-Y-V-L-G-R

M4

S-R-T-R-A-Y-V-L-G-R

M5

S-R-T-R-A-E-V-L-G-R

M6

S-R-T-R-A-E-V-E-G-R

M10

S-R-S-R-A-E-I-E-S-T

PHBH Pseudomonas

sp.CBS337 S - R - S - R - A - E - I - E - S - T 46

Results
Mutagenesis strategy, protein expression andpurification. TableIpresents the mutagenesis
strategy.TheaminoacidsequenceofthehelixH2regionofPHBH from P.fluorescenswas
graduallychangedintothecorresponding sequence of PHBH from Pseudomonas sp. CBS3
(Seiboldetal., 1996). Single replacements were performed with Arg33, Gln34 andTyr38,
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whereas the number of multiple changes increases from two in mutant M2 to ten in mutant
M10.
All single mutants andM2 and M4 were highly expressed. Their yield after purification
(about 10%of total protein) compared favorably with that of wild-type PHBH (van Berkel et
al., 1992). M5 and M6 were rather poorly expressed, yielding approximately 1% of pure
enzyme. Moreover, these mutants lost some FAD during purification. After replacement of
ten residues in the helix H2 region (M10, Table I), we could not detect any mutant PHBH
protein by antibody screening of cell extracts.

Catalyticproperties. The steady-state kineticparameters of the mutant proteins with NADPH
and POHB are reported in Table II. With all mutants, no considerable changes in apparent
Km values for POHB was observed. The catalytic properties of R33K, Q34R, Q34K, Q34T,
M2 and M4 were similar to the wild-type enzyme. R33S, Y38K and Y38F were poorly
active with NADPH whereas R33E, Y38E, M5 and M6 exhibited impaired coenzyme
binding. All single mutants and M2 and M4 catalyzed the efficient hydroxylation of POHB
into 3,4-dihydroxybenzoate with virtually noformation of hydrogen peroxide. With M5 and
M6, approximately 10% uncoupling of hydroxylation occurred.

The protein-flavin interaction was studied by activity measurements in the presence of
varying concentrations of FAD.With theexception of M5 and M6 (apparent Km FAD = 450
+ 50 nM),the mutants showed a similar affinity for FAD as wild-type PHBH (apparent Km
FAD =45 + 10nM; Miiller and van Berkel, 1982).

The binding of NADPH was further investigated by pre-steady state kinetics (Table II).
To that end, the rate of anaerobic reduction of the enzyme-substrate complex was monitored
at450nm as afunction of theconcentration of NADPH (Howell et al., 1972; Eppink et al.,
1995). For all mutants, except R33E and Y38E, enzyme reduction was not rate limiting in
catalysis and only slightly slower than wild-type. However, the apparent K$ NADPH varied
significantly, in line with the steady-state kinetic analysis. For R33K and the M2 and M4
variants, the affinity for NADPH was similar to wild-type, whereas tight NADPH binding
was observed for Q34R and Q34K. R33S, Y38K and Y38F interacted weakly with the
cofactor, and R33E and Y38E had lost the affinity for NADPH.
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Table II. Kinetic parameters of PHBH variants. Turnover numbers (fcCat) and reduction
rates (/cred) are maximum values extrapolated to infinite concentrations of POHB and
NADPH. (n.m. = not measurable). Kinetic constants have maximum error values of 10%.

^m

^cat

*red

^d

POHB

NADPH

uM

(J.M

s-1

s-1

mM

Wild-type

15

34

55

300

0.15

R33K

25

53

50

280

0.20

R33S

32

240

40

240

1.40

R33E

30

>600

>10

> 10

>2

Q34T

32

40

45

250

0.24

Q34R

22

24

45

240

0.08

Q34K

21

25

47

240

0.08

Y38K

33

140

52

250

0.88

Y38F

40

170

50

250

0.95

Y38E

34

>800

>10

>10

>2

M2

29

35

45

245

0.25

M4

22

45

56

230

0.20

M5

45

>1000

>5

-

-

M6

50

>1000

>5

~

~

NADPH

The Michaelis constants with NADH and POHB are reported in Table III. Like native
PHBH (Eppink et al., 1995), all single mutants and M2 and M4 were nearly inactive with
NADH.
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However, M5 and M6 clearly preferred NADH as cofactor (cf. Table II). M5 and M6
displayed similar catalytic properties, implying that the Leu40 —>Glu replacement is not
crucial for the switch incoenzyme specificity.
Table III. Steady-state kinetic parameters of PHBH variants with NADH. Turnover
numbers are apparent maximum values extrapolated to infinite concentrations of POHB and
NADH. Kinetic constants have maximum error values of 10%.

Km POHB

Km NADH

fcca,
mhr1

uM

uM

Wild-type

20

> 1000

> 10

M5

45

90

85

M6

40

90

85

Structural properties. Crystals with moderate quality diffraction properties were obtained for
Q34T, Q34R and Y38E, all incomplex with POHB.The mutant structures were very similar
to the structure of wild-type PHBH, only minor changes at the site of mutation were
observed. Superpositioning of Q34T, Q34R and Y38E onto the native enzyme gave root
mean square deviations of 0.19, 0.24 and 0.21 A, respectively for 391 equivalent C a atoms.
Replacement of Gln34 by Thr (Figure 2) breaks the hydrogen bond with Arg33 (Table IV)
and abolishes the van derWaals interactions with Tyr38.As aresult, a small rotation of both
Arg33 and Tyr38 side chains is observed (Figure 2). The Thr34 side chain has the same
orientation as Gln34 in the native structure and similar temperature factors. Similarly, the
Gln34 to Arg substitution in Q34R induces only some small shifts in both Arg33 and Tyr38
side chains (Figure 3).Figure 4 shows that in Y38E, the side chain of Glu38 interacts with
the NE2 of Gln34, and that the OE1 of Gln34 interacts strongly with the NH2 of Arg33
through a90°turn of the side chain NH1/NH2 atoms of Arg33. Furthermore, the hydrogen
bond interaction between Arg33 NH2 and the 0 2 ribose of FAD in wild-type PHBH
(Schreuder et ah, 1989),is lost in Y38E (Table IV).No suitable crystals of the other PHBH
mutants were obtained. The protein-flavin interactions in these mutants were therefore
assessed by spectral analysis.
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TableIV.Selectedpolarinteractions (d<3.2A)inPHBHvariants

Enzyme

Atom 1

Atom2

Distance

Wild-type

NH2 Arg33

0 2 * ribose FAD

2.7

OE1 Gln34

NE Arg33

2.6

NH2 Arg33

02* ribose FAD

3.0

OG1Thr34

0E2 Glu32

3.0

Q34R

NH2 Arg33

02* ribose FAD

2.9

Y38E

NH2 Arg33

OE1 Gln34

2.9

NE2 Gln34

0E2 Glu38

2.7

OE1 Glu38

NE2 Gln34

2.9

0G1 Thr35

3.0

Q34T

^(*

^•/&
Tyr3Sj^

afp* Gln34^ fl

iffl

PkThB'*§KW

Ij&rsM

Tyr3H^j Pp'Gln34 ( ^ ft

Us* 1 ' 83 '

__iflH

Fig.2.Stereoview of the Q34Tmutant. A2F0-FC electron density mapof mutant Q34Tis
contouredat2owithQ34Tindarkandthewild-typestructureinopenbonds.
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Fig. 3.Stereoview of the Q34R mutant. A 2F0-FC electron density map of mutant Q34R is
contoured at 2a with Q34R in dark and the wild-type structure in open bonds.

Fig. 4. Stereoview of the Y38E mutant. A 2F0-FC electron density map of mutant Y38E is
contoured at2a with Y38E in dark and the wild-type structure in open bonds.

Spectral properties. The amino acid replacements in the N-terminal part of helix H2 do not
strongly influence the mode of substrate binding. This is concluded from fluorescence
titration experiments in which the fluorescence emission of protein-bound FAD was
measured as a function of substrate concentration. All mutants, except for M5 and M6,
showed similar dissociation constants for the enzyme-substrate complex as the wild-type
enzyme (Kd = 30± 10 uM).
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With M5 and M6, binding of POHB did not significantly change the fluorescence
quantum yield of protein-bound FAD. A similar behaviour was reported for PHBH
reconstituted with arabino-FAD (van Berkel etal., 1994). Therefore, the enzyme-substrate
interaction in M5 and M6 was studied by difference absorption spectroscopy. With both
mutants,theaffinity ofthe aromatic substrate (K$ = 95 + 15(iM) is somewhat weaker than
inwild-typePHBH(Kd=50+10 uM).
Theshapeof the substrate-induced flavin perturbation difference spectra correlates with
theorientationoftheflavin ring"in"or"out"oftheactivesite(Gattietal.,1994). Except for
M5andM6,allmutantsshowedspectralpropertiesindistinguishablefrom wild-type PHBH,
indicativefortheflavin "in"conformation (Figure5A).Thedifference spectra of M5(Figure
5B)andM6(notshown)wereintermediatebetweenthechanges observed for theflavin "in"
and"out"conformation (Gatti etal., 1994;van der Bolt etal., 1996) and resembled thatof
mutant R42S (Eppink etal., 1998a). This suggests that subtle structural changes far away
from theactivesitecanaffect thedynamicbehaviouroftheflavinring.

^~-

A

.
"

A

M

s '••
S
os
*

B

f

J

0.1
0.4
POHB (niH)

2

*
•
400

u A"

'§'•"

£ 1

0

^I
'

S00
600
WAVELENGTH (nm)

'

400

0.2

0.4

J

•

•

i

1

1

500
600
WAVELENGTH (nm)

Fig. 5. Absorption perturbation difference spectra of PHBH mutants with POHB. The
experiments were performed in 0.1 M Tris/sulfate pH 8.0, at 25°C. The absorbance
differences areextrapolatedtoinfinite POHBconcentration. (A)mutant M4;(B) mutantM5.
The inset shows the molar difference absorbance at 385 nm as a function of substrate
concentration.

Discussion
PHBH is the archetype of the family of NAD(P)H-dependent flavoprotein aromatic
hydroxylases.TheseenzymessharealargeN-terminaldomainforbindingtheFAD,but lack
awell-defined domainforbindingthepyridine dinucleotide (Eppink etal., 1997). Recently,
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weproposedthatinPHBHfromP.fluorescens,theNADPHmolecule binds in an extended
conformation in the interdomain cleft and that helix H2 of the FAD-binding domain is
involved in determining thecoenzyme specificity (Eppink etal., 1998b). In this paper, the
functional role of helix H2 was addressed by a sequential mutagenesis approach. First,
singlereplacementswereintroducedtostudytheinvolvementofArg33,Gln34andTyr38in
coenzymerecognition.Basedontheseresults,multiplechangesin helix H2 were madewith
theaimtochangethecoenzyme specificity.
The properties of the Arg33 mutants indicate that a basic residue at position 33 is
importantforNADPHrecognition. This supports theproposal thatArg33interactswiththe
2'-phosphate moiety of NADPH (Eppink etal., 1998b). Gln34 probably is less crucial for
proper coenzyme binding. The structureof Q34Tshows that Thr34 does not interact with
Arg33 and Tyr38. Nonetheless, this mutant is catalytically as competent as the wild-type
enzyme. Q34R and Q34K tightly interact with NADPH, supporting that the adenosine
2'-phosphate moiety of NADPH binds near Arg33, Tyr38 and Arg42 (Eppink et al.,
1998b).InQ34R,theextra introduced chargeis locatedneartheprotein surface in between
thesidechainsofArg33andTyr38.
Theinvolvementof Tyr38 in NADPH binding is confirmed by theproperties of the
Tyr38 mutants. Y38E does notbind NADPH, presumably due toelectrostatic repulsion of
the2'-phosphate moiety of NADPH. However, thestructure of Y38E shows that the side
chain of Glu38 is neutralized to some extent by ahydrogen bond network with Arg33 and
Gln34. This suggests that in Y38E, Arg33contributes less tothe interaction with NADPH
than inwild-typeenzyme.Inwild-typePHBH, Arg33 is also involved inbinding the2-OH
group of theadenosine ribose of FAD. However, this interaction seems not as crucial as
originally suggested (Schreuderetal.,1989),sinceR33Sand R33E bind the FAD as firmly
asthenativeenzyme.
The single amino acid replacements in helix H2 did not change the coenzyme
specificity. Therefore, multiple substitutions were introduced based on the sequence of
PHBH from Pseudomonas sp. CBS3. This enzyme, involved in the biodegradation of
4-chlorobenzoate(Miillerefal.,1984;Scholten etal., 1991), shows 53%sequence identity
with PHBH from P.fluorescens and is the only PHBH of known sequence which prefers
NADHoverNADPH as electron donor (Seibold et al., 1996). When the sequence of the
helixH2regionofPHBHfrom P.fluorescens was changed to thecorresponding sequence
of the Pseudomonas CBS3 enzyme (mutant M10, Table I), no protein expression was
observed.Thereasonfor thisis not yetclear but itobviously relates to an improper folding
ofthepolypeptidechain.
The properties of the double mutant M2and the quadruple mutant M4 indicate that
the amino acid residues in theN-terminal part of helix H2 arenotcrucial for thecoenzyme
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specificity. Both M2 and M4 are highly active with NADPH and not with NADH. Reversal
of residues 33 and 34 does not impairFAD binding. This is in agreement with the results of
the single mutants and with the fact that a similar Gln33-Arg34 arrangement is seen in
PHBH from Acinetobacter calcoaceticus (DiMarco etal., 1993).It also confirms that Glu32
rather than Arg33 is essential for the binding of the adenosine ribose moiety of FAD.
Interestingly, Glu32 is conserved in the majority of flavoprotein aromatic hydroxylases
(Eppinkef al., 1997) and in flavoprotein oxidases with a PHBH-fold (Mattevi, 1998). The
Pro36Arg and Asp37Ala replacements in the quadruple mutant M4 hardly influence
catalysis. This is not too surprising given the fact that Pro36 and Asp37 are located at the
protein surface, somewhat remote from theputative NADPH binding site.
Extending the sequential amino acid replacements towards residue 38 established a
switch in coenzyme specificity (mutant M5). Although M5 is not a very efficient enzyme, it
shows for thefirst time that redesign of thecoenzyme specificity of FAD-dependent aromatic
hydroxylases is feasible. Moreover, it clearly supports our earlier proposal (Seibold et al.,
1996;Eppink etal., 1998b)that helix H2 of PHBH is critically involved in determining the
coenzyme specificity. Unfortunately, no structural data of M5 (and M6) were obtained. The
relatively weak binding and spectral properties of FAD in these mutants suggest that the
multiple replacements introduce subtle conformational changes that are transmitted through
long-range effects tothe active site. Interestingly, a weak flavin-protein interaction was also
observed in NAD(P)H-dependent PHBH from Pseudomonas sp. CBS3 (Seibold et al.,
1996). Because both Arg33 (this study) and Arg42 (Eppink et al., 1998a) are involved in
binding the adenosine moiety of FAD as well as the 2'-phosphate moiety of NADPH, this
suggests that tight NADH binding is at the expense of the FAD binding strength and that
considerable additional replacements are required to select for an optimal utilisation of
NADH.
Coenzyme reversion has sofar only been described for members of the
dehydrogenase/reductase families for which key specific determinants for NAD(P)H binding
are known. Enzymes with the classical pa|3-fold (Rossman et al., 1974; Wierenga et al.,
1986) for NAD(P)H binding (Scrutton et al, 1990; Feeney et al, 1990; Chen et al, 1991;
Bocanegraefa/., 1993;Nishiyamaetal, 1993; Clermont etal, 1993; Bernard et al, 1995;
Galkin et al, 1997; Rane and Calvo, 1997; Nakanishi et al, 1997) and enzymes with a
different but well-defined dinucleotide binding fold (Miyazaki and Oshima, 1994; Chen et
al, 1995; Yaoi etal, 1996; Chen etal, 1996; Friesen etal, 1996; Shiraishi etal, 1998)
were succesfully changed. Crystal structures of mutant proteins with reversed coenzyme
specificity (NADP —> NAD) have sofar only been obtained for glutathione reductase (Mittl et
al, 1993, 1994) and isocitrate dehydrogenase (Hurley etal, 1996).
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With our studies we succeeded for the first time in the coenzyme reversion of a
member of a superfamily of flavoenzymes where the exact binding mode of the cofactor is
unknown. We conclude that specificity in P. fluorescens PHBH is conferred by hydrogen
bond interaction of Tyr38 and charged interactions of Arg33 and Arg42 with the 2'phosphate of bound NADPH. This is in keeping with the hypothesis that biological
specificity is caused to some extent by hydrogen bonding but is best mediated by charged
residues (Fersht etal., 1985).

Materials and methods
General
Restriction endonucleases, Large fragment of DNA polymerase I (Klenow fragment), T4-DNA
ligase, Taq polymerase, T4-kinase and oligonucleotides for mutagenesis were from GIBCO
BRL. The QuikChangeTM site-directed mutagenesis kit was obtained from Stratagene.
[ce-32P]dATP (3000Ci/mol), sequencing primers, dNTPs, ddNTPs, oligonucleotides for
mutagenesis, QAE-Sepharose fast-flow and Resource Q were purchased from Amersham
Pharmacia Biotech. Calf intestinal phosphatase, glucose oxidase (grade II), NADPH, NADH,
IPTG and dithiothreitol were from Boehringher. Cibacron-blue-3GA-agarose (type 3000-CL),
FAD and ampicillin were from Sigma. All other chemicals were obtained from Merck and of
the purest grade available.
Mutagenesis,expressionand purification
The oligonucleotides used for the preparation of the PHBH mutant proteins described in this
paper are listed in Table V. The single mutants R33K/S/E, Q34R/K/T, Y38K/F/E and mutant
M10 were prepared according to the method of Kunkel et al., (1987), essentially as described
elsewhere (van Berkel et al., 1992). Mutants M2 and M4 were generated with the PCR mega
primer method, essentially as described elsewhere (Kamman et al., 1989). The M5 and M6
mutants were constructed with the Quikchange™ site-directed mutagenesis kit, both sense and
anti-sense mutagenic primers were used during mutant preparations (Stratagene, 1997). All
mutations were introduced into the E. coli gene encoding mutant C116S (Eschrich et al., 1990)
and confirmed by nucleotide sequencing according to Sanger et al., (1977). Because of
identical catalytic properties (Eschrich et al., 1990), C116S is further referred to as wild-type
PHBH. Mutated PHBH geneswere expressed in transformed E. coli TG2 grown in 5-1 batches
of tryptone/yeast medium containing 100 |ig/ml ampicillin and 20 Hg/ml IPTG at 37 °C under
vigorous aeration. The mutant proteins were purified according to the procedure described for
wild-type PHBH (van Berkel etal., 1992).
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Analytical methods
Absorption (difference) spectra were recorded in 50 mM sodium phosphate buffer pH 7.0 at
25 °C on an Aminco DW-2000 spectrophotometer. Enzyme concentrations where
spectrophotometrically determined using a molar absorption coefficient £450 = 10.2 mM"'
cm"' for protein bound FAD (van Berkel et al., 1992). Dissociation constants of complexes
between enzyme and substrate were determined fluorimetrically as described previously
(Muller and van Berkel, 1982). Standard activity measurements were performed at 25 °C in air
saturated 100 mM Tris/sulfate pH 8.0, containing 200 uM NAD(P)H, 200 |lM POHB and 10
U.MFAD. Steady-state kinetic parameters were determined as described (Eschrich etal., 1993).
The efficiency of substrate hydroxylation was estimated from oxygen consumption
experiments (Eschrich et al., 1993). Anaerobic enzyme reduction experiments were performed
in 100 mM Tris/sulfate pH 8.0 at 25 °C using a High-Tech Scientific SF-51 stopped flow
spectrophotometer (Eppink etal., 1995).
Protein crystallization
Crystallization of PHBH mutants was performed in 39-41% ammonium sulfate, 0.04 mM FAD,
0.15 mM EDTA, 30 mM sodium sulfite, 1mM POHB in 100 mM potassium phosphate (pH
7.0), essentially as described previously (Eppink et al., 1998b). The crystals grew to a size of
0.3 * 0.3 * 0.3 mm-* over a period of 3-5 days. Crystals with space group C222, of Q34T,
Q34R and Y38E were obtained.
Structural datacollection and refinement
X-ray diffraction data were collected at room temperature using a Siemens multiwire area
detector and graphite monochromated CuKa radiation from an 18kW Siemens rotating anode
generator, operating at 45 kV and 100 mA. The crystal-detector distance was 11.6 cm and the
29 angle was 20°.Data were processed with the XDS package (Kabsch, 1988).
Guided by the structure of the wild-type enzyme-substrate complex (Schreuder et al.,
1989), starting electron density maps for Q34T, Q34R and Y38E were calculated, after a
correction for the slightly different cell dimensions (Schreuder etal., 1994). The 2Fo-Fc maps
clearly showed the substitutions of Gln34 by Thr (Figure 2), Gln34 by Arg (Figure 3) and
Tyr38 by Glu (Figure 4). The mutated residues were fitted in the electron-density maps with
the graphics program O (Jones etal., 1991).The protein model was inspected for irregularities
and when necessary corrections were made. Refinement involved four cycles of map
inspections followed by energy minimization and B-factor refinement using Xplor (Briinger,
1992). Water molecules were assigned by searching Fo-Fcmaps for peaks of at least 4o, which
were between 0.20 and 0.50 nm of other atoms. Water molecules with B-factors higher than 70
A2 were rejected. The refined structure of Q34T has an R factor of 16.0 % for 16593
reflections between 8.0 and 2.4 A and contains 239 water molecules. For Q34R an R factor of
14.4 %for 8809 reflections between 8.0 and 2.8 A was obtained with 222 water molecules.
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Finally, Y38E yields an R factor of 16.1 % for 15924 reflections between 8.0 and 2.5 A
containing 268 water molecules. For the Q34T, Q34R and Y38E structures the root mean
square deviations from ideal values are respectively 0.009 - 0.010 A for bond lengths and 1.43
- 1.58 A for bond angles. Table VI summarizes the refinement statistics.

Table VI. X-ray diffraction data and refinement statistics of PHBH variants.

Enzyme

Q34T

Q34R

Y38E

Space group

C222i

C222i

C2221

A

71.7

71.8

72.3

B

146.2

146.5

146.2

C

88.7

88.6

89.1

Unique reflections

16,593

8,809

15,924

Resolution (A)

2.4

2.8

2.5

R&ym(%)

6.2

7.1

5.5

Completeness (%)

89.5

91.7

92.1

Initial R factor (%)

24.0

25.8

25.0

Final R factor (%)

16.0

14.4

16.1

Water molecules

239

221

268

RMSD bond lengths (A)

0.009

0.010

0.009

RMSDbond angles (°)

1.43

1.58

1.47

Protein

25.4

25.5

25.6

Flavin ring

18.9

12.3

22.2

POHB

16.2

18.6

16.9

Cell dimensions (A)

AverageB factors (A2)

125

Chapter9

References
Baker,P.J., Britton,K.L., Rice,D.W., Rob,A. and Stillman,T.J. (1992) Structural
consequences of sequence patterns in the fingerprint region of the nucleotide binding
fold. J. Mol. Biol., 228, 662-671.
Bellamacina,C.R. (1996) The nicotinamide dinucleotide binding motif: a comparison of
nucleotide binding proteins. FASEB J., 10, 1257-1269.
Bernard.N., Johnsen.K., HolbrookJ.J. and DelcourJ. (1995) D175 discriminates between
NADH and NADPH in the coenzyme binding site of Lactobacillus delbrueckii subsp.
Bulgaricus D-lactate dehydrogenase. Biochem. Biophys. Res. Com., 208, 895-900.
Bocanegra.J.A., Scrutton,N.S. and Perham.R.N. (1993) Creation of an NADP-dependent
pyruvate dehydrogenase multienzyme complex by protein engineering. Biochemistry,
32, 2737-2740.
Briinger,A.T. (1992) X-PLOR. A system for crystallography and NMR, manual version
3.1. Yale University Press, New Haven, USA.
Carson,M. (1991) Ribbons 2.0. J. Appl. Crystallogr., 24, 958-961.
Chen,Z., Lee.W.R. and Chang,S.H. (1991) Role of aspartic acid 38 in the cofactor
specificity of Drosophila alcohol dehydrogenase. Eur. J. Biochem., 202, 263-267.
Chen.R., Greer.A. and Dean,A.M. (1995) A highly active decarboxylating dehydrogenase
with rationally inverted coenzyme specificity. Proc. Natl. Acad. Sci. USA, 92, 1166611670.
Chen,R., Greer.A. and Dean,A.M. (1996) Redesigning secondary structure to invert
coenzyme specificity in isopropylmalate dehydrogenase. Proc. Natl. Acad. Sci. USA,
93, 12171-12176.
Clermont.S., Corbier,C, Mely.Y., Gerard.D., Wonacott.A. and Branlant G. (1993)
Determinants of coenzyme specificity in glyceraldehyde-3-phosphate dehydrogenase:
Role of the acidic residue in the fingerprint region of the nucleotide binding fold.
Biochemistry, 32, 10178-10184.
Dean,A.M. and Golding.G.B. (1997) Protein engineering reveals ancient adaptive
replacements in isocitrate dehydrogenase. Proc. Natl. Acad. Sci. USA, 94, 3104-3109.
DiMarco,A.A., Averhoff,B.A.,

Kim.E.E. and Ornston,L.N. (1993) Evolutionary

divergence ofpobA, the structural gene encoding p-hydroxybenzoate hydroxylase in an
Acinetobacter calcoaceticus strain well-suited for genetic analysis. Gene, 125, 25-33.
Enroth,C, Neujahr,H., Schneider,G. and Lindqvist.Y. (1998) The crystal structure of
phenol hydroxylase incomplex with FAD and phenol provides evidence for a concerted
conformational change in the enzyme and itscofactor during catalysis.Structure, 6, 605617.

126

Coenzyme specificity

Entsch,B.

and

van

Berkel,W.J.H.

(1995)

Structure

and

mechanism

of

para-hydroxybenzoate hydroxylase. FASEB J., 9,476-483.
Eppink,M.H.M., Schreuder,H.A. and van Berkel,W.J.H. (1995) Structure and function of
mutant Arg44Lys ofp-hydroxybenzoate hydroxylase. Eur. J. Biochem., 231, 157-165.
Eppink,M.H.M., Schreuder.H.A. and van Berkel.W.J.H. (1997) Identification of a novel
conserved sequence motif in flavoprotein hydroxylases with a putative dual function in
FAD/NAD(P)H binding. Protein Set, 6, 2454-2458.
Eppink.M.H.M., Schreuder,H.A. and van Berkel.W.J.H. (1998a) Lys42 and Ser42
variants of p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens reveal that
Arg42 is essential for NADPH binding. Eur. J. Biochem., 253, 194-201.
Eppink,M.H.M., Schreuder,H.A. and van Berkel,W.J.H. (1998b) Interdomain binding of
NADPH in p-hydroxybenzoate hydroxylase as suggested by kinetic, crystallographic
and modelling studies of Hisl62 and Arg269 variants. J. Biol. Chem., 2 7 3 , 2103121039.
Eppink,M.H.M, Schreuder.H.A. and van Berkel.W.J.H. (1999) Phel61 and Argl66
variants of p-hydroxybenzoate hydroxylase. Implications for NADPH recognition and
structural stability. FEBS Lett, 443, 251-255.
Eschrich,K., van Berkel.W.J.H., Westphal,A., de Kok.A., Mattevi.A., ObmoIova.G.,
Kalk.K.H. and Hol.W.G.J. (1990) Engineering of microheterogeneity-resistant
p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens. FEBS Lett., 277,
197-199.
Eschrich,K., van der Bolt.F.J.T., de Kok,A. and van Berkel,W.J.H. (1993) Role of
Tyr201 and Tyr385 in substrate activation by p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens. Eur. J. Biochem., 216, 137-146.
Feeney,R., Clarke,A.R. and Holbrook.J.J. (1990) A single amino acid substitution in lactate
dehydrogenase improves thecatalyticefficiency with an alternative coenzyme. Biochem.
Biophys. Res. Com., 2, 667-672.
Fersht,A.R., Shi,J-P., Knill-Jones.J., Lowe,D.M., Wilkinson.A.J., Blow,D.M., Brick,P.,
Carter,P., Waye,M.M.Y. and Winter.G. (1985) Hydrogen bonding and biological
specificity analysed by protein engineering. Nature, 314, 235-238.
Friesen.J.A., Lawrence,C.M., Stauffacher.V. and Rodwell,V.W. (1996) Structural
determinants of nucleotide coenzyme specificity in the distinctive dinucleotide binding
fold of HMG-CoA reductase from Pseudomonas mevalonii. Biochemistry, 35, 1194511950.
Galkin,A., Kulakova.L., Ohshima.T., Esaki.N. and Soda,K. (1997) Construction of a new
leucine dehydrogenase with preferred specificity for NADP+ by site-directed
mutagenesis of the strictly NAD+-specific enzyme. Protein Engng., 10,687-690.

127

Chapter9

Gatti,D.L., Palvey,B.A., Lah,M.S., Entsch,B., Massey.V., Ballou.D.P. and Ludwig,M.L.
(1994)The mobile flavin of 4-OH benzoate hydroxylase. Science, 266, 110-114.
Howell.L.G., Spector,T. and Massey.V. (1972) Purification and properties of
p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens. J. Biol. Chem., 247,
4340-4350.
HurleyJ.M., Chen,R. and Dean,A.M. (1996) Determinants of cofactor specificity in
isocitrate dehydrogenase: structure of an engineered NADP+ -> NAD + specificityreversal mutant. Biochemistry, 35, 5670-5678.
Jones.T.A., Zou,J-Y., Cowan,S. and Kjeldgaard,M. (1991) Improved methods for the
building of protein models in electron density maps and the location of errors in these
models.Acta Crystallogr., A47, 110-119.
Kabsch,W. (1988) Evaluation of single-crystal diffraction data from a position-sensitive
detector. J. Appl. Crystallogr., 21, 916-924.
Kamman,M., LaufsJ., SchnellJ. and Gronenberg,B. (1989) Rapid insertional mutagenesis
of DNA by polymerase chain reaction (PCR).Nucleic Acids Res., 231, 157-165.
Kunkel,T.A., RobertsJ.D. and Zakour.R.A. (1987) Rapid and efficient site-specific
mutagenesis without phenotypic selection. Methods Enzymoi, 154, 367-382.
Lesk,A.M. (1995) NAD-binding domains of dehydrogenases. Curr. Op. Struct. Biol, 1,
954-967.
Massey,V. (1994) Introduction: Flavoprotein structure and mechanism. FASEB J., 9, 473475.
Mattevi,A. (1998) The PHBH fold: not only flavoenzymes. Biophys. Chem., 70, 217-222.
Mittl,P.R.E., Berry.A., Scrutton.N.S., Perham,R.N. and Schulz.G.E. (1993) Structural
differences between wild-type NADP-dependent glutathione reductase from Escherichia
coli and a redesigned NAD-dependent mutant. J. Mol. Biol, 231, 191-195.
Mittl,P.R.E., Berry,A., Scrutton.N.S., Perham.R.N. and Schulz.G.E. (1994) Anatomy of
an engineered NAD-binding site.Protein Sci., 3, 1504-1514.
Miyazaki.K. and Oshima,T. (1994) Co-enzyme specificity of 3-isopropylmalate
dehydrogenase from Thermus thermophilus HB8.Protein Engng., 7,401-403.
Miiller,F. and van Berkel,W.J.H. (1982) A study on /?-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens. A convenient method of preparation and some properties of
the apoenzyme. Eur. J. Biochem., 128, 21-27.
Miiller.R., ThieleJ., Klages,U. and Lingens,F. (1984) Incorporation of ^ O water into
4-hydroxybenzoate acid in the reaction of 4-chlorobenzoate dehalogenase from
Pseudomonas sp. CBS3. Biochem. Biophys. Res. Commun., 124, 178-182.

128

Coenzyme specificity

Nakanishi,M., Matsuura.K., Kaibe,H., Tanaka.N., Nonaka,T., Mitsui,Y. and Hara,A.
(1997) Switch of coenzyme specificity of mouse lung carbonyl reductase by substitution
of threonine 38 with aspartic acid. J. Biol. Chem., 272, 2218-2222.
Nishiyama,M., Birktoft,J.J. and Beppu,T. (1993) Alteration of coenzyme specificity of
malate dehydrogenase from Thermus flavus by site-directed mutagenesis. J. Biol.
Chem., 7, 4656-4660.
Palfey,B-A., Moran,G.R., Entsch,B., Ballou.D.P. and Massey,V. (1999) Substrate
recognition by "Password" in />-hydroxybenzoate hydroxylase. Biochemistry, 38,
1153-1158.
Rane.M.J. and Calvo.K.C. (1997) Reversal of the nucleotide specificity of ketol acid
reductoisomerase by site-directed mutagenesis identifies the NADPH binding site. Arch.
Biochem. Biophys., 338, 83-89.
Rossmann.M.G., Moras.D. and 01sen,K.W. (1974) Chemical and biological evolution of a
nucleotide-binding protein. Nature, 250, 194-199.
Sanger.F., Nicklen,S. and Coulson.A.R. (1977) DNA sequencing with chain-terminating
inhibitors. Proc. Natl. Acad. Sci. USA, 74, 5463-5467.
ScholtenJ.D., Chang.K.H., Babbitt,P.C, Charest,H., Sylvestre,M. and DunawayMariano,D. (1991) Novel enzymic hydrolytic dehalogenation of a chlorinated aromatic.
Science, 253, 182-185.
Schreuder,H.A., Prick.P.A.J., Wierenga.R.K., Vriend,G., Wilson.K.S., Hol,W.G.J. and
DrenthJ. (1989) Crystal structure of the p-hydroxybenzoate hydroxylase-substrate
complex refined at 1.9 A resolution. J. Mol. Biol, 208, 679-696.
Schreuder,H.A., Mattevi,A., Obmolova,G., Kalk,K.H., Hol,W.G.J., van der Bolt.F.J.T.
and van Berkel,W.J.H. (1994) Crystal structure of wild-type p-hydroxybenzoate
hydroxylase

complexed

2-hydroxy-4-aminobenzoate

with
and

4-aminobenzoate,
the

Tyr222Ala

2,4-dihydroxybenzoate
mutant,

complexed

and
with

2-hydroxy-4-aminobenzoate. Evidence for aproton channel and a new binding mode of
the flavin ring. Biochemistry, 33, 10161-10170.
Scrutton,N.S., Berry,A. and Perham,R.N. (1990) Redesign of the coenzyme specificity of a
dehydrogenase by protein engineering. Nature, 343, 38-43.
Seibold,B., Matthes,M., Eppink,M.H.M., Lingens,F., van Berkel.W.J.H. and Miiller,R.
(1996) 4-Hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3. Purification,
characterization, gene cloning, sequence analysis and assignment of structural features
determining the coenzyme specificity. Eur. J. Biochem., 239, 469-478.
Sem.D.S. and Kasper,C.B. (1993) Interaction with arginine 597 of NADPH-cytochrome
P-450 oxidoreductase is a primary source of the uniform binding energy used to
discriminate between NADPH and NADH. Biochemistry, 32, 11548-11558.

129

Chapter9

Shiraishi,N., Croy.C, KaurJ. and Campbell.W.H. (1998) Engineering of pyridine
nucleotide specificity of nitrate reductase: Mutagenesis of recombinant cytochrome b
reductase fragment of Neurospora crassa NADPH: Nitrate reductase. Arch. Biochem.
Biophys., 358, 104-115.
Stratagene Cloning Systems. (1997) QuikChangetm Site-Directed Mutagenesis Kit,
Instruction Manual.
Van Berkel.W.J.H. and Muller.F. (1991) Flavin-dependent monooxygenases with special
reference to 4-hydroxybenzoate hydroxylase. In: Miiller F, ed. Chemistry and
biochemistry offlavoenzymes 2.Boca Raton, Florida: CRC Press, pp 1-29.
Van Berkel.W.J.H., Westphal,A., Eschrich,K., Eppink,M. and De Kok,A. (1992)
Substitution of Arg214 at the substrate-binding site of p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens. Eur. J. Biochem., 210, 411-419.
Van Berkel,W.J.H., Eppink,M.H.M. and Schreuder.H.A. (1994) Crystal structure of
p-hydroxybenzoate hydroxylase reconstituted with the modified FAD present in alcohol
oxidase from methylotrophic yeasts: evidence for an arabinoflavin. Protein Sci., 3 ,
2245-2253.
Van Berkel,W.J.H., Eppink.M.H.M., van der Bolt.F.J.T., VervoortJ., Rietjens.I.M.C.M.
and Schreuder.H.A. (1997) p-Hydroxybenzoate hydroxylase: mutants and mechanism.
In: Flavins and flavoproteins XII, Calgary 1996, Ed. Stevenson,K.J., Massey,V. and
Williams,C.H.,Jr, University of Calgary Press, Calgary, pp. 305-314.
Van der Bolt,F.J.T., VervoortJ. and van Berkel,W.J.H. (1996) Flavin motion in
/?-hydroxybenzoate hydroxylase. Eur. J. Biochem., 237, 592-600.
Wierenga,R.K., Terpstra.P. and Hol,W.G.J. (1986) Prediction of the occurrence of the
ADP-binding fiaP-fold in proteins, using an amino acid sequence fingerprint. J. Mol.
Biol, 187, 101-107.
Yaoi,T., Miyazaki.K., Oshima.T., Komukai.Y. and Go,M. (1996) Conversion of the
coenzyme specificity of isocitrate dehydrogenase by module replacement. J. Biochem.,
119, 1014-1018.

130

CHAPTER 10

'Unactivated"p-hydroxybenzoatehydroxylase: Crystal structures of
thefree enzyme andtheenzyme-benzoate complex

MichelH.M.Eppink,WillemJ.H.vanBerkel,AlexTepliakov and Herman
A. Schreuder

J.Mol.Biol, (in preparation)

131

'Unactivated"p-Hydroxybenzoatehydroxylase: Crystal
structures ofthesubstrate-free enzymeand the
enzyme-benzoate complex.

Abstract
Substrate binding in the flavoprotein p-hydroxybenzoate hydroxylase (PHBH)
strongly stimulatesenzyme reduction byNADPH.Toobtain more insight inthe effector
specificity of the substrate,thecrystal structures of substrate-free PHBH and in complex
withbenzoateweresolved.
Thisisthefirst reportofacrystal structurefrom substrate-free PHBHandinacrystal
form, space group P2i2i2i, which hasnot been described earlier.TheP2]2i2i crystals
of the substrate-free enzyme diffracted to 2.5 Aunder cryo conditions and the structure
was refined to an Rfactor of 20.7 %.No significant structural changes were observed
between substrate-free enzyme in the P2i2i2i crystal form and the enzyme-substrate
complex in the extensively studied space group C222,. The observed differences were
quite small and localized in the active sitecleft and in aflexible loopregion involved in
crystal contacts. The isoalloxazine ring of FAD is flexible in the substrate-free enzyme
andlocated intermediatebetweenthe "in"and "out" conformation.
C222i crystals of PHBH incomplex with benzoatediffracted tohigh resolution (2.0
A) with an R factor of 16.7% after refinement. The structure of the enzyme-benzoate
complex is virtually identical to that of the enzyme-substrate complex, with the flavin
ring occupying the inner orientation in the active site. The absence of the 4-hydroxy
moiety of the substrate allows Tyr201 and Tyr385 in the active site to contact His72 at
theprotein surface viaabridgeoftwowatermolecules.
In agreement withearlier suggestions,weconcludethatefficient flavin reduction by
NADPH is facilitated by substrate deprotonation as controlled by the proton relay
networkbetween His72andPro293.
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Introduction
p-Hydroxybenzoatehydroxylase (PHBH) (EC 1.14.13.2)isthemodel enzyme of the
family of flavoprotein aromatic hydroxylases. These enzymes catalyze the insertion of
one atom of molecular oxygen intothe substrate using NAD(P)H aselectron donor (van
Berkel, 1991). The catalytic cycle of PHBH consists of two half-reactions (Massey,
1994).Duringthereductivepartofthereaction,thesubstrate4-hydroxybenzoate(POHB)
acts as an effector, highly stimulating the rate of flavin reduction by NADPH. In the
oxidative half-reaction, thearomatic substrate isconverted to 3,4-dihydroxybenzoate via
the formation of a transiently stable flavin C4a-hydroperoxide oxygenating species
(Entsch andvanBerkel, 1995).
Although many detailsofthecatalyticcycleareknown,itisunclearhowtheenzyme
controls the reactivity of the flavin during the various reaction steps (Entsch and van
Berkel, 1995). One of the unsolved items concerns the effector role of the aromatic
substrate. Early spectroscopic and electron microscopic studies of PHBH from various
sources suggested large protein conformational changes upon substrate binding (Yano,
1969a;Hesp, 1969;Schepman, 1976).However,preliminary crystallographic analysisof
the substrate-free enzyme (Wierenga, 1979;van der Laan, 1986)indicated that no gross
structural changes occur. Recently, crystallographic studies demonstrated two flavin
conformations for PHBH. It was suggested that flavin movement is essential for the
exchangeof substrateandproductduringcatalysis (Schreuder, 1994;Gatti, 1994)and for
therecognition ofNADPH(vanBerkel, 1994;Palfey, 1997).Crystal structures of PHBH
complexed with 2,4-dihydroxybenzoate or 2-hydroxy-4-aminobenzoate showed that the
2-hydroxy substituent of the substrate analogs induce the flavin ring toadopt the "open"
conformation outof theactive site (Table 1).However, nocorrelation existsbetween the
position of the flavin ring in the crystal structure and the rate of enzyme reduction by
NADPH.Kinetic studies have shownthatefficient reduction isonly accomplished inthe
presence of POHB derivatives (Spector, 1972; Husain, 1980). Moreover, studies from
site-directed mutants suggested that rapid reduction isfacilitated by deprotonation of the
substratephenol (Entsch, 1991;Eschrich, 1993;Palfey, 1999).
For a better understanding of the effector role of the substrate, we have solved the
crystal structure of substrate-free PHBHandof PHBH incomplex with the non-substrate
effector benzoate.
A new crystal form of the substrate-free enzyme was obtained, but no significant
conformational changes wereobserved. Intheabsenceofaromaticligands,theflavin ring
is much more flexible and adopts a position, intermediate between the "in" and "out"
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conformation. The novel structural data are discussed with respect torecent results from
site-directed mutagenesis.
Table 1.SomecharacteristicsofPHBHwithsubstrateanalogs.
Substrateanalog

kre&

kcat

Flavin conformer

s7!

Fi

4-hydroxybenzoate

300a

55a

ine

3,4-dihydroxybenzoate

4b

4b

inf

2,4-dihydroxybenzoate

l.F

0.7C

outs

4-aminobenzoate

0.09d

0.09d

in§

2-hydroxy-4-aminobenzoate

0.003a

0.003a

out§

a

van Berkelet al., 1992;b Eschrich et al., 1993;c van derBoltet al., 1996;d Gatti et al.,
1996;e Schreuderetal., 1989;fSchreuderetal., 1988;S Schreuderetal., 1994.

Experimental Procedures
Enzyme preparations. Recombinant PHBH was purified as described (van Berkel,
1992).Theenzymewasstored asanammoniumsulfate precipitateat4°C.
Analyticalmethods. PHBHactivitywasroutinely assayed in 100mMTris/sulfate,pH
8.0, containing 0.5 mM EDTA, 200 U.MNADPH, 200 ^M POHB and 10 uM FAD
(Miiller&vanBerkel, 1982).
Crystallization. Crystalsof substrate-free enzyme andincomplex withbenzoate were
obtained using the hanging drop method. The protein solution contained 10-15mg/ml
enzyme in 100 mM potassium phosphate buffer (pH 7.0). The reservoir solution
contained 25%PEG4000, 0.04 mMFAD,0.30 mMEDTA, 30mM sodium sulfite and
0.1Mpotassium phosphatebuffer (pH7.0).Dropsof 2|xlprotein solution, 2(0.1 reservoir
solution and 1^,1 10 mM benzoate were allowed to equilibrate at 4°C against 1ml of
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reservoir solution.Crystals oftheenzyme-benzoatecomplexwithdimensionsof0.3 x0.3
x 0.1 mm' and space group C222i grew within 5 days. For crystallization of
substrate-free PHBH, 1 \i\ 25mM2'-AMP wasadded instead of benzoate.Crystals with
dimensions of 0.3 x0.2 x0.15 mm' and space group P2]2i2i were obtained within 15
days. P2i2121 is a new symmetry group for PHBH, with two molecules in the
asymmetricunitandcelldimensionsofa=76.1,b=92.\,c=138.4A.
Data Collection. Crystallographic data of the enzyme-benzoate complex were
collected at 4°C using a multiwire area detector (Siemens, Analytical Instruments, Inc.,
Madison, WI) mounted on a Siemens rotating anode generator, operating at 45 kV and
100mA, equipped with a graphite monochromator. Data were processed with the XDS
package (Kabsch, 1988).Datacollections ofthesubstrate-free enzymewereperformed at
cryo-temperature (110K), because at room temperature the crystals were radiation
sensitive.The substrate-free enzyme data wereobtained on beam-lineXI1 of theEMBL
Outstation in Hamburg using a MAR image plate detector and 1.08 A radiation.
Intensities were integrated using DENZO and scaled with SCALEPACK (Otwinowski,
1993). Data collection statistics are given in Table 2. The diffraction of PHBH with
benzoate extends to high resolution (2.0 A), whereas the substrate-free enzyme crystals
diffracted toaresolution of 2.5A.
Refinement. The structure of enzyme-benzoate was refined starting from the
coordinates of the enzyme-substrate complex after acorrection for the slightly different
cell dimensions. Refinement was started with manual inspection of unweighted 2F0-FC
andF0-Fcmaps based on the corrected starting model of the enzyme-substrate complex
(Schreuder, 1989). The structure of the enzyme-benzoate complex clearly showed the
absence of the 4-hydroxy group in the substrate analog and some small changes in the
active site.Refinement wascarried outbyfour roundsof mapinspections and rebuilding
using O (Jones, 1991) with subsequent energy minimization and temperature factor
refinement using XPLOR (Briinger, 1992). For the enzyme-benzoate complex, overall
anisotropic B-factors were applied to the dataset, with the following B-factors: Bl1=8.3218A2;B22=6.1993 A2;B33=2.1225A2.
The substrate-free enzyme crystallized in a new crystal form (P212121) with two
monomers in the asymmetric unit. The structure was solved by molecular replacement
usingtheAMoRepackage (Navaza, 1994)andtheenzyme-substrate complex asasearch
model. The structure was refined with the XPLOR package (Briinger, 1992) using two
different protocols,(i)application of strict NCSononemonomerand (ii)theuseofNCS
restraints on two monomers.The reflections were scaled by refining overall anisotropic
B-factors, resulting inthefollowing B-factors: Bl1 =-2.9690A2;B22=-0.9389A2;B33
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=3.9080A2.After each round of strictNCSrefinement, twomonomers wereregenerated
and refined withoutNCS and subsequently superimposed toobtain animproved rotation
matrix and translation vector. After 10cycles of NCS refinement and optimization of
NCS,theR-factor with strictNCSwas23.1%(Rfree =31.6%)andwithoutNCSavalue
of 20.0 % (Rfree = 32.8 %) was reached. Finally, the positions of the atoms were
restrained (NCSrestraints) with aneffective energy term of 300kcal/(mol A2) resulting
in an R-factor of 20.7 % (Rfree = 31.6 %). Due to the local symmetry we measured
29,316uniquereflections.WithoutNCSwewouldreachwiththisnumberofreflections a
resolution of 2.0 A. Hence, by applying strict NCS at 2.5 A, we obtain the same
observation toparameterratioasat2.0AwithoutNCS.
Table2. Data collection and refinement statistics of free PHBH and in complex
withbenzoate.

enzyme-benzoate
complex

substrate-free
enzyme

a

72.1

76.1

b

146.5

92.1

cell dimensions (A)

c

88.76

138.4

space group

C222j

Y2\2i2\

unique reflections

27,754

29,316

resolution (A)

2.0

2.5

Rsym (*)
completeness (%)

5.5

4.9

94.5

96.0

Initial R-factor

28.0

40.0

Final R-factor

16.8

20.7

R

-

31.6

water molecules

336

217

rms bond lengths (A)

0.010

0.011

rms bond angles (deg)

1.46

1.57

protein

23.9

25.5

flavin ring

20.1

39.5

substrate (analog)

17.8

-

free

2

average B factors (A )
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Results
Structuralstudies
Structure verification. The crystal structure of the enzyme-substrate complex of
PHBH at 1.9 A (Schreuder, 1989) was used as a start for refining the different crystal
structures. The stereochemistry of the refined structures is very good, with root mean
square deviations of 0.010-0.011 A for bond lengths, 1.5-1.6°for the bond angles, and
R-factors of 16.8-20.7%.The Ramachandran plots of substrate-free enzyme (Fig.l) and
in complex with benzoate (not shown) have similar § andy angles as compared to the
enzyme-substrate complex (Schreuder, 1989).Superpositioning ofthe structures ontothe
enzyme-substrate complex revealed no changes in the overall folding in any of the
structures.Thermsdeviationsfor all391equivalentC a atomsvariedfrom 0.19Afor the
enzyme-benzoate complex to 0.74 A for the substrate-free enzyme. Also the average
temperature factors listed in Table 2 do not differ significantly between the different
crystal structures, indicating that cryocooling did not influence the temperature factors.
For the substrate-free enzyme, the B-factors for the flavin ring were significantly higher
than for theenzyme-substrate complex,probably becausetheposition of flavin ring isno
longerrestricted bythepresenceofthearomatic substrate(analog).

T^

B

-180

-135

-90

-45

4 5 9 0
0
Phi(degrees)

\H

180

13l

35

^5

5 4 5
Phi(degrees)

90

Fig 1.Ramachandran plots:A)enzyme-substrate complex with spacegroup C222];B)
substrate-free PHBHwith spacegroup P2]2]2|.
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Substrate-freePHBH. Thecrystal structure of the substrate-free enzyme was refined
at2.5 Ausing NCS,because of thepresence of twomonomers inthe asymmetric unitin
space group P2]2i2]. The structural changes with respect to the enzyme-substrate
complex are limited totheC-terminus and intheactive siteregion. For the first time the
three flexible residues Glu392,He393andGlu394of theC-terminus could be build into
the electron density maps.Furthermore, nowater molecules were visible inthe substrate
binding pocket of the enzyme, probably due to disorder of the waters or the limited
resolution (Fig.2a).Fromthe active siteresidues Arg214 changed position (Fig.2b).The
Arg214 side chain, which binds the carboxylate moiety of the substrate (Table 3a),
becomes highly disordered with B-values of up to 90 A2. In the enzyme-substrate
complex theArg214 sidechain istightly fixed by the substrate,with sidechain B-values
below 20 A 2 (Schreuder, 1989; van Berkel, 1992). From another essential active site
residue, Tyr222, a shift in the aromatic sidechain is observed (Fig.2b) together with an
significant increase in temperature factor from 12.0 A2 to 28.0 A2 in relation to the
enzyme-substrate complex. Mutagenesis studies of Tyr222 revealed that this residue is
indeed important for substratebinding(Gatti, 1994;vanderBolt, 1996).Theother active
siteresidues,such asTyr201,Ser212,Pro293andTyr385havesimilarorvery marginally
shifted positions (Fig.2b)andB-factors comparable towild-typeenzyme.Theabsenceof
the substrate increases the flexibility of the isoalloxazine ring and the flavin ring shifts
11° (Table5)towards theprotein surface.Thismovement oftheisoalloxazine ringbreaks
both interactions between 02 FAD with NLeu299 and ofN3FADwith OVal47 (Table
3b), suggesting that these interactions do not contribute much to the binding energy.A
similar flavin movement has been observed with PHBH and mutant enzymes in the
presence of substrate or substrate analog(s) (Schreuder, 1994; Gatti, 1994; van Berkel,
1994; van Berkel, 1997). There it was argued that flavin mobility is necessary for
substrateentrance,productreleaseandefficient reduction byNADPH.
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Fig 2. Structure of substrate-free PHBH. A) 2F0-FC map, contoured at 2a, of the
active site region with the residues Tyr201, Ser212, Arg214, Tyr222, Tyr385 and the
flavin ring in grey bonds. B) Superposition of the structures of the enzyme-substrate
complex (open bonds), and substrate-free enzyme (grey bonds). The flavin ring in
substrate-free enzyme occupies the "out" position. Both dots are WAT1 (Wat819) and
WAT2 (Wat871). WAT1 is also present in the enzyme-substrate complex, whereas
WAT2isonly present insubstrate-free enzyme.4-hydroxybenzoate(POHB).

Table3a. Atomiccontacts (rf<3.2A)betweenPHBHandsubstrate(analog).

Substrateatom

Enzyme-substrate
complex

enzyme-benzoate
complex

04

(2.6)OHTyr201
(2.9)OPro293
(3.0)OThr294
(2.8)OGSer212
(2.8)NH2Arg214
(2.6) OHTyr222
(3.1)NH2Arg214

(2.7)OGSer212
(2.9)NH2Arg214
(2.6)OHTyr222
(3.0)NH2Arg214

01*
02*

a

enzyme-substratecomplex (Schreuder, 1989).
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Table3b. Atomic contacts (rf<3.2A) between PHBH andtheflavinringof FADin
thedifferent complexes.

FADatom

protein

^nzyme-benzoate
complex
3.1

3.1

N Leu299

3.0

2.9

N Asn300

3.1

3.1

ND2 Asn300

3.1

3.0

O Val47

2.9

3.0

N Gly46

3.1

3.0

N Val47

3.1

Nl

N Leu299

02

OWat216

N3
04

enzyme-benzoate
complex

substrate-free
enzyme

3.1
3.0

a

enzyme-substratecomplex(Schreuder, 1989).

Benzoate Complex.The 2.0 A crystal structure of the enzyme-benzoate complex
indicated only afew butclear differences with the4-hydroxybenzoate complex (Fig.3a).
The absence of the hydroxy group at the 4-position of the substrate analog is the most
obvious change and as aconsequence, the hydrogen bondsbetween the substrate analog
and the residues Tyr201, Pro293 and Thr294 (Table 3a) are lost. In spite of this, the
position of thebenzoate,theflavin andtheactivesiteresidues donotchangewithrespect
tothe structureof theenzyme-substratecomplex (Fig.3a).TheB-factors forbenzoateand
the active site residues are as low as with the enzyme-substrate complex indicating that
thebenzoateistightly fixed. Anotherinterestingfeature, alsoobserved incomplexeswith
4-aminobenzoate analogs (Schreuder, 1994; Gatti, 1996) and substrate-free enzyme, is
thepresence of an extra water molecule (WAT2) nexttoTyr385(Fig.3b;Table 4).Asa
result, a hydrogen bonding network is created which extends from Tyr201 and Tyr385
via WAT2 and WAT1 towards His72 at the protein surface (Schreuder, 1994; Gatti,
1996).ThisWAT2 isfirmly heldinposition sinceitstemperature factor of 18A2for the
BZTcomplex and 28A 2 for substrate-free enzyme,is aslow asthe averageBfactors of
theprotein.
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Table4. H-bond distances involved in the hydrogen-bonding network around
Tyr201 and Tyr385 in different crystal structures of PHBH. Enzyme-substrate
complex (PHBH);enzyme-4-aminobenzoate complex (PAB);enzyme-benzoate complex
(BZT);substrate-free enzyme(HOLO).

Length of hydrogen bond distance (A) for the different complexes
b

Hydrogen bond

aPHBH

O4/N4-OHTyr201

2.7

3.1

-

-

OHTyr201-OHTyr385

2.8

2.9

2.9

3.2

PAB

BZT

HOLO

OH Tyr385-WAT2

-

2.8

2.9

3.0

WAT2-WAT1

-

3.0

2.8

2.7

WAT1-ND1 His72

2.5

2.8

2.7

2.7

a

enzyme-substratecomplex (Schreuder, 1989)

b

enzyme-4-aminobenzoatecomplex(Schreuder, 1994)

Fig 3:Structure ofPHBH incomplex withbenzoate. A)2F0-FComitmap,contoured
at 2a, of the active site region with the same residues as in free enzyme (cf. Fig.2). B)
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Superposition of the structures of the enzyme-substrate complex (open bonds) and the
enzyme-benzoate complex (grey bonds). Like in free enzyme, WAT1 (Watl26) and
WAT2 (Wat237) are present. Benzoate (BZT);4-hydroxybenzoate (POHB).

Dimer interaction and crystal packing analysis. Substrate binding influences the
packing of the enzyme, because substrate-free C222j crystals are very small and crack
easily in ammonium sulfate, whereas in the presence of PEG4000 and 2'-AMP larger and
more rigid P 2 J 2 J 2 J crystals are formed. Nonetheless, it should be noted here that no
electron density was found for the NADPH analog 2'-AMP, it acted only as a stabilizer
during crystal formation. Earlier studies have shown that in the presence of substrate
PHBH is more thermotolerant (van Berkel, 1989), most likely because the bound
substrate reduces the flexibility of the protein by "crosslinking" the FAD binding and
substrate binding domains. Superpositioning of the homodimer of the enzyme-substrate
complex (Scheuder, 1989) in spacegroup C222i onto the substrate-free enzyme in
spacegroup P 2 i 2 i 2 i shows small shifts in some parts of the protein structure. The
residues involved in dimer interaction are highly similar in both the enzyme-substrate
complex and in substrate-free enzyme. Regions not involved in dimer contacts and
situated near the protein surface have their backbone positions slightly shifted by 1-2 A.
The most important change is a4 A shift in the flexible loop region between the (J-sheets
C3 and C4 (residues 142-146) of the FAD-binding domain (Fig.4). This loop region is
involved in crystal contacts in both spacegroups. In summary, the present crystal
structures show that the changes in the protein structure due to the presence or absence of
substrate must be very small.

Fig 4: Superpositioning of substrate-free PHBH with spacegroup P 2 i 2 i 2 i onto the
enzyme-substrate complex with spacegroup Q122\. Ribbon diagram of substrate-free
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enzyme (light) with FAD (in dark), and the enzyme-substrate complex (dark) with FAD
(in light) and substrate (indark).Theloopregionbetween (J-sheetsC3andC4important
for crystalcontacts iswhitecoloredinthesubstrate-free enzyme.
Flavinringconformations. From previous crystal structures of PHBH, it is known
that the flavin ring can adopt two different conformations, "in" or "out" the active site
(Schreuder, 1994; Gatti, 1994; van Berkel, 1994). By superimposing these crystal
structures onto the newly determined crystal structures we observe for substrate-free
enzyme an intermediate position of the flavin ring in between the "in" and "out"
conformation (Fig.5). In order to quantify this, the angle between the N5 (reference
protein) - C3 ribose - N5 (sample protein) atoms of FAD was calculated with the
enzyme-substrate complex as reference protein (Table 5). The C3 ribose of FAD was
choosen, because this isthefirst FAD atomwhich is not significantly shifted in position
whentheflavin movesfrom "in"to"out"andlocated inplanewiththeN5ofFAD.Table
5 shows that the angle increases when the flavin ring shifts towards the "out"
conformation. For substrate-free enzyme (Table 5), an intermediate conformation is
observed, suggesting thatintheabsenceof substratethehighly flexible flavin ringadopts
an intermediate position.

Fig 5: Superpositioning oftheflavinconformers inPHBH.The isoalloxazine ringof
FAD is positioned in three different conformations: A) "in" (black bonds) for the
PHBH/substrate complex, B) "out" (white bonds) for the PHBH/2,4-dihydroxybenzoate
complex,C)"intermediate"(greybonds)for substrate-free PHBH.
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Table 5. Positional differences of the flavin ring in various crystal structures of
PHBH.Anglebetween N5(reference)-C3ribose-N5 (sample)atomsofFAD. Reference
isenzyme-substratecomplex.
Crystal Structure

N5(reference)-C3 ribose-N5(sample)
(deg)

PHBH/4-hydroxybenzoatea
PHBH/3,4-dihydroxybenzoateb

0.4

PHBH/4-aminobenzoateP

0.8

PHBH/2-hydroxy-4-aminobenzoatef

16.8

PHBH/2,4-dihydroxybenzoateP

17.1

PHBH(substrate-free)

11.0

PHBH/4-hydroxybenzoate(+aFAD)

d

Tyr222Ala/2-hydroxy-4-aminobenzoatef
e

Tyr222Phe/4-hydroxybenzoate

15.5
16.9
16.8

a

Schreuder et al., 1989; bSchreuder et al., 1988;cSchreuderet al., 1994;dVan Berkel et
al., 1994;eGattietal.,1994.

Discussion
In thispaper, adetailed analysis of thecrystal structures of PHBH without substrate
and in complex with the non-substrate effector benzoate is presented. Preliminary low
resolution dataof substrate-free PHBHwith and without chloride ionswerepresentedby
Wierenga et al. (1979) and van der Laan et al. (1986). By using PEG4000 as a
precipitant, we obtained crystals of substrate-free enzyme in spacegroup P2]2j2], a
spacegroup which has not been described before for PHBH. This allowed us to collect
diffraction dataatlowtemperaturetoaresolution of2.5A.
During early studies of PHBH from several Pseudomonas species it was noted that
substrate binding greatly stimulates the rate of reduction of protein-bound FAD by
NADPH (Hosokawa, 1966;Yano, 1969b;Howell, 1970;Spector, 1972). At that time it
wassuggested thatsubstratebinding induces alargeprotein conformational change.This
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conclusion was based mainly on differences in absorption, fluorescence and circular
dichroism properties (Yano, 1969a; Hesp, 1969). Moreover, different crystal forms of
PHBH were obtained, in the absence and presence of substrate (Hosokawa, 1966; Yano,
1969a; Schepman, 1976; van der Laan; 1986). Here we found that the crystal structure of
substrate-free enzyme, in a different space group, is almost identical to the structure of
the enzyme-substrate complex, in full agreement with preliminary studies of van der Laan
et al. (1986). The perturbations in spectral properties upon binding of aromatic ligands
(van Berkel, 1989) must therefore be ascribed to local changes in the active site. Large
protein conformational changes are not necessary from a catalytic point of view, since it
has become clear that the isoalloxazine ring is mobile. This mobility allows the substrate
to enter the active site and the product to leave (Schreuder, 1994; Gatti, 1994). In
addition, flavin mobility is necessary for efficient reduction in the presence of substrate
(van Berkel, 1994; Palfey, 1997,1999; Eppink, 1998). The recently determined crystal
structure of the related phenol hydroxylase from Trichosporon cutaneum shows a similar
displacement of the flavin ring, together with a loop movement, presumably with an
identical function as in PHBH (Enroth, 1998).
Since there seems to be no protein conformational change responsible for the effector
role in PHBH, how could the substrate stimulate the rate of reduction by five orders of
magnitude? When comparing the crystal structures of the substrate-free enzyme and the
enzyme-substrate complex, the most important changes are an increased flexibility and
shift of the flavin ring towards the protein surface in substrate-free enzyme. A possible
explanation could be that the increased flexibility of the flavin disturbs the optimal
alignment between the isoalloxazine and nicotinamide rings.
However, there must be another important effect that influences the effector role of
the substrate, since the substrate analogs 4-aminobenzoate, 2-hydroxy-4-aminobenzoate
(Schreuder, 1994) and benzoate (this study) keep the flavin ring "in" while hardly
stimulating the reduction rate. Interestingly, none of these benzoate derivatives bears a
hydroxyl moiety (substituent) at the 4-position and in all crystal structures of PHBH with
poor effectors an extra water molecule (WAT2) is present next to Tyr385 (Schreuder,
1994; Lah, 1994; Gatti, 1996). It has been suggested that this extra water molecule is
transiently available in the enzyme-substrate complex and necessary for (de)protonation
of the 4-hydroxy group of the substrate by forming a proton channel between the active
site residues Tyr201 and Tyr385 via the water molecules WAT2 and WAT1 and His72 at
the surface of the protein (Schreuder, 1994; Gatti, 1994). After transfer of a proton from
the substrate phenol via this "proton wire", the hydrogen bond direction changes and
WAT2 is no longer stabilized and lost. It might be that disruption of this "proton wire"
somehow influences the hydride transfer between NADPH and the flavin ring by causing
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subtle changes inornear theactivesite.Kinetic studiesof mutant His72Asn showed that
deprotonation of substrate is required for a rapid flavin reduction by NADPH (Palfey,
1999),and indicated thattheflavin ringmustmovetothe "out"conformation inorderto
react (Palfey, 1999).Inlinewiththis,thefailure oftheactivesitemutantsTyr201Pheand
Tyr385Phe to stabilize the phenolate form of the substrate could explain the slow
reduction of both mutants (Entsch, 1991;Eschrich, 1993).Palfey et al. (1999) concluded
that with nonionizable ligands or proton-transfer mutants the phenolate and phenolic
forms ofthesubstrate areunabletoequilibraterapidly.However,caution should betaken
with theseconclusions,becauserapidreduction studiesoftheslowlyreducing Tyr385Phe
mutant were performed at high (non-physiological) pH and mutant Tyr201Phe was
omittedfrom theexperiments(Palfey, 1999).
Substrates with a 4-hydroxy group make hydrogen bonds with the side chain of
Tyr201 and with the backbone oxygen of Pro293 (Table 3a). Pro293 belongs to the
conserved active site loop at the re-side of the flavin ring (Eppink, 1997). Since the
nicotinamide ringbindsatthe re-side(Manstein, 1986),onecanenvision that achangein
hydrogen bonding interactions in this region might cause an non-optimal alignment of
nicotinamide and isoalloxazine ring,thereby preventing efficient hydride transfer. In this
respect it isinteresting tonotethatinthefree enzyme,thesidechainofPro293bends20°
over its CP and Cyatoms, and that in the enzyme-substrate complex at pH 9.5 (Gatti,
1996) the peptide backbone comprising residues 293 to 296 adopts two conformations.
These findings support an earlier proposal (Entsch, 1991;Eschrich, 1993) that substrate
deprotonation plays some role in NADPH recognition. However, a clear correlation
between the rate of reduction, flavin movement and internal proton transport remains to
beelucidated.
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Summary

Biochemistry is the science that studies the chemistry of life. This 'biological' chemistry
includes growth, differentiation, movement, conductivity, immunity, transport and storage.
Duringthese processes proteins play an important role. Thebuilding blocks of proteins are
aminoacids,ofwhichtwentyareknown.Withthesebuildingblocksathandit is possible to
construct numerous proteins with many specific functions. A protein is not an elongated
chain of amino acid residues but a compact very well defined three-dimensional structure.
Two basic substructures areknown in aprotein, acylindrical cc-helix and an elongated $strand (Fig.la). Anumber of these oc-helices and/or P-strands connected by loop regions
form aprotein domain (Fig.lb) and aprotein is built up of one or more domains (Fig.lc).
Furthermore, proteins can contain certain motifs (folds), structural conserved patterns. A
largegroupofproteinswithsimilarfunction and/orstructurearecalledaprotein family.

a-helix
P-strand
Fig.la: a-helix +P-strand

Fig.lb:proteindomain

Fig.lc:protein

Aspecialgroupofproteins,calledenzymesorbiocatalysts, are ableto increase the rate of a
chemical reaction by lowering the activation energy of that reaction. Enzymes are highly
specific,becausetheyinfluence thereactivity ofthesubstrateinsuchaway that the substrate
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is quickly and efficiently converted into aproduct. Moreover, flexible/dynamic movements
in enzymes may play an important role during catalysis, because enzymes are not always
rigidbodies.Tocontrol the reaction, enzymes often need cofactors. Some examples arethe
already mentioned dinucleotides NAD(P)H and FAD, that play a role in electron transfer
(redox) reactions. Generally speaking, these cofactors bind very specific to a protein. A
well-known binding motif for NAD(P)H and FAD in different enzyme families is the
Rossmann fold (Chapter 1),discoveredbyMichaelRossmann in 1974.
TheNAD(P)H cofactor binds tothe enzyme, electron transfer takes place and finally, the
oxidizedcofactor is released. In some proteins, the mode of NADPH binding is unknown.
One example is p-hydroxybenzoate hydroxylase (PHBH), a flavoprotein monooxygenase
thatbelongstothefamily ofFAD-dependent aromatichydroxylases.

FAD-dependent Aromatic Hydroxylases
FAD-dependent aromatic hydroxylases play a role in the biodegradation of aromatic
compounds. In nature, these compounds occur in plant polymers (lignin) as well as in
proteins,steroidsandterpenes.Duringthiscentury,thenatural pool of aromatic compounds
has been extended with products of industrial origin. Many of these synthetic compounds
(pesticides,herbicides,fungicides and detergents) place aheavy burden on the environment
andaccumulateinsoilandsludge.MicrobialFAD-dependent aromatic hydroxylases catalyze
theconversion of natural and synthetic aromatic substrates into products that can be further
degraded tocarbon dioxide and water. Recently, it was found that these enzymes are also
involved in the biosynthesis of steroids, plant hormones and antibiotics. PHBH is the
archetype (prototype) of the family of FAD-dependent aromatic hydroxylases. In
Wageningen, research on PHBH and related enzymes is embedded in the Wageningen
GraduateSchoolofEnvironmentalChemistry &Toxicology.

p-Hydroxybenzoate Hydroxylase
p-Hydroxybenzoate hydroxylase is isolated from the soil bacterium Pseudomonas
fluorescens. This microbe can grow on 4-hydroxybenzoate (POHB) and other aromatic
compounds as sole carbon source. PHBH catalyzes the conversion of POHB into
3,4-dihydroxybenzoate (DOHB)in the presence of NADPH and molecular oxygen (Fig.2).
DOHB is a common intermediate in the aerobic degradation of plant material. After ring
cleavage of DOHB and further degradation, the final products acetyl coenzyme A and
succinatearefed intothecitricacidcycletoprovideenergyforthecell.
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cocr
| + NADPH + H + + 0 2

Fig.2OverallreactionofPHBH
p-Hydroxybenzoate hydroxylase has been subject to detailed kinetic and structural studies.
Thethree-dimensional structureofPHBHisbuiltupof three domains (Chapter 1). The first
domain is the FAD-binding domain with the specific Rossmann fold for binding the ADP
part of FAD. The second domain is the substrate-binding domain and the third domain
(interface domain) is important for the interaction with another PHBH subunit, because
PHBHexists asadimer.

The structure of theenzyme-substrate complex is known in atomic detail. Recently, it was
found that the flavin ring is able to move between an "open" and "closed" conformation.
This flavin mobility is important for substrate binding and product release. However,
unknown is the NADPH-binding site and where the reaction between NADPH and FAD
takesplace.Relatedquestionsare:
Whichaminoacidsplayaroleincofactorbinding?
Isthereaparticularsequencemotifforcofactorbinding?
Whichaminoacidsareresponsibleforthecoenzymespecificity andinvolvedin
bindingofthe2'-phosphate moietyofNADPH?
Anotherveryimportantquestionconcernstheeffector roleofthe substrate. Upon binding of
the aromatic substrate the flow of electrons from NADPH to FAD is 10^ times enhanced.
However, the molecular principles of this control arepoorly understood. In this thesis we
havetriedtoshedmorelightonthecoenzymerecognition byPHBH.
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Flavin ring mobility
In Chapter 2 the FAD in PHBH is substituted by a modified FAD, normally present in
alcohol oxidase from methylotrophic yeasts. The crystal structure of p-hydroxybenzoate
hydroxylase with this flavin analog not only represents the first crystal structure of an
enzyme reconstituted with a modified flavin, but also provides direct evidence for the
presence of an arabityl sugar chain in the modified form of FAD. The reconstituted
enzyme-substrate complex shows thatthe flavin ring attains the "open" conformation. In the
native enzyme-substrate complex theflavin ring islocated in the "closed" conformation. The
rate of flavin reduction by NADPH is much more rapid as compared to the native
enzyme-substrate complex, suggesting that the mobility of the flavin ring is essential for the
efficient reduction of theenzyme/substrate complex.

Amino acids involved in NADPH binding
To investigate the mode of NADPH binding, several amino acid residues were replaced by
site-directed mutagenesis.The amino acids were selected on the basis of earlier results from
chemical modification, crystallographic and modeling studies. Chapters 3, 4, 6 and 8
describe the properties of single mutants.It is concluded that Arg33, Gln34, Tyr38, Arg42,
Arg44, His162and Arg269 are involved in NADPH binding. Figure 3 shows the location of
these amino acid residues in the PHBH structure.

Fig.3: PHBH with the important residues for NADPH binding
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Structural motif for NADPH binding
PHBH contains twoconserved sequence motifs,both involved inFAD binding. Chapter 5
describes a new unique sequence motif for the family of FAD-dependent aromatic
hydroxylases, putatively involved in both FAD and NAD(P)H binding. From the recently
determined crystal structure of phenol hydroxylase it is deduced that this sequence motif is
also structurally conserved. Chapter 6 and 7 show that only His162 of this novel motif is
directly important for thebinding of NADPH.

Coenzyme specificity
Chapter 8 describes the cloning, purification and characterization of PHBH from
Pseudomonas species CBS3. This is the first PHBH enzyme with known sequence that is
active with NADH. Based on sequence analysis and homology modelling it is proposed that
the helix H2 region is important for the binding of the 2'-phosphate moiety of NADPH. In
Chapter 9, the coenzyme specificity of PHBH from Pseudomonas fluorescens was
addressed in further detail.Multiple replacements in helix H2 showed that Arg33 and Tyr38
are crucially involved in determining the coenzyme specificity. For the first time, a PHBH
enzyme wasconstructed, which ismore efficient with NADH.

Effector specificity
Substrate binding is essential for a rapid reduction of FAD. This allows the subsequent
attack of oxygen and the formation of the flavinhydroperoxide hydroxylating species. The
question arises whether the stimulating effect of substrate binding on flavin reduction is
caused by alargeconformational change ormerely due to subtle rearrangements in the active
site. Chapter 10 describes the crystal structure of the substrate-free enzyme. This study
shows that no largeconformational changes take place upon substrate (analog) binding. The
stimulating role of POHB is probably caused by several subtle effects. Stabilisation of the
phenolate form of the substrate results in distribution of the electronic charges in the active
site. These charge distributions influence the dynamic equilibrium between the "open" and
"closed" conformation of FAD in such a way that the nicotinamide ring of NADPH and the
isoalloxazine ring ofFAD become optimally oriented for efficient reduction.
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Biochemie is de wetenschap die zich bezighoudt met de chemie van het leven. Hieronder
verstaat men de verschillende processen zoals groei, differentiatie, geleiding, beweging,
immuniteit, transport en opslag diezich afspelen ineen levend wezen. Eiwitten spelen hierbij
een belangrijke rol.Debouwstenen van eiwitten zijn aminozuren waarvan er in totaal twintig
zijn. Door deze aminozuren in allerlei combinaties aaneen te rijgen kunnen zeer veel
verschillende eiwitten worden gemaakt. Elk eiwit heeft vaak zijn eigen specifieke taak. Een
eiwit isnieteen langgerekte keten,maar isvaak opgevouwen tot een zeer goed gedefinieerde
drie-dimensionale structuur. In deze eiwitstructuur komen twee substructuren voor, een
cylindervormige oc-helixen eenmeervlakke P-strand (Fig.la).Een aantal van deze a-helices
en/of P-sheets tesamen, verbonden via loop structuren, vormen een domein (Fig.lb), en
meestalbestaatheteiwituitmeerdere domeinen (Fig.lc). Veelal kunnen eiwitten ook een of
meerdere structurele motieven (folds) bevatten. Dit zijn geconserveerde vouwingspatronen
die in verschillende eiwitten voorkomen en vaak een vergelijkbare functie hebben. Wanneer
er sprake is van een grote groep eiwitten met een zelfde soort functie en/of structuur, dan
spreken we van een eiwitfamilie.

a-helix
P-strand

Fig.la: a-helix + P-strand

Fig.lb: protein domain

Fig.lc: protein

Een speciale klasse van eiwitten zijn de enzymen. Dit zijn biokatalysatoren, eiwitten die
chemische readies kunnen versnellen. Enzymen zijn over het algemeen zeer specifiek, en
hebben het vermogen om de reaktiviteit van het substraat (de stof die veranderd moet
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worden) zodanig tebei'nvloeden dat het substraat snel en efficient omgezet kan worden tot
eenbepaaldprodukt.Flexibele/dynamischebewegingen inenzymenkunnenhierbij een grote
rolspelen,daarenzymennietaltijd rigide structuren zijn. Vaak hebben enzymen hulpstoffen
(cofactoren) nodig om de reaktie goed te laten verlopen. Voorbeelden van deze hulpstoffen
zijn deindeinleidinggenoemdedinucleotidenNAD(P)HenFADdie vaak een rol spelen bij
readies waarbij electronen worden overgedragen (redox reacties). Deze cofactoren binden
nietwillekeurigaanheteiwitmaarvaakheelspecifiek. Eenzeer bekend en veel voorkomend
motief dat in verschillende enzymfamilies bij de binding van zowel FAD als NAD(P)H
betrokken is, is de Rossmann fold (Hoofdstuk 1); genoemd naar zijn ontdekker Michael
Rossmann in 1974.
NAD(P)Hiseenco-enzym,eenstofdiebij eenenzym slechts even op bezoek komtom z'n
werktedoen.NAD(P)HbindtvaakviaeenRossmannfold, maarineenaantalgevallen isde
manier van binding niet bekend. Ditkomt o.a. doordat het NADPH bij deze enzymen een
bliksembezoek aflegt. Een voorbeeld hiervan is het in dit proefschrift beschreven
p-hydroxybenzoaat hydroxylase (PHBH), een enzym dat behoort tot de familie van FADafhankelijke aromatischehydroxylasen.

FAD-afhankelijke Aromatische Hydroxylasen
FAD-afhankelijke aromatische hydroxylasen zijn enzymen diebetrokken zijn bij de afbraak
van aromatische verbindingen. Deze verbindingen komen in de natuur voor in plant
polymeren (lignine) alsook in eiwitten, steroi'den en terpenen. Verder zijn er de laatste
tientallen jaren veel synthethische aromatische verbindingen in bodem en water
terechtgekomen, o.a. via bestrijdingsmiddelen en afwasmiddelen. Deze synthetische
(gehalogeneerde) verbindingen belasten in hoge mate het milieu. FAD-afhankelijk
aromatische hydroxylasen zijn in staat om zowel natuurlijke als synthetische aromatische
substraten om te zetten in een produkt dat verder kan worden verwerkt in een specifieke
afbraakroute tot koolstofdioxide en water. Daarnaast zijn er ook FAD-afhankelijke
aromatischehydroxylasenbekend die betrokken zijn bij de biosynthese van steroi'den, plant
hormonenenantibiotica.
OmdatPHBH model staat voor veleFAD-afhankelijke aromatische hydroxylasen, is het in
dit proefschrift beschreven werk uitgevoerd binnen de Wageningse onderzoeksschool
Milieuchemie&Toxicologie.
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p-Hydroxybenzoaat Hydroxylase
p-Hydroxybenzoaat hydroxylase (PHBH) is een enzym, gei'soleerd uit de bodembacterie
Pseudomonas fluorescens. Deze bacterie is in staat om 4-hydroxybenzoaat (POHB) en
andere aromaten te gebruiken als enige koolstofbron. PHBH katalyseert de omzetting van
POHB in 3,4-dihydroxybenzoaat (DOHB) in aanwezigheid van NADPH en zuurstof
(Fig.2). DOHB is een belangrijk intermediair in de aerobe afbraak van aromatisch
plantenmateriaal. Via het openbreken van de aromatische ring van DOHB ontstaan
uiteindelijk acetylcoenzym A en succinaat die in de citroenzuurcyclus gebruikt worden voor
de essentiele energievoorziening van deeel.

COO"
I + NADPH + H+ + 02

coo
-

Fig.2 De PHBH reactie
p-Hydroxybenzoaat hydroxylase is uitvoerig bestudeerd qua functie en structuur. De driedimensionale structuur van PHBH is opgebouwd uit 3 domeinen (Hoofdstuk 1). Het eerste
domein is het FAD-bindend domein met de specifieke Rossmann fold voor de binding van
FAD. Het tweede domein ishet substraat-bindend domein dat zorgt voor de specificiteit van
het enzym. Tenslotte is er nog een domein (interface domein) dat van belang is voor de
interactie meteen tweede PHBH enzym molecuul, omdatPHBH als dimeer voorkomt.

De structuur van het enzym-substraat complex is bekend, en verder is ook gevonden dat de
flavine ring in het eiwit kan bewegen tussen een "open" en "gesloten" conformatie. Deze
mobiliteit van deflavine ring isniet alleen van belang voordebinding van het substraat maar
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ookvoorhetvertrekken vanhetprodukt.Onbekend is echter hoe NADPH bindt en waarde
reaktievanNADPHmetFADplaatsvindt.Vragenhieraangerelateerdzijn o.a.:
Welkeaminozuren speleneenrolbijdebindingvandecofactor?
Isereenstructuredmotiefvoorcofactorbinding?
Welkeaminozurenzijn verantwoordelijk voordeco-enzymspecificiteit enbetrokken
bijdebindingvande2'-fosfaatgroep vanNADPH?
Een ander belangrijk aspect in relatie tot de NADPH binding betreft de effector rol van het
substraat. In aanwezigheid van het substraat wordt de electronenoverdracht van NADPH
naar FAD een factor 1(P versneld, echter niet duidelijk is hoe dit precies gebeurt. Het
vermoedenbestaatdatdemobiliteitvandeflavinering eenbelangrijkerolspeeltin ditproces.
Inditproefschrift isgetrachtmeerinzichtindezevraagstukkente verkrijgen.

Mobiliteit flavinering
Inhoofdstuk 2ishet FAD inPHBHvervangen door een FADanaloog (arabino-FAD)dat
normaalgesproken voorkomtinhetenzymalcoholoxidaseuitgist.Gevonden werddatin de
kristalstructuurvanhetgereconstitueerdeenzym-substraatcomplexde flavine ring zich inde
"open"conformatiebevindt.In hetnatieve enzym-substraat complex bevindt deflavine zich
inde"gesloten"positie.Omdatdeelectronen overdracht van NADPH naar het arabino-FAD
sneller verloopt dan in het natieve enzym-substraat complex suggereert dit dat de mobiliteit
van de flavinering van belang is voor een efficiente reductie van het enzym-substraat
complex.

Aminozuren betrokken bij NADPH binding
Omhetbindingsgebied vanNADPHinheteiwit telocaliseren zijn verschillende aminozuren
vervangen viaplaatsgerichtemutagenese.Opbasisvaneerderechemische modificatie, X-ray
kristallografische en modeling studies zijn daartoe bepaalde aminozuren geselecteerd. In
hoofdstuk 3, 4, 6 en 8 worden de gevolgen van een serie enkelvoudige mutaties
beschreven.De structurele en functionele eigenschappen van de mutant enzymen geven aan
datArg33,Tyr38,Arg42,Arg44,His162enArg269betrokken zijnbijde NADPH binding.
Figuur3laatzienwaardezeaminozurenzijn gelokaliseerd.

159

Samenvatting

Fig.3: PHBH met debelangrijke aminozuren voorNADPH binding

Structured motief NADPH binding
PHBH bevat twee geconserveerde sequentiemotieven diebetrokken zijn bij de FAD binding,
maar over de verwantschap van NADPH binding in dit soort enzymen is niets bekend.
Omdat er de laatste jaren veel nieuwe genen zijn ontdekt, werd besloten een zoektocht te
verrichten in de verschillende eiwitsequentie databanken. Hoofdstuk 5 laat zien dat PHBH
tot een nieuwe superfamilie van flavoproteinen behoort. Bovendien werd een nieuw uniek
sequentiemotief

voor FAD-afhankelijke

aromatische hydroxylasen

gevonden

dat

waarschijnlijk zowel een functie vervult in FAD als in NAD(P)H binding. Uit de recentelijk
opgehelderde kristalstructuur van fenol hydroxylase blijkt dat dit sequentiemotief structured
bewaard isgebleven. Verder isin hoofdstuk 6 en 7 aangetoond dat alleen His162 van dit
motief direct betrokken isbij debinding van NADPH.

Co-enzym-specificiteit
In hoofdstuk 8 wordt de klonering, zuivering en karakterisering beschreven van PHBH uit
Pseudomonas species CBS3.Dit is het eerste PHBH enzym met bekende sequentie dat ook
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actief is metNADH. Op basis van sequentie vergelijkingen en het bouwen van een eiwit
homologiemodelblijktdathetgebiedrondhelixH2belangrijk isvoorde binding van de 2'fosfaat groep in NADPH. Dezegegevens zijn inhoofdstuk 9 gebruikt om de co-enzymspecificiteit van PHBH uit Pseudomonasfluorescenste veranderen. Uit deze studies kan
geconcludeerd worden dat Arg33 en Tyr38 het meest belangrijk zijn voor de co-enzymspecificiteit.

Effector-specificiteit
Substraatbindingis essentieel voor een snelle reductie van hetehzymwaardoor reaktiemet
zuurstof mogelijk wordt. Devraag is of de stimulerende rol van het substraat veroorzaakt
wordtdoorgroteconformationeleveranderingenofalleen door subtiele veranderingen inhet
actievecentrum.
In hoofdstuk 10 is de kristalstructuur van het enzym zonder substraat opgehelderd. Deze
studie laat zien dat er geen grote conformatieveranderingen plaatsvinden bij substraat
binding. Destimulerende werking van het substraat wordt waarschijnlijk veroorzaakt door
eencombinatievaneenaantal subtiele effecten. Stabilisering van de phenolaat vorm van het
substraat resulteert in ladingsverschuivingen in het actieve centrum. Hierdoor wordt het
evenwicht tussen de "open" en "gesloten" vorm van het FAD zodanig beinvloed dat de
nicotinamide ring van hetNADPH en de isoalloxazine ring van het FAD optimaal worden
gepositioneerd voorefficiente electronenoverdracht.
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