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Stellingen

De conclusie dat Argd2 in para-hydroxybenzoate hydroxylase
essentieel is voor de binding van FAD wordt door studies, beschreven
in hoofdstuk 4 van dit proefschrift, weerlegd.

DiMarco, A.A ., Averhoff, BA., Kim, BE.E. and Omston, LN. 1993, Gene 125, 25-33

Mutagenese en modelling studies in dit proefschrift laten zien dat het
gepostuleerde model voor het enzym/substraat/NADPH complex van
para-hydroxybenzoate hydroxylase in Chaiyen et al., niet is gebaseerd

op realistische gegevens.
Chaiyen, P, Ballou, D.P. and Massey, V. 1997. Proc. Narl. Acad. Sci. USA 94, 7233-7238.

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

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

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

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

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

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

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

Machtig op koers laat zien dat goed fundamenteel onderzock steeds
minder kans krijgt.
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CHAPTER 1

General Introduction

1.1. Nucleotides

This thesis deals with the way NADPH is bound and recognized by the FAD-
containing enzyme p-hydroxybenzoate hydroxylase.

NADPH and FAD are dinucleotides, which are important compounds for the energy
exchange in cellular metabolism (Fig.1). NADPH is a source of reducing equivalents and
functions mostly as a coenzyme in different enzyme families, while FAD is an important
prosthetic group in flavoenzymes.

In many enzymes, FAD and NAD(P}H are recognized by a common dinucleotide
binding fold {Rossmann et al., 1974). However, other binding modes for FAD and
NAD(P)H exist (Mathews, 1991; Lesk, 1995; Bellamacina, 1996, Enroth, 1998b).

. «tf; ey m
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| v 3 OH OH
Hy 5 NH
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Fig. 1: Structures of FAD and NAD(P)YH
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The enzyme of interest in this PhD thesis, p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens, has a unknown binding mode for NADPH. Before discussing
the general properties of p-hydroxybenzoate hydroxylase, first an overview will be given of
known NAD(P) binding folds.

1.2. NAD(P) bhinding proteins
1.2.1. Classification

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

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

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

Fig, 2: NAD(P) binding motif (Socfod fold).

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

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

The loop between the first B-sheet and the first o-helix of the Rossmann fold

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

Fig. 4: Schematic diagram of the fl—oA-2 moiety of the Rossmann fold with the
GXGXXG fingerprint sequence.
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1.2.3. Other NAD(P) binding folds

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

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

figures below.

1) TIM(cigPg)-barrel: In this fold the nicotinamide moiety is centered in the deep part of the
active-site cavity, whereas the adenosine-2'-monophosphate is wedged in a shallow
depression outside the B-barrel, between a couple of B-strands and o-helices. The presence
of a large hydrophobic core in this type of structure allows the binding and reduction of a
diverse and overlapping range of carbonyl substrates {(e.g., monosaccharides, steroids,
prostaglandin, aliphatic aldehydes, and xenobiotic compounds).

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

2) Flavodoxin-like: The binding site for NADP involves residues of the same subunit that
binds FAD and residues from the other subunit of the dimer. Similar to other nucleotide
binding proteins two glycines facilitate proximity of the main chain and cofactor. The only
example with known structure, NAD(P)H:quinone reductase, involved in cancer
chemoprotection and chemotherapy, catalyzes the reduction of different quinone derivatives.
(Only structure with the NADP analog Cibacron blue is present in the PDB).
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Fig. SB: Stercoview of NAIDYP)H:quinone reductase + FAD + Cibacron blue (Li et al.,
1995).

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

Fig. 5C: Stercoview of ferredoxin: NADP™ oxidoreductase + FAD + NADP (Karplus et
al., 1991; Serre et al., 1996).

4) FAD/NAD(P)-binding domain: A central parallel (3-sheet region of 5 strands is on one
side covered by or-helices, almost similar to the Rossmann fold and the nucleotide binding
domain fold. Enzymes of this class belong to the pyridine nucleotide-disulfide
oxidoreductase family having similar folds for FAD and NAD(P) binding. Most of the
enzymes catalyze the electron transfer between NAD(P)H and a disulfide/dithiol.
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Fig. SD: Stereoview of glutathione reductase + FAD + NADPH (Pai et al., 1988).

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

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

6} Aldehyde reductase (class III enzyme): This newly defined motif contains five f-strands
connected by four o-helices and differs from the Rossmann fold by the absence of the
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GXGXXG fingerprint sequence. Furthermore, the pyrophosphate moiety of NADH does
not seem to interact specifically with a helix dipole. The only example with known structure
is aldehyde dehydrogenase, which is a widely distributed enzyme important for the
detoxification of aldehydes.

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

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

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

8) Isocitrate & isopropylmalate dehydrogenases: The NAD(P) is located at the entrance of a
large cleft between the small and large domain. The adenosine-ribose moiety binds in the
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interdomain cleft and is associated with two strands of the antiparalle] B-sheet, which links
both domains. Both enzymes belong to a unique class of metal-dependent decarboxylating
dehydrogenases with varying substrate and cofactor specificities. The bifunctional enzymes
catalyze two consecutive reactions, dehydrogenation and decarboxylation of 2-hydroxy
acids.

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

9) Heme-linked catalases: The NADPH molecule is situated in a shallow pocket at the
junction of an o-helix- and an B-sheet-region. Interesting to note is that NADPH is folded

into a right handed helix and that its function is still not clear. Heme-linked catalases are
mostly homotetramers (Gouet et al., 1995) and decompose hydrogen peroxide into water

and molecular oxygen.

Fig. 5I: Stercoview of catalase + NADPH + heme (Gouet et al., 1995).

10
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10) Ferredoxin-like: The NAD molecule binds in an extended conformation to an unusual
type of dinucleotide-binding domain containing an interdigitated four-stranded antiparallel
B-sheet with right-handed crossover helices on one side of the sheet. Like the Rossmann
fold enzymes, the pyrophosphate of NAD is stabilized by a positive dipole at the N-
terminus of an ¢-helix, The only example, HMGCoA-reductase, is involved in cholesterol
biosynthesis, and requires two molecules of NADPH for the reduction of HMG-CoA to
mevalonate (Lawrence et al., 1995; structure not submitted to PDB).

There are also three different protein folds known, which bind NAD(P), where the
enzyme uses NAD(P) as a substrate (analog) or inhibitor:
1) ADP-ribosyiation: The substrate NAD binds to a prominent cleft on the front face of the
catalytic domain from diphtheria toxin. The conformation of the substrate differs
substantially from the extended conformation found in most other NAD{P) binding
proteins. Under physiological conditions diphtheria toxin catalyzes the transfer of an ADP-
ribose group from NAD to a specific diphthamide (posttranslationally modified histidine)
residue of elongation factor-2 to disrupt protein synthesis in marnmalian cells resulting in
cell death.

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

2) Ribosome-inactivating proteins: The adenosine moiety of the substrate analog NADPH is
located in an interdomain cleft, whereas the nicotinamide moiety extends into the solvent
and interacts with the surface of an adjacent molecule. The crystal structure of trichosanthin
with bound cofactor is the only known structure where the large NADPH molecule binds in
the reversed mode. Ribosome-inactivating proteins are RNA N-glycosidases inactivating

especially ribosomes.

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

3) B-Glucosyltransferase & glycogen phosphorylase: NAID acts as an inhibitor and binds to
both the allosteric effector site (N), located at the subunit interface, and the nucleotide
inhibitor site (I), situated at the entrance of the active site, in a highly folded conformation
similarly as observed in catalase. NAD inhibits the AMP activation of glycogen
phosphorylase b, which is the key enzyme in the first step of glycogen degradation. (Only
structure with the NAD analog AMP available in the PDB)

Fig. 5L: Stereoview of phosphorylase b + AMP (Stura et al.,, 1983).
Finally, it should be mentioned that there are also enzymes that use NAD(P) as a

prosthetic group (Ph.D). Thesis Hektor, 1998). In these enzymes, the NAD{P) molecule can
only be released under denaturing conditions. For these so-called nicotinoproteins only the
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structures of UDP-galactose-4-epimerase (Thoden et al., 1996) and glicose/fructose
oxidoreductase (Kingston et al., 1997) are known. Both these enzymes belong to the «/[3
class containing a NAD(P)-binding Rossmann-fold (Table 1).

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

1.3. Flavoenzymes

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

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

1.3.1. NAD(P) dependent flavoproteins

All flavoproteins with known NAD(P) binding site belong to the o/p class (Table
1). The enzymes of the disulfide oxidoreductase family (Williams, 1991) contain two Pofi-
motifs for NAD(P) and FAD binding. The archetype of this class is glutathione reductase
(Karplus & Schulz, 1991). Glutathione reductase contains four domains: a FAD- and a
NADP-binding domain (both Bof-topology), a central domain and an interface domain.
The other flavoenzymes listed in Table | have different binding modes for the flavin
cofactor (see also Mathews, 1991).

13




Chapter 1

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 thermophilus (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 Psewdomonas fluorescens, the crystal structure
without pyridine nucleotide cofactor is already known for almost 20 years (Wierenga et al.,
1979; Schreuder ct al., 1989),

UDP-N-aceiylenolpyruvylglucosamine reductase (MutB) is a o+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 p-cresol
methylhydroxylase (PCMH) (Mathews et al., 1992) and vanillyl alcohol oxidase (VAQ)
(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 VAQ do not use dinucleotides as electron donor/acceptor (Fraaije & van Berkel, 1997).

NADH-oxidase and flavin reductase P are o+ proteins and belong to a novel
structural NADH oxidasefflavine 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 o/f protein which consists
of 3 domains: a FAD binding domain, a substrate binding domain and an interface domain,
The FAD binding domain contains a Rossmann fold with Baf-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 demain) and a substrate binding domain.
According to this structural classification, PHBH belongs to the same family as the NAD(P)
independent flavoenzymes cholesterol oxidase (Vrielink et al., 1991), D-amino acid oxidase
(Mattevi et al., 1996; Mizutani et al., 1996) and glucose oxidase (Hecht et al., 1993),
Recently, the crystal structure of phenol hydroxylase, another flavoprotein monooxygenase
was solved (Enroth, 1998a). However, as for PHBH, no binding site for NADPH was
recognized in this enzyme sofar.
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1.4. External flavoprotein monooxygenases

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

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

2) Monooxygenases (e.g. mammalian (microsomal) flavin-containing monooxygenase,
cyclohexanone monooxygenase). Scheme 1B (Beauty & Ballou, 1981; Ryerson et al,,
1982).

The main difference in reaction sequence between both subclasses is that the aromatic

hydroxylases release NAD{P) prior to oxygen attack.

A
S NAD(P)M
NAD(P)* DO SOH, Ho0
E . 1 E
ESNAD(P)H—= EH,SNAD(P) ST ———
OOH OH
NAD(PH S
B
NADPH 0, s SOH H,0 NADP*
: ! S P,
ENADPH ENADP* /EINADP+ ENADP* ENADP*
ooH M som OH

Scheme 1: Reaction pathways of external flavoprotein monooxygenases.

Two fingerprint motifs (Pop-folds) are present in the monooxygenases both for
FAD and NADP binding (Chen et al., 1988; Altenschrnidt et al., 1992; Kubo et al., 1997,
Stehr et al., 1998). In contrast, only one BafB-fold for FAD binding is present in aromatic
hydroxylases (Wierenga et al., 1983; 1986). The presence of two Paf-folds in the
monooxygenases could explain why in these enzymes the NADP remains bound during the
entire reaction cycle (van Berkel, 1989).
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1.5. p-Hydroxybenzoate hydroxylase

1.5.1. Biological function

p-Hydroxybenzoate hydroxylase (PHBH) catalyzes the conversion of
p-hydroxybenzoate into 3,4-dihydroxybenzoate (protocatechuate) in the presence of
NADPH and molecular oxygen (van Berkel & Miiller, 1991; Entsch & van Berkel, 1995;
van Berkel et al., 1997):

Coor coO”

+ NADP* + H20
OH

+ NADPH + H* + O;

OH OH

PHBH is responsible for channeling p-hydroxybenzoate via protocatechuate into the
B-ketoadipate pathway of aromatic degradation (Ornston & Stanier, 1964; Stanier &
Ornston, 1973; Harwood & Parales, 1996). p-Hydroxybenzoate is a common intermediate
in the degradation of lignin and other plant compounds and this probably explains why
PHBH is found extensively in soil organisms. Table 2 summarizes the purified
p-hydroxybenzoate hydroxylases from different strains. The homodimeric enzymes of 88
kDa from Pseudomonas fluorescens and from Pseudomonas aeruginosa have been studied
in detail (Entsch & van Berkel, 1995). Both enzymes can be treated interchangeably,
because they differ in only two amino acids and do not have significant different catalytic

properties.
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Table 2. Characteristics of FAD-dependent 4-hydroxybenzoate hydroxylases. 3-PHBH:
4-hydroxybenzoate 3-hydroxylase; 1-PHBH: 4-hydroxybenzoate 1-hydroxylasc.

Enzyme Gene Mass (kDa) Source Cofactor  Reference
3-PHBH + 88 P. fluorescens NADPH {Weijer, 1983)
dimer {van Berkel, 1992}
+ 88 P. aeruginosa NADPH {Entsch, 1988)
dimer
83 P. putida NADPH {Hosokawa, 1969)
dimer
88 P. desmolytica NADFH {Yano, 1969)
dimer
47 C. cyclohexanicum NAD{P)H (Fujii, 1985)
monomer
+ 83 A. calcoaceticus NADPH {Dimarco, 1993)
dimer
+ 88 P. fluorescens NADPH {Shuman, 1993)
dimer (isozyme)
+ 88 R. leguminosarum MNF300  NADPH {Wong, 1994)
dimer
+ 28 R. Legominosarum B155 NADPH {(Wong, 1994)
dimer
+ 88 Pseudomonas sp. CBS3 NAD(PYH {8eibold, 1996)
dimer
83 Moraxella sp. GU) NADXPYH (Sterjiades, 1993)
dimer
920 R. erythropolis 81 NADH (Suemori, 1993; 1996)
dimer
1-PHBH 50 C. parapsilosis NADH (van Berkel, 1994a)
monomer (Eppink, 1997}
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Recently, a novel p-hydroxybenzoate hydroxylase has been described, that catalyzes
the FAD-dependent oxidative decarboxylation of p-hydroxybenzoate to 1,4-
dihydroxybenzene (hydroquinone} in the yeast Candida parapsilosis (van Berkel, 1994a;
Eppink, 1997). In yeast, catabolism of 4-hydroxybenzoate mostly proceeds through a
modified B-ketoadipate pathway with 1,2,4-trihydroxybenzene (hydroxyhydroquinone) as
ring-cleavage substrate (Anderson, 1980; Suzuki, 1986; Middelhoven, 1993; Wright, 1993;
van Berkel, 1997).

oo oo
OH
OH OH
(1) p-hydroxybenzoate;
(2) hydroquinone;
(3) protocatechuate;
(4) hydroxyhydroquinone;
OH OH
—_—
OH
OH CH

Scheme 2: Catabolism of 4-hydroxybenzoate in yeast.

1.5.2. Reaction mechanism

The reaction mechanism of PHBH has been swdied with various spectroscopic

techniiques (Howell et al., 1972; Entsch et al., 1976; Entsch & Ballou, 1989; van Berkel &
Miiller, 1989; Vervoort, 1991). The catalytic cycle can be divided in a reductive (k]) and

oxidative half-reaction (k2-k4) and is depicted below (Husain & Massey, 1979) (Scheme
3).

18




Introduction

" 8 o
DU
Hy Y
@ 0,
NADPH ?‘@"’"
kl NADP* k2

EFlaS
R R
Ha M. _N._ O Hy N_ _N_ _O
0 ks Y
pecodpE . oo
Hy N H, N
0 o
H0; OH
9, )
o }—< }—on
o o
EFl,& EFIHOOH-S
ky B k3
B2(OH}; "’;i/\{ "\(0
H0 Ha NH
BzOH H OHO
o OH
o
)—< ’>—0H
o
EFHOH-P

Scheme 3. Catalytic cycle of p-hydroxybenzeate hydroxylase.

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

In the second half reaction, oxygen reacts rapidly with the reduced enzyme/substrate
complex to form a transient flavin (C4a)-hydroperoxide oxygenating species. The distal
oxygen atom of the flavinhydroperoxide is then transferred to the substrate (electrophilic
substitution) yielding the product 3.4-dihydroxybenzoate and flavin (C4a)-hydroxide.
Finally, water is eliminated from this intermediate and the aromatic product is released. In
the absence of substrate, or in the presence of non-substrate effectors, the flavin {C4a)-

hydroperoxide intermediate decomposes to oxidized enzyme and hydrogen peroxide
(NADPH oxidase activity, uncoupling of hydroxylation, ks).
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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 the enzyme from P. aeruginosa was also
determined (Lah et al., 1994). Not surprisingly, this structure is identical to that of the P.
fluorescens enzyme. PHBH has a complex and unique folding pattern with three different
domains: FAD binding domain, substrate binding domain and interface domain (Fig. 6).

Fig. 6: Ribbon diagram of p-hydroxybenzoate hydroxylase from P. fluorescens (see cover
for full color representation)

The N-terminal FAD-binding domain (o structure, residues 1-173, 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 (o/p structure, residues
176-295, in green) is involved in most interactions with the aromatic substrate. The
interface domain {0 structure, residues 296-394, in blue) is necessary for the stabilization of
the dimer. The active site of PHBH is buried in the interior of the protein and is surrounded
by the three domains, All three domains are closely interwoven and residues from all three
domains play some role in the catalytic mechanism. As noted above, structural databases
classify PHBH as a two domain structure. One large domain is formed by the FAD-binding
domain together with the interface domain and a loop excursion of the substrate binding
domain, whereas the other smaller domain includes the substrate binding domain. This two
domain structure is highly similar to the core structure of phenol hydroxylase, although the
sequence identity between both enzymes is lower than 20%. Phenol hydroxylase is a
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homodimer of 150 kDa, each subunit contains an extra 30 kDa domain involved in dimer
association but otherwise with unknown function (Enroth et al., 1998a).

The aromatic substrate in PHBH is buried and held in the active site by multiple
contacts (Fig. 7). The carboxylic moiety of the substrate interacts with the side chains of
Ser212, Arg214 and Tyr222, whereas Tyr201, Pro293 and Tyr385 are involved in binding

the hydroxyl moiety of the substrate.
.;LI%Y

29
385 POHB
O, )>§"
12
1

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

1.5.4. Site-directed mutagenesis

Studies from site-directed mutants have yielded a detailed insight in the role of the
active site amino acid residues. Substitution by Phe showed that Tyr201 and Tyr385 play a
crucial role in substrate activation (Entsch et al., 1991; Eschrich et al., 1993). A hydrogen
bond network connects the 4-hydroxyl moiety of the substrate to the protein surface through
Tyr201, Tyr385, structural water molecules, and His72 at the protein surface (Schrender
al., 1994; Gatti et al., 1996). These findings together with molecular dynamics calculations
suggested that the substrate p-hydroxybenzoate can be reversely protonated in the wild-type
enzyme, with its phenolic pK, influenced by the charge distribution of the active site and the
protonation state of His72 (Gatti et al., 1996). Studies on the mutants Y201F and Y285F
showed that the efficiency of hydroxylation is a competition between the rate of oxygen
transfer to the substrate and the rate of hydrogen peroxide release (Entsch et al,, 1991).
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Furthermore, Tyr385 plays a crucial role in the regiospecificity of substrate hydroxylation
(van der Boltet al., 1997). '

The ionic interaction between the side chain of Arg214 and the carboxylic moiety of
the substrate is essential for catalysis. Studies on Arg214 mutants showed a lower affinity
for the substrate and a strong uncoupling of hydroxylation (van Berkel et al.,, 1992).
Tyr222, also at hydrogen bond distance of the carboxyl moiety of the substrate (Fig.6), is
another residue crucial for efficient hydroxylation (Entsch et al., 1994; van Berkel et al.,
1994b; Gatti et al., 1994; van der Bolt et al., 1996). Crystallographic data suggested that the
uncoupling of hydroxylation in Tyr222 mutants is associated with 2 movement of the flavin
ring out of the active site (Schreuder et al., 1994; Gatti et al., 1994; Entsch & van Berkel,
1995). This flavin motion may provide a path for the exchange of substrates and products
during catalysis (Schreuder et al., 1994; Gatti et al.,, 1994). In the crystal structure of
phenol hydroxylase a similar movement of the flavin ring was observed. However, in this
enzyme an additional loop movement seems required to close the active site (Enroth et al.,
1998a). Shielding the active site from solvent is necessary for stabilisation of the flavin
{Céa)-hydroperoxide oxygenation species (Gatti et al., 1994).

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

A pumber of residues not directly involved in substrate binding, have also been

changed by site-directed mutagenesis. Table 3 summarizes the impact of the amino acid
substitutions on catalysis.
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Table 3. Function of PHBH amino acid residues.

Residue  Mutation(s) Function Reference

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

Cysllé  Ser oxidation causes microheterogeneity {Eschrich, 1990)

Cys152  Ser ne functional role {van der Bolt, 1994)

Cysl58  Ser FAD binding (van der Bolt, 1994)

Tyr201  Phe substrate activation; flavin reduction {Entsch, 1991; Bschrich, 1993)

Cys211  Ser mer¢uration prevents substrate binding (van der Bolt, 1994)

Ser2i2 Ala substrate binding (van Berkel, 1994)

Arg214  Lys, Gln, Ala  substrate binding (van Berkel, 1992)

Arg220  Lys flavin motion {Moran, 1996)

Tyr222  Phe, Ala, Val  flavin motion (Gatti, 1994; Schreuder, 1994;
van der Bolt, 1996)

Lys297 Met substrate activation (Moran, 1997)

Asn300  Asp miscellaneous (protein conformation) (Palfey, 1994)

Cys332  Ser no functional role (van der Bolt, 1994)

Tyr385  Phe substrate activation; flavin reduction; (Entsch, 1991; Eschrich, 1993;

regioselectivity of hydroxylation

Lah, 1994; van der Bolt, 1997)

Except from Cys116, Cys211 and Cys332, all residues mentioned in Table 3 are

strictly conserved among PHBH enzymes of known primary structure. The accessible
surface residue Cys116 is highly variable and replaced by Ala, Gly and Ser in other PHBH
enzymes. Replacement of Cys116 by Ser in PHBH from P. fluorescens made the enzyme
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resistant to oxidation (Eschrich et al., 1990). In phenol hydroxylase, the conserved residues
Arg287 (Arg220 in PHBH) and Tyr289 (Tyr222 in PHBH) serve a direct role in substrate
binding (Enroth et al., 1998). The conservation of some active site residues and a similar
folding topology of the core structure of PHBH and phenol hydroxylase might point to a
common ancestor of the flavoprotein aromatic hydroxylases.

The reaction mechanism of p-hydroxybenzoate hydroxylase is intrigning and rather
complex. Different sequential chemical reactions are mediated by the flavin as influenced by
the protein environment. PHBH has a narrow substrate specificity and only benzoate
derivatives with a electron donating group at the C4 position are hydroxylated. The
efficiency of substrate hydroxylation depends on the chemical reactivity of the substrates,
their mode of activation in the active site and the stabilisation of the flavin-C4a-
hydroperoxide intermediate (van der Bolt et al., 1997). Moreover, the number of actal
substrates is limited by the narrow effector specificity. Potential substrates like
p-aminobenzoate and 2-hydroxy-4-aminobenzoate are poorly converted, because their
binding, although similar to the native substrate (Schreuder et al., 1994), does hardly
stimulate the rate of enzyme reduction (Table 4). The rate of reduction is not simply
correlated to the conformation of the flavin ring (Table 4). This suggests that some
unknown changes are involved in the reductive half reaction, and that these changes are
linked to the ionic state of the substrate and the H-bond network connecting the 4-hydroxyl
group with the protein surface (Palfey, 1999).

Table 4. Some characteristics of PHBH with substrate analogs.

Substrate analog Kred Keat Flavin conformer
-1 51

p-hydroxybenzoate 3002 558 ine

3,4-dihydroxybenzoate 4b 4b inf

2,4-dihydroxybenzoate 1.1c 0.7¢ oute

p-aminobenzoate 0.00d 0.00d ing

2-hydroxy-4-aminobenzoate 0.003a 0.003a outE

a van Berkel, 1992; b Eschrich, 1993; ¢ van der Bolt, 1996; 9 Gatti, 1996; ¢Schreuder, 1989;
fSchreuder, 1988: 2Schreuder, 1994,
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1.5.5. NADPH binding

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

1.6. Outline of the thesis

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

In Chapter 2 the apoenzyme of PHBH was reconstituted with a modified FAD analog
present in alcohol oxidases from methylotrophic yeasts. The crystal structure of
p-hydroxybenzoate hydroxylase with this flavin analog provided direct evidence for the
presence of an arabityl sugar chain in the modified form of FAD. The flavin ring attains the
"out" conformation, which could explain the partial uncoupling of substrate hydroxylation.
Reduction of the arabino-FAD containing enzyme-substrate complex by NADPH was
extremely fast, supporting the idea that flavin mobility is involved in NADPH recognition.
In Chapter 3, the properties of mutant Arg44Lys are presented. This study revealed that
Arga4, located at the si-side of the flavin ring, is important for FAD binding and for
efficient enzyme reduction.

Chapter 4 denotes the important role of the conserved Arg42 in NADPH binding. Lys42
and Ser42 replacements resulted in impaired NADPH binding. In contrast to an earlier
conclusion drawn for PHBH from Acinetobacter calcoaceticus, substitution of Argd2 with
Ser hardly disturbs FAD binding.
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Chapter 5 reports a new sequence fingerprint motif in flavoprotein aromatic hydroxylases
with a putative dual function in FAD and NAD(P)H binding.

Chapter 6 describes the properties of His162 and Arg269 mutants. Evidence was obtained
that both residues interact with the pyrophosphate moiety of NADPH, Based on this and
additional GRID calculations an interdomain binding of NADPH is proposed.

Chapter 7 provides evidence that Phel61 and Argl66 in the FAD binding domain are not
directly involved in NADPH binding. The crystal structure of Arglé6Ser revealed that
Arg166 is structurally important for the inter/intra domain contact.

Chapter 8 describes the properties of PHBH from Pseudomonas sp. CBS3. This enzyme,
involved in the biodegradation of 4-chlorobenzoate, represents the first PHBH with known
sequence which prefers NADH over NADPH as the electron donor. Based on an isolated
region of sequence divergence, it is proposed that helix H2 in PHBH is involved in
determining the coenzyme specificity.

Chapter 9 reports on the role of helix H2 in determining the coenzyme specificity.
Multiple amine acid changes were introduced to create a NADH-dependent enzyme.
Chapter 10 describes the crystal structures of substrate-free PHBH and in complex with
the substrate analog benzoate. The results in this study shows that large protein
conformational changes are not required for substrate binding.
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Abstract

The flavin prosthetic group (FAD) of p-hydroxybenzoate hydroxylase from Psendomonas fluorescens was replaced
by a stereochermical analog, which is spontanecusly formed from natural FAD in alcohol oxidases from methyl-
otrophic yeasts. Reconstitution of p-hydroxybenzoate hydroxylase fram apoprotein and modified FAD is a
rapid process complets within seconds. Crystals of the enzyme-substrate complex of modified FAD-containing
p-hydroxybenzoate hydroxylase diffract to 2.1 A resolution. The crystal structure provides direct evidence for the
presence of an arabityl sugar chain in the modified form of FAD. The isoalloxazine ring of the arabinoflavin
adenine dinucleotide {a-FAD) is located in a cleft outside the active site as recently observed in several other
p-hydroxybenzoate hydroxylase complexes.

Like the native enzyme, a-FAD-coniaining p-hydroxybenzoate hydroxylase preferentially binds the phenolate
form of the substrate (pK, = 7.2). The substrate acts as an effector highly stimulating the rate of enzyme reduction
by NADPH (K > 500 5~"). The oxidative part of the caialytic cycle of a-FAD-containing p-hydroxybenzoate
hydroxylase differs from native enzyme. Partial uncoupling of hydroxylation results in the formation of abaut
0.3 mo! of 3,4-dihydroxybenzoate and 0.7 mol of hydrogen peroxide per mel NADPH oxidized. 1t is proposed
that flavin motion in p-hydroxybenzoate hydroxylase is important for efficient reduction and that the flavin “out”
conformation is associated with the oxidase activity.

Keywords: apo-flavoprotein; arabinoc-FAD; crystal structure; flavin conformation; flavoprotein oxidases;

p-hydroxybenzoate hydroxylase; reconstitution

In £985, Sherry and Abeles reported that alcohol oxidase iso-
Tated from methylotrophic yeasts contains 2 different forms of
FAD, One form was identified as natural FAD and the other as
an optical isomer differing only in the ribityl part of the ribi-
tyldiphosphoadenosine side chain, Subsequent studies by Bys-
trykh et al. (1989, [991) revezled that the content of the modified
flavin in aleohol oxidase from Hansenuls palymorpha ranges

Correspondence to: W.J.H. van Berkel, Depariment of Biochemis-
try, Agricultural University, Dreyenlaan 3, 6703 HA Wageningen, The
Netherlands; e-mail: willem.vanberkel@fad.be.wau.nl.

Abbreviations: a-FAD, arabinoflavin adenine dinucleotide; a-FMN,
arabineflavin mononucleotide; alcohol exidase, alcohol:oxygen oxido-
reductase (EC 1.1.3.13); catalase, hydrogen-peroxide oxidoreductase (EC
1.11.1.6); cholesterol oxidase, 38-hydroxysterpid:oxygen oxidoreduc-
tase (EC 1.1.3.6); glucose oxidase, 8-d-glucose:oxygen 1-oxidoreductase
(EC 1.1.3.4); p-hydroxybenzoate hydroxylase, 4-hydroxybenzoate,
NADPH:oxygen oxidoreductase (3-hydrexylating) (EC 1.14.13.2).
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from 5 ta 95% of total flavin, dependent on the culturing con-
ditions. Furthermore, it was demonstrated that conversion of
natural FAD into modified FAD is aztocatalyzed by the puri-
fied enzyme and strongly inhibited ir the presence of redue-
ing agents (Bystrykh &t al., 199}), From this and from NMEK
structural analysis of the extracted flavin it was argued that the
modified FAD most probably is an arabinoflavin adenine dinu-
cleotide (Kellog et al., 1992). The stereochemical modification
of FAD changes the catalytic properties of alcohol axidase and
may be of physiological relevance {Bystrykh et al., 1991). The
lack of crystallographic data for the octameric alcohol oxidases
does not allow rationalization of the changes in catalysis from
a structural point of view. We therefors have started studying
the interaction of the modified flavin with other flavoproteins
for which structural data are available. In this paper we de-
scribe some properties of p-liydroxybenzoate hydroxyiase (rom
Pseudomonas fluorescens reconstituted with the siereochemi-
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Fig. 1. Fluorescence titration of a-FAD with apa-p-hydroxybenzoate
hydroxylase. Flavin (2 M) was titrated with apo-p-hydroxybenzeate
hydroxylase either in the absence or presence of d-hydroxybenzoate. All
experiments were performed at 25 °C in 10¢ mM Tris/sulfate, pH 8.0.
Fluorescence emission was observed at 525 nm upon excilation at
450 nm. A: 2-FAD in the absence (O) or presence (#) of 1 mM
4-hydroxybenzoate. B: Natural FAD in the absence (A) or presence (&)
of | mM 4-hydroxybenzoate.

cally modified FAD, obtained from &. polymorpha alcaho! ox-
idase. By using the p-hydroxybenzoate hydroxylase apaprotein
as a vehicle, direct crystallographic evidence is provided for the
presence of 2n a-FAD in alcshol oxidases from methylotrophic
yeasts,

[ntroduction of an optical isomer of FAD may give valuable
additiona! information about the structure-function relation-
ship of p-hydroxybenzoate hydroxylase. Recent crystallographic
studies {(Gacti 2t al., 1994; Schreuder etal., 1994) indicate that
in p-hydroxybenzoate hydroxylase, flavin mation is a crucial
factor for substrate binding and product release. As flavin mo-
tion requires a flexible ribityl side chain, a stereochemical mod-
ification in this side chain is expected 1o give more insight into
the functional role of different flavin conformers. The crystal
structure presented in this paper shows that the a-FAD bound
ta p-hydroxybenzoate hydroxylase is located in the “out” con-
formation. The rapid reduction of the arabinoflavin by NADPH
lend us to propose that flavin motion in p-hydroxybenzoate hy-
droxylase is also important for an optimal pasitioning of the nic-
otinamide cofactor.
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Results

Reconstitution of p-hydroxybenzoate hydroxylase

Reconstitution of helo p-hydroxybenzoate hydroxylase from the
dimeric apoprotein and a-FAD is a rapid process. Upan addi-
tion te the apoprotein of an excess of a-FAD, the maximal
activity is reached within a few seconds. The kinetics of recon-
stitution were not studied in detail. Activity measurements per-
formed in the presence of nanomolar concentrations of flavin
(Miilter & van Berkel, 1982) indicate that binding of a-FAD is
somewhat slower than with normal FAD,

The Mavin fluorescence quantum yield of the a-FAD-
apoprotein 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 Muorescence gquantum Yield of the a-FAD-apoprotein
complex is much lower than that of the native enzyme (van Ber-
kel & Miiller, 1989). In contrast to the native enzyme (Fig. 1B),
the presence of the aromatic substrate hardly influences the flu-
arescence quantum yield of protein-bound a-FAD (Fig. 1A).

Structured properties

The crystal structure of p-hydroxybenzoate hydroxylase com-
plexed with 2-FAD was solved and refined at 2.1 A resolution
(Kinemage 1). The fina! R-factor is 0.179 for 26,407 reflec-
tions between 8.0and 2.1 A. The almost (97.2%) complete 2.5-A
data allowed us to unambiguously establish the absolute con-
figuration of the C2 carbon of the ribityl chain. The electron
density map in Figure 2 clearly shows that the configuration at
this position has changed from R to S, as has been inferred from
NMR experiments (Keflog et al., 1992). The most imporiant in-
teraction between the modified flavin and the protein, the strong
hydrogen bond with the OE] of Gln 102, which is present both
in the ¢nzyme-subsitate {Schreuder et al., 1989} and the 2,4-
dihydroxybenzoate complex (Schreuder et al., 1994), is preserved
in the a-FAD complex (see Fig. 3, Kinemage i, and Table 1)
despite the change in configuration. Table 1 also shows that
whereas the O2’ of the natural flavin is buried 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 27, -~ £,
electron density map of a-FAD-containing
p-hydroxybenzoate hydroxylase in com-
plex with 4-hydroxybenzoate. The final
2F, = F,_ electron density map was con-
toured at 1o. The view is [rom the ribity!
chain toward the Navin ring. The struc.
fure of the 4-hydroxybenzoate complex
with a-FAD is drawn with solid bonds;
the structure of the 2,4-dihydroxybenzo-
ate complex with natural FAD is drawn
with open bonds. Quly the ribityl €27 in
the S.configuration (a-FAD complex,
solid bonds) fits the ¢leciron density map.
The side chain of Gin 102, which makes
a fiydrogen bond with the 02" is visible in
the lower right corner of the Fgure.




Fig. 3. Superposition of the structures of
the a-FAD-containing enzyme-4-hydroxy-
benzoate complex and the native enzy
2,4-dihydroxybenzoate complex. The
structure of the 4-hydroxybenzoate com-
plex with a-FAD is drawn with solid
‘bonds; the szructure of the 2,4-dihydroxy-
benzoste complex with natural FAD is
drawn with open bonds. The view is from
the flavin ring toward the ribityl chain.
Broken lines indicate the hydrogen bond
between the 02’ hydroxyl group and the
OE| of Gin 102, which is present in both
complexss.

Binding of the modified flavin daes not alter the overall struc-
ture of p-hydroxybenzoate hydroxylase. The RMS difference of
the a-FAD-containing enzyme-substrate complex after super-
imposing the 391 €= atoms present in the models are .22 A
with the native enzyme-substrate complex and 0.2t A with the
native 2,4-dihydroxybenzoate complex. These differences are of
the same magnitude as the 0.2-0.3-A mean coordinate error,
which can be derived from Luzzati plots (Luzzati, 1952). The
mast 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 is almost iden-
tical to its pusition in the complex of the native enzyme with 2,4-
dibydroxybenzoate (Schreuder et al., 1%94). Figure 5 shows that
in the latter complex, the flavin ring is approximately 0.7 A fur-
ther out, prasumably because of 2 hydrogen bond contact of the
2-hydroxy group of the substrate anaiog (which is not present
in the normal substrate) and the N3 of the flavin. The flavin ring
is not completely planar in the a-FAD complex. The dimethyl-

Table 1. Contacts {d < 3.4 At berween the 02
af the ribityl chain and protein or FAD atoms®

a-FAD-conlaining
4-hydroxybenzoate
complex

2.4-Dihydroxybenzoate  4-Hydroxybenzoate
complex® complex*

CD Arg 44 (3.2} CD Arg 44 (1.4}
CB Arg 44 (1.3)
OEL Gin 102 (2.6)
€9 fMavin (3.2)
C9A flavin (3.2}
NI0 favin (2.9}

OE1 GIn 102 2.7) OEi GIn 10227
€9 flavin {3.3)
C9A flavin (2.9}
N1g flavin (3.1) N10 flavin {2.5)
O ribityt (2.9)

C4’ ribityl (2.9)

O4 ribityl (3.4)
OW Water 159 (3.2)

C4’ ribityl (3.1)
04 ribityl {2.9)

C4’ ribityl (3.1}
04" ribityl (3.1}

i Not mentioned are 1-2 and 1-3 contacts (i.e., with the ribityl C1',
€2’ and C¥ atoms). Distances in A are given in parentheses.

® From Schreuder et al. (1994).

 From Schreuder et al. (1989).
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benzene ring and the pyrimidine ring (the outer rings of the {la-
vin ring system) make an angle of 7.1°. Interestingly, the Mavin
ring is not twisted as is the native flavin ring in the “in" posi-
tion, but is bent like a butterfly. The geometry of the flavin ring
is well within the range of butterfly conformations found in
other flavoenzymes (Mathews, 1991},

Spectral properties

The visible absorption spectrum of free a-FAD is comparable
te that of normal FAD (Table 2; Sherry & Abeles, 1985; Bys-
trykh et al., 1989). Binding to apo-p-hydroxybenzoate hydrox-
ylase slightly influences the absorption characteristics of a-FAD.
Table 2 shows that at pH 7.0, the maximum of the first absorp-
tion band is shified from 450 10 458 nm and that the molar ab-
sorption coefficient of this band is higher than with the native
enzyme. Upon binding of the aromatic substrate to the a-FAD-
complexed enzyme, the intensity of the first absorption band in-
creasss with a concomitant shift of the absorption maximum
to 455 nm. The intensity of the first absorption band of the
a-FAD-contzining enzyme-substrate complex is much higher
than the ¢orresponding band of the native enzyme-substrate
complex (Table 2). Figure 6 shows a set of difference spectra
recarded at pH 8.0, between the free a-FAD-containing enzyme

- and in the presence of increasing concentrations of 4-hydroxy-

benzoate. From the titration curve {inset, Fig. 6) simple ;1
binding is observed and a dissociation constant for the a-FAD-
complexed enzyme-substrate complex of about 50 gM is es-
timated. This value is in the same range as found for the
corresponding complex of the native enzyme (van Berkel &
Miiller, 1989).

Bystrykh et al. {(1989) reported that the CD spectrum of free
a-FAD is different from natural FAD. In view of this, and he-
cause 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 vis-
ible region, the CD spectrum of native p-hydraxybenzoate hy-
droxylase shows a negative Cotton peak around 450 nm and a
positive Cotton peak arcund 365 nm (Fig. 7A; van Berkel &
Miiller, 1989). Upon binding of the aromatic substrate, the pos-
itive Cotton peak shifts to 380 nm, corresponding to the sacond




absorption band of protein-bound FAD (Tabie 2). Furthermore,
in the presence of the substrate both Cotton peaks become bet-
ter resolved due to vibronic transitions in the 2 electronic ab-
sorption bands. Introduction of the a-FAD slightly changes the
CD properties of p-hydroxybenzoate hydroxylase. Both Cotton
peaks of the free enzyme and the enzyme-substrate complex are
somewhat shifted with respect 1o 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 el-
lipticity of the first abserption band of the a-FAD-containing
enzyme-substrate complex. At present it is not clear whether
these differences in electronic transitions reflect the different fla-
vin conformations observed in the crysial structures.

Native p-hydroaybenzoate hydroxylase preferentially binds
the aromatic substrate in its phenolate form (Shoun et al., 1979;
Entsch et al., 1991; Eschrick et al., 1993). lonization of the
4-hydroxyl group is expected to activate the substrate for hy-
droxylation (Vervoort et al., 1992). Binding of the subsirate to
a-FAD-containing p-hydroxybenzoate hydroxylase also results
in 2 large decrease in the phenolic pX,. Figure 8 shows that
binding of the substrate is accompanied by absorption changes
around 290 nm and strongly dependent on the pH of the soiu-
tion, The UV difference spectra observed are comparzble with

Fig. d, Stereo diagram of the superposi-
tion of the native enZyme—substrate com-
plex of p-hydroxybenzoare hydroxylase
(Schreuder ct al., 198%; white bonds), and
the a-FAD-containifig enzyme-substrate
complex (this study; black bonds). The
figure shows clearly how the flavin ring
has meved to the “out™ pasition.

the corresponding spectra of the naiive enzyme (Eschrich ec al.,
1993). The estimated apparent pX, value of 7.2 for protein-
bound substrate (Fig. 8), compared to the pX, of 9.3 for the
substrate free ir solution, strongly suggests that introduction of
the a-FAD do¢s not perturk the hydrogen bonding network
formed by the 4-hydroxy moisty of the substrats and the side
chains of Tyr 201 and Tyr 385 (Schreuder et al., 1989; Lah
et al., 1994). This is in full accordance with the crystal structure
presenied above.

Catalytic properties

The catalytic properties of p-hydroaxybenzoate hydroxylase
reconstituted with a-FAD differ from native enzyme, Table 3
shows that replacement of normal FAD with a-FAD decreases
the turnover rate {k.,,) and changes the reaction stoichiometry.
Partial uncoupling of substrate hydroxylation results in a rela-
tively high oxidase activity {production of hydrogen peroxide).
Such an impaired hydroxylation capacity has also been observed
with various mutant enzymes (Entsch et al., 1991, 1994; van Ber-
kel et al., [992, 1994; Eschrich et al., 1993) and with native en-
zyme reconstituted with artificial flavins (Entsch et al., 1980,

YW Y
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Fig. 5. Sterea diagram of the superpasi-
Lion of native 2,4-dihydroxybenzoate-
complexed p-hydroxybenzoats lase
(Schreuder er al., 1994; gray bonds) and
the a-FAD-containing enzyme-substrate
complex (black bonds). The flavin ring
occupies the “out” position in boath com-
plexes, but the flavin ring is slightly fur-
ther out in the 2,4-dihydroxybenzoste
complex, presumably because of a hydro-
gen bond contact, indicared by a broken
line, between the 2-hydroxy group of the
substrate analog and the N3 of the flavin
Ting.
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Table 2. Absorption properties of free and protein-bound a-FAD®

Apax

A

€ _— €
Sample (am) M em™?) (nm) (mM~"em™')
FAD 376 9.2 450 1.3
a-FAD 376 9.2 450 1.3
Native free enzyme® 3n 8.5 450 10.2
a-FAD-containing frec enzyme 374 8.6 458 i1.3
Native ES complex® 180 9.1 450 10.2
a-FaD containing ES complex 378 9.1 455 12.3

* Molar hsorption coefficients were determined at 25 °C in 50 mM sedium phosphate, pH 7.0. ES complex, enzyme-substrate

complex.
® From van Berkel et al. {1992).

1987; Claibotne & Massey, 1983}, Table 3 shows that the appar-
ent X, for p-hydroxybenzoate is in agreement with the K, de-
rived above, suggesting that partial uncoupling of hydroxylation
is not due to weak substrate binding. Partial uncoupling of hy-
droxylation 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 p-hydroxybenzoate hydroxylase
by NADPH is a very stow process. The rate of reduction is or-
ders of magnitude stimulated in the presence of the aromatic
substrate, acting as an effector (Nakamura et al., 1970; How-
ell et al., 1972). Anaerabic reduction of free a-FAD-containing
p-hydroxybenzoate hydroxylase by NADPH (&, = 0.157 ' at
| mM NADPH, pH 8.0, 25 °C) is considerably faster than with
the native enzyme (k7 < 0.0025~"'; 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

A (mM'em')

T o
4-nydrozpuenzoms (mid)

8 (mM'em)
a
T

400 560

WAVELENGTH {nm)

Fig. 6. Flavin absorption difference spectra observed upon binding of
4-hydroxy! yare ta a-FAD- ing p-hydroxyb hydroxy-
1ase. The absorption spectra were recorded at 25 °C in 100 mM Tris/sul-
fate, pH 8.0. The enzyme concentration was 30 M. Difference spectra
are plotted between free enzyme as a reference and the same solution
containing variable amounts of 4-hydroxybenzoate. The inset shows the
molar absorbance difference at 450 nm as a functicn of the substrate
concentration.
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in the absence of the aromaric substrate, apparent valuss of
ke =0.157" and K,, NADPH = 1.5 mM {pH 8.0, 25 °C} are
estimated. Wasteful consumpiion of NADPH is not observed
with the native free enzyme, probably because of 2 nanoptimal
geometry of the flavin with respect to the nicotinamide ring {vaa
Berkel & Miiller, 1991).

The substrate is a very strong effector for the a-FAD-
complexed enzyme. [n Figure 9, the rate of reduction of the
a-FAD-containing enzyme-substrate complex at 25 °C is plot-
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Fig. 7. CD spectra of native and a-FAD-containing p-hydroxybenzoate
hydroxylase. The CD spectra were recorded ar 25 °C in 100 mM Tris/sul-
fate, pH 8.0. The enzyme concentration was 40 M. A: Native enzyme
in the absence (1) or in the presenss of I mM 4-hydroxybenzoate (I1).
B: a-FAD-comnplexed enzyme in the absence ([} or in the presence of
| mM 4-hydroxybenzoate (11).
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Fig. 8. UV abserption difference spectra upon binding of 4-hydroxy-
v L

to a-FAD p-hydraxy hydroxylase. Both
cuvettes contained 1.0 mL 20 uM a-FAD-complexed enzyme in one com-
partment and 1.0 mL 200 aM d-hydroxybenzoate in the same buffer in
the other compartment. The temperatuce was 25 °C. For buffers used
see Materials and metheds. Before mixing the solutions in the 2 com-
partments of the sample cell, a baseline was recorded. From bottom 1o
top: difference spectrum of a-FAD-containing p-hydroxybenzoare
hydroxylase at pH 6.7, pH 7.2, pH 7.7, pH 8.0, and pH 8,3, respectively.
From the molar absorption differences at 290 nm an apparent pX,
valve of 7.2 for protein-bound substrate is estimated.

ted as a function of the congentration NADPH, The dissocia-
tion 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 ai., 1972; van Berkel et al., 1992; Table 3). Interest-
ingly, an enhanced rate of reduction with respect to the native
enzyme-subsirate complex has so far only been observed with
p-hydraxybenzoate hydroxylase-containing 2-thio-FAD (Clai-
borne & Massey, 1983),

Discussion

This is, ta 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-kydroxybenzoate hydroxylase®

Ky Ko (uM)
Product NADPH Koy Koy —————————
57" ™) NADPH BzOH

Enzyme (") (M)
Native k2 150 300 55 K 26
a-FAD complexed 31 £ 5 ts 530 1 7 56

* Kinetic parameters were determined at 25 °C in 100 mM Tris/
$0,%7, pH 8.0. Turnover rates are maximum values (K ye) determined
ar (.26 mM axygen. Dissociation constants for NADPH (K; NADPH)
were determined from rapid reaction experiments. Data for native
p-hydroxybenzeate hydroxylase are taken from van Berkel et al. (1990,
Product, 3 4-dihydroxybenzoate; B2OH, 4-hydroxybenzoate,
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chemical analeg of FAD, The high quatity of the crystals shows
that the immobilization technigue used to prepare apo-p-
hydroxybenzoate hydroxylase (Miller & van Berkel, 1982) is a
convenient method o replace the flavin while retaining the na-
tive state of the enzyme, By using the apaenzyms of p-hydroxy-
benzeate hydroxylase as a vehicle and because the modified FAD
was taken from alcoho! oxidase, clear crystallographic evidence
is provided for the presence of an a-FAD in alcohol oxidases
from methylotcophic 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 §, ir perfect agreement with an
earlier proposal based on NMR studies (Kellog #1 al,, 1992). Re-
placement of natural FAD with a-FAD in p-hydroxybenzoate
hydroxylase does not alier the overall structure of the protein
but induces the flavin ring to accupy the “out” position (Kine-
mage 1), This “out” conformatien has been observed before in
a number of erystal structures including complexes of wild-type
enzyme with 2-hydroxybenzoate analogues (Schreuder et al.,
1994), in mutant Tyr 222 Phe complexed with 4-bydroxybenzoate
(Gatti et al., 1994}, and in mutant Tyr 222 Ala complexed with
2-hydroxy4-aminobenzoate (Schreuder et al., 1994}, Superpo-
sitions have shown that in complexes with 2-hydroxybenzoate
analogues, the *in" conformation is destabitized by a short con-
tact between the 2-OH group of the substrate analogue and fla-
vin C6, whereas the “out” conformation is stabilized by a strong
hydrogen bond of the 2-OH group of the subsirate analogue
with the N3 of the flavin. These destabilizing/stabilizing inter-
actions do not explain the “out” conformation in the crystals
with a-FAD presented here because these crystals contain the
natural subsirate 4-hydroxybenzoate, which does not possess a
2-0H group. Here, the *oul” conformation must have been
caused by the R to 5 transition of the C2 carbon of the ribityl
chain because this is the only difference between the crystals with
the a-FAD and the crystals of the native enzyme-substrate com-
plex (Schreuder et al., 1989). In order to assess the contacts of

L L . . L
50 100 150 200 250

NADPH (M)

Fig. 9. Reduction of e-FAD-contzining p-hydrexybenzoate hydroxy-
Jase by NADPH. All experiments were performed in 100 mM Tris/sul-
fatz pH 8.0, Enzyme (18 4M) was anacrobically mixed with zn equal
volume of variable concentrations of NADPH in the stopped-fow spec-
trophatometer. Bath solutions cortained 1 mM 4-hydroxybenzoate, The
rate of reduction of a-FAD-containing p-hydroxybenzoate hydroxylase
at 23 °C is plotted as a function of the concentration of NADPH, as
Tonitored at 450 nm.




a-FAD in the “in” ¢conformation, we inverted the conformation
of the ribityl C2 carbon in the struciure of the native enzyma-
substrate compiex. The result indicates that {(without adaptation
of the protein) the ribityl 2-OH group would be involved in 2
short contacts: one with the CA of Leu 299 (3.0 A) and one with
the CB of Leu 299 (2.5 A). The hydrogen bond with the side
chain of Gln 102 would still be present. Only small (0.5-1.0 A}
rearrangements are needed to relieve the short contacts. These
rearrangsments, however, may be hindered because Leu 299
is part of helix H10. These observations point 1o a small dif-
ference in binding energy between the “in” and “out” confor-
mation because the a-FAD binds in the “out” conformation in
spite of apparently minor adaptations necessary to bind the “in™
conformation.

The shift of the equilibrium position toward the “out” ¢on-
formation, as obssrved in the crystal structure, explains perfectly
the observed formation of considerable amounts of hydrogen
peroxide during catalysis because the hydroperoxyflavin inter-
mediate can only hydroxylate the substrate in the “in™ position
(Schreuder et ai., 1994). A dynamic equilibrium of flavin con-
formers probably is also of relevance for the native enzyme be-
cause the entrance of the substrate binding site is blocked with
the flavin in the “in” position and movement of the flavin to the
“out” position seems to be necessary to provide a path for the
substrate to enter the active site (see Gauti et al., 1994; Schreuder
et al., 1994). The situation is less ctear for the NADPH bind-
ing and reduction step. We have previously argued (Schreuder
et al., 1994) that the flavin would most likely not be reduced in
the “out” position because 2,4-dihydroxybenzoate (which also
pushes the flavin toward the “out” conformation), stimulates
the reduction much less than the normal substrate, However,
the present data strongly suggest that the flavin is rapidly re-
duced in the “out” conformation. Clearly, addirional data {e.g.,
site-directed mutants with altered NADP binding properties or
a crystal structure of a complex with an NADPH analog) are
needed to settle this point.

No crystal structure of methanol oxidase is available, but
amino actd sequence comparisons have revealed that this enzyme
belongs to the glucose-methanol-choline (GMC) oxideraductase
family (Cavener, 1992). Within this class of flavoenzymes, 2
crystal structures are known. The crystal structures of glucose
oxidase from Aspergillus niger (Hecht et al., 1993} and choles-
terol oxidase from Brevibacterium sterolicum (Vrielink et al.,
1991; Li et al., 1993) show that the O2’ of the ribityl chain of

the FAD makes a hydrogen bond with the amide nitrogen of a,

conserved Asn residue (Asn 107 in glucose oxidase and Asn 119
in cholesterol oxidase). The coaserved Asn (Asn 98 in metha-
nol oxidase from M. polymorpha; Ledeboer €t al., 1985) seems
to fulfill the same role as Gin 102 in p-hydroxybenzoate hy-
droxylase. Analysis of hypothetical short contacts of the ribityl
O after inverting the configuration of the C2 carbon reveals
that far the 2 flavaprotein oxidases with known 3-dimensional
structure, the short coatacts would be less severe than with
p-hydroxybenzoate hydrexylase. The shortest non-hydrogen
bond-type contacts are 3.0 A with the Cy of Met 561 far glu-
cose oxidase and 3.1 A with the C§ of Phe 487 for cholesterol
oxidase, in contrast ¢ the short contact of 2.5 A with the C&
of Leu 299 in p-hydraxybenzoate hydroxylase. These observa-
tions and the general oceurrence of a-FAD in methanol oxidase
suggest that the active site of this enzyme is likely to be able to
accemmodale the a-FAD without (oo many rearrangements.
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Materials and methods

General

Biochemicals and chromatography resins used have been de-
scribed elsewhere (van Berkes et al., 1992), Optical (difference)
spectra were recorded at 25 °C, on a computer-controlled Aminco
DW-2000 spectrephotometer, Fluorsscence experiments were
performed on an Aminco SPF-500C spectrofluorimeter at 25 °C.
CD specira were recorded on a Jobin Yvon Mark V dichro-
graph, essentially as described elsewhere (Beneu et al., 1991).
Rapid-reaction kinetics were carried out using a température-
controlled single-wavelength stopped-flow spectrophotameter,
type SF-51, from High-Tech Scientific Inc., with a 1.3-ms dead-
time. The instrument was interfaced to an 1BM microcomputer
for data acquisition and analysis.

Purificetion procedures

Crude a-FAD as extracted from alcohol oxidase (Kellog et al.,
1992) was a gift of Dr. L.V, Bystrykh. a-FAD was separated
from natural FAD by HPLC using a Micrespher C18 (20 x
300-mmy} column. The elution solvent contained 15% MeOH,
85 mM ammonium bicarbonate, pH 3.7. The flow rate was
2 mL/min. Using a 10-zL sample loop, the following elution
times are observed: a-FAD (4.2 min), a-FMN {5.7 min), FMN
{6.3 min), and FAD (6.9 min). Micromolar quantities of pure
a-FAD were obtained from repeated 50-pL injections. Purified
#-FAD was desalted by reverse-phase chromatography and
stored at =20 °C. FAD used in fluorescence experiments was pu-
rified by gel filtration on Biogel P-2 (Miiller & van Berkel, 1982).

p-Hydroxybenzoate hydroxylase from P. flucrescens, as
cloned in Escherichin cofi, was purified as described (van Ber-
kel et al., 1992). The apoprotein of p-hydroxybenzoats hydrox-
ylase was prepared by cavalent chromatography (Miller & van
Berkel, 1982). The residual activity of the apoprotein was less
than 0.2%.

Analyticel methods

Fiuorescence titration experiments were performed in 100 mM
Tris/sulfate, pH 8.0. Flavin flucrescence emission was observed
at 525 nm upen excitation at 430 nm (Miiller & van Berkal,
1982). Molar absorptior coefficients of protein-bound flavin
were determined at 25 °C by recording absorption spectra in
50 mM sodium phosphate, pH 7.0, either in the absence or
presence of §.5% SDS {de Jong et al., 1992}. Pratein concen-
trations were determined using the Following molar absorp-
tion coefficients: holo p-hydroxybenzoate hydroxylase, ¢, =
10.2 mM ! cm ™! {van Berkel et al., 1992); apo-p-hydroxy-
benzoate hydroxylase, e = 74 mM~"' cm~! (Miiller & van
Berkel, 1982). The molar ellipticity of protein-bound Aavin was
determined by recording CD» spectra in the visible region. The
enzyme concentration was 40 uM in 50 mM potassium phos-
phate, 0.5 mM EDTA, pH 7.0. The ionization state of enzyme-
bound 4-hydroxybenzoate was measured by recording UV
absorption difference spectra as a function of substrate concen-
tration and of pH (Eschrich et al., 1993).
p-Hydroxybenzoate hydroxylase activity was routinely as-
sayed in 100 mM Tris/sulfate, pH 8.0, contdining 0.5 mM
EDTA, 130 xM NADPH, 130 uM 4-hydroxybenzoate, and




10 uM FAD (Miiller & van Berkel, 1982). Kinetic parameters
of p-hydroxybenzoate hydroxylase were determined at pH 8.0,
essentially as described elsewhere (Eschrich et al., 1993). The hy-
droxylation efficiency of p-hydroxybenzoate hiydroxylase was
estimated from oxygen consumption experiments, ¢ither 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).

Crystaflization

Crystals of a-FAD-containing p-hydroxybenzoate hydroxylase
in complex with 4-hydroxybenzoate were obtained using the
hanging drop method. The protein solution contained 10 mg/mL
enzyme in 50 mM potassium phosphate buffer (pH 7.0). The res-
ervoir solution contained 50% saturated ammenium 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 pL protein so-
lution and 4 uL reservoir solution were allowed ta equilibrate
at 4 °C against L mL of reservoir solution. Crystals with dimen-
sians of up to 0.2%0.3 % 0.4 mm? grew within 3 days.

Data collection

X-ray diffraction data were collected using a Siemens multiwire
area detector and graphite monochromated CuKo radiation
from an 18-kW Siemens rotating anode generator, operating at
45 kY and 80 mA. The crystal-detector distance was i1.6 ¢cm and
the 20 angle was 25°. Data were processed using the XDS pack-
age (Kabsch, 1988). The space group is €222, and the cell di-
mensions: @="72.1 A, b= 146.4 A, and ¢ = 88.45 A differ only
stightly from the native crystals: 4 = 71.5 A, b= 145.8 A, and
c=88.2A {Schreuder et al., 1989). A total of 102,196 observa-
tions yielded 26,934 unique reflections with an R-sym of 6.9%.
The data set is 97.2% complete to 2.1 A.

Refinement

A starting eleciron density map was calculated based on the
structure of the p-hydroxybenzoate hydroxylase-substrate com-
plex (Schreuder et al., 1989), after correcting for the slightly dit-
ferent cell dimensions {(Schreuder et al., 1994). However, the
2F, - F.and F, — F, electron density maps clearly indicated
that the flavin does not accupy the “in” position as in the
enzyme-substrate complex, but that it socupies the “out” posi-
tion as observed in several other p-hydroxybenzoate hydroxy-
lase complexes (Gatti et al,, 1994; Schreuder et al., 15994). We
decided therefore not 16 use the structure of the enzyme-
substrate complex as starting model, but to use the structure of
the enzyme-2,4-dikydroxybenzoate complex (Schreuder et al.,
1994) instead. The starting R-factor, after correcting for slightly
different cell dimensions, was .277 for data between 8.0 and
2.1 A. The 2F, — F. and F, — F, maps clearly indicate rhat the
absolute configuration of the C2° of the ribityl-chain differs
from normal FAD, as has been suggested earlier on the basis of
NMR experiments {Kellog et al., 1992). The ribityl chain was
built and the madel was inspected and corrected where nec-
essary with the graphics program FRODO (Jones, 1985). Re-
finement was carried out using the program XPLOR (Briinger,
1592). The parameter set as determined by Engh and Huber
(1991) was used for the protein part of the structure. For the
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FAD we used the parameters as described by Schreuder et al.
{1924). The topology definition for the C2 of the ribityl chain
was changed from R to S. The mode! was refined with energy
minimization and temperature factor refinement. Water mol-
ecules were assigned by searching F, — F. maps for peaks of at
least 4o, which were between 2.0 and 5.0 A of other protein or
water atoms, Water molecules with temperature factors after re-
finement in excess of 70 AZ were rejected.

The final structure was obtained after 4 cycles of map inspec-
tion and refinement and conains 284 water molecules. The
final R-factor is 0.179 for 26,407 reflections between 8.0 and
2.1 A, The RMS deviations are 8.008 A for bond lengths and
1.4° for bond angles. All non-glycine residues have ¢, ¥ angles
within, or close to allowed regions. The only exceptions are
Arg 44 and Asp 144, which also deviate in the structures of other
p-hydroxybenzoate hydroxylase complexes from P. flworescens
{Schreuder et al., 1989, 1954}. The coordinates of the refined
a-FAD-containing enzyme-substrate complex will be deposited
in the Brookhaven Protein Data Bank.
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Implications for NADPH binding
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Argdd, Tocated at the si-face side of the flavin ring in 4-hydroxybenzoate hydroxylase, was changed
ta lysine by site-specific mutagenesis. Crystals of [R44K14-hydroxybenzaate hydroxylase complexed with
4-hydroxybenzoate diffract to 0.22-nm resolution. The structure of [R44K]4-hydroxybenzoate hydrox-
ylase i3 identical 1o the wild-rype enzyme except for local changes in the vicinity of the mutation. The
peptide unit berween [ed3 and Lys44 is flipped by about 130° in 50% of the molecules. The ¢,y angles
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 aseribed to the lost interactions hetween the side chain of Arg44 and the diphosphoribose
moiety of the FAD, The replacement of Argdd by Lys does not change the position of the flavin ring
which occupies the same interior pesition as in wild type.

{R44K)4-Hydroxybenzoate hydraxylase 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-wransfer species between reduced flavin and NADP*, It is inferred from these data that Argd4 is
indispensable for optimal catalysis.

Keywords. Crystal structure; flavoprotein monooxygenase; NADFH binding; 4-hydroxybenzoate hydrox-

ylase; site-specific mutagenesis.

FAD-dependent aromatic hydroxylases are inducible ¢n-
zymes which catalyze the insection of one atom of molecular
oxygen into the substrate, using NAD(P)H as external electron
donor {van Berkel and Milller, 1991). The aromatic substratas
act as effectors, stimulating the rate of enzyme reduction (Hoso-
kawa and Stanier, 1966). As the reduced enzymes react readily
with oxygen, the effector role of substrates is essential ta prevent
the wasteful utilizatton of high-energy reducing equivalents
{Massey and Hemmerich, 1975). FAD-dependent aromatic hy-
droxylases are induced in soil microorganisms able to assimilate
phenolic compounds as sole carbon source. In this way many
secondary plant metabolites, decomposition products of tignin
as well as aromatic pollutants, are readily subject to further ca-
tabolism (Middethoven, 1993),

4-Hydroxybenzaate hydroxylase from Psendomonas fluo-
rescens is the most extensively studied flavoprotgin aromatic hy-
droxylase (van Berkel and Miiller, 1991). The strictly NADPH-
dependent enzyme catalyzes the first step of the f-ketoadipate
pathway, i.e. the conversion of 4-hydroxybenzoate into 3,4-dihy-
droxybenzoate (Staniet and Omston, 1973):

Correspondence to W. 1. H. van Berkel, Department of Biochemis-
try. Agricultural University, Dreyenlaan 3, NL-6703 HA Wageningen,
The Netherlands

Fax: +31 8370 84301,

Abbreviarions. [RHKM-hydroxybenzoate hydrexylase, 4-hydroxy-
‘Benzoate hydroxylase with Argdd replaced by Lys: [C1168)4-hydroxy-
benzoate hydroxyfase, 4-hydroxybenzoate hydroxylase with Cysl 16 re-
placed by Ser; r.m.s., rool-mean-squared.

Enzymes. 4-Hydroxybenzoate hydroxylase (EC 1.14.13.2); catalase
(EC 1.11.1.6).
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4-hydroxybenzeats + NADPH + O,

— 3,4-dihydroxybenzoate + NADP* + H,0. (1)
The reaction sequence of 4-hydroxybenzoate hydroxylase has
been studied in detail (Husain and Massey, 1979) and rapid reac-
tion kinetics have shown that hydroxylation of the substrate pro-
ceeds through the attack of a labile C(4a)-hydroperoxyflavin in-
termediate (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 cloniag of the pobA gene encoding 4-hydroxy-
benzeate hydroxylase from Psuzedomonas 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 site-
directed mutagenesis. Most mutagenesis studies performed have
dealt with amiro 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-amincbenzoate derivatives (Schrender et al., 1993). Under-
standing the effector specificity is limited by the fact thar the
binding mode of NADPH is unknown (van der Laan et al,,
10894a). Stereochemical studies showed that the nicotinamide-
binding pocket is located at the fre-face of the flavin ring
(Manstein e1 al., 1986). Based on these resulis and from crysial-
lographic data of glutzthione reductase (Pai and Schulz, £983;
Wierenga et al., 1983), a potential mode of NADPH binding was
proposed (van Berkel et al., 1988}, However, recent crystallo-
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graphic data have revealed that the flavin ring can attain dif-
ferent 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., 1954). To study this in more detail we decided to
replace Argdd with Lys by site-directed mutagenesis. Argdd is
located at the si-face of the flavin ring and is possibly involved
in flavin motion and/or NADPH binding (Sctweuder et al.,
1994). Alteration of Arg44 is expected to yield important infor-
mation about the role of this residue for the function of 4-hydro-
xybenzoate hydroxylase.

MATERTALS AND METHODS

General. Biochemicals and chromatography resins used
have been described elsewhere {van Berkel et al., 1992). Oxygen
plicn was d 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, Ac-
livity measuremetis were performed on a LKB Ultrospee 11T
spectrophotometer. Rapid-reaction kinetics were carried out
using a temperature-controlied single-wavelength stopped-flow
spectrophotometer, type SF-51, from High-Tech Scientific Enc.
with 1.3-ms deadtime. The instrument was interfaced to an Hy-
uandai 486 microcomp for data acquisition and analysis. Al
spectrophotometers were maintained at 25°C, unless stated
otherwise. Aromatic products were analysed with an 1ISCO 2300
HPLC system.

Mutagenesis and enzyme purification. Escherichia coii
TG2 (pAW45), consaining the gene encoding 4-hydroxyben-
zoate hydroxylase from P. fluprescens, has been described else-
where (van Berkel et al., 1992). Site-directed 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. (1987).

The oligonucleotide 3*-GGCCGCATCAAAGCCGGCOTG-
¥ was used for the construction of [R44K]4-hydroxybenzoate
hydroxylase. To prevent possible crystallization problems due to
oxidation of Cys116 (van Berkel and Miiller, 1987; van der Laan
et al. 1989h), the mutation was intraduced into the E. coli gene
encoding the [C1165]4-hydroxybenzoate hydroxylase mutant
(Eschrich et al., 1990; van Beckel et al., 1992). The reptacement
of Argdd by Lys was confirmed by nucleotide sequencing using
the M13 dideoxynucleotide chain-terrination method of Sanger
et al. (1977).

Mutant 4-hydroxybenzoate hydroxylase genes were ex-
pressed in transformed E. coli TG2 grown in 61 batches of
tryptone/yeast medium containing 75 pg/ml ampicillin at 37°C
with vigorous aeration (Westphal and de Kok, 1988). Mutant
enzymes were purified from E. coli TG2, essentially as de-
scribed (van Berkel et al., 1992). The expression and yield of
[R44K)4-hydroxybenzoate hydroxylase is comparable to wild-
type 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.

Analyticat methods, Enzyme concentrations were deter-
mined by using a melar absorption coefficient, &5, of 10.2 mM ™
em™' for holo-4-hydroxybenzonte hydeoxylase (van Berkel et
al., 1992).

4-Hydroxybenzoate hydroxylase activity was routinely as-
sayed in 100 mM Tris/sulfats, pH 8.0, containing 0.5 mM
EDTA, 200uM NADPH, 200 M 4-hydroaybenzoate and
10 pM FAD (Moller and van Berkel, 1982). Steady-state kinetic
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parameters of 4-hydroxybenzoate hydroxylase were determined
at pH 8.0, essentially as described (Eschrich et al., 1993). Rapid-
reaction studies were performed in the stopped-flow apparatus
using the single-wavelength mode. Kinetic traces of the oxida-
tive half-reaction were enalyred according to published pro-
cedures (Entsch and Ballow, 1989; Eschrich et al., 1993). Rate
constants for anaerobic flavin reduction were estimated from ki-
netic traces recorded at 430 nm at variable concentrations of
NADPH (van Berkel et al., 1994). Rate constants for hydrde
transfer and NADP* dissociation were generated from best fits
of stopped-flow traces {recorded at 690 nm) to the kinetic
scheme of wild type (Husain and Massey, 1979) using the com-
puter simulation program KINSIM (Barshop et al., 1983), The
hydroxylation efficiency of 4-hydroxybenzoate hydroxylase was
estimated from oxypen-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 con-
stants of enzyme/substrate complexes were determined from fla-
vin 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).

Crystallization. Crystals of [R44K]4-hydroxybenzoate hy-
droxylase 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 ammenium sulfate,
¢.04 mM FAD, 015mM EDTA, t mM 4-hydroxybenzoate,
60 mM scdium sulfite in 100 mM potassium phosphate, pH 7.0.
Drops of 2 pl protein solution and 2 pl reservoir solution were
allowed to equilibrate at 4°C against 1 ml reservoir solution.
Crystals with dimensions of up to 0.2X0.3%0.1 mm grew within
5 days.

Data collection. X-ray diffraction data were collected using
4 Siemens multiwire area detector and graphite monocinromated
CuKa radiation from an 18-kW Siemens rotating-anode genera-
ior, operating at 45 kV and 100 mA. The crystal-detector dis-
tance was 11.6 cm and the 29 angle was 20°, Data were pro-
cessed using the XDS package (Kabsch, 1988). The space group
is C222, and the cell dimensions were; a=727nm, b=
14.64 om and ¢ = 8.85 nm, differing only slightly from those
of native crystals, a = 7.15 nm, # = 14.58 nm and ¢ = 8.82 nm
{Schreuder et al., 1989). A total of 92992 observations yielded
23336 unique reflections with an R-sym of 6.8%. The data set
is 96.6% complete to 0.22 nm.

Refinernent, A starting electron-density map was calculated
based on the stuctore of the wild-typs 4-hydroxybenzoate hy-
droxylase-substrate complex (Schreuder et al,, 1989), after a cor-
rection had been made for the slightly different cell dimensions
{Schreuder et al., 1994). The starting R-factor was 0.213 for data
between (.80 nm and 0.22 nm. The 2Fo-Fc and Fo-Fc maps
clearly show the replacement of Argdd by Lys. Argd44 in the
mode] was changed into Lys and was fitted in the eleciron-den-
sity map with the graphics program FRODO (Jones, 1985). The
complete protein model was inspected and corrected where nec-
essary. Refinemnent was carried out by energy minimization and
temperature-factor  refinement  using the program  Xplor
{Briinger, 1992). For the FAD we used the parameters as de-
scribed by Schreuder et al. (1994). Water molecules were as-
signed by searching Fo-Fc maps for peaks of at least 4g, which
were between 0.20 nm and 0.50 nm of other protein or water
aroms. Water molecules with lemperature factors afier refine-
ment in excess of 0.7 nm* were rejected.

The final structure was obtained after four cycles of map
inspection and refinement and contains 243 water molecules.



Table 1. Selected polar interactlons (d<{.35 nm) involving Lys44 in [R44K}4-hydroxybenzoate hydroxylase and Argdd in wild-type 4-
hydroxybenzoste hydroxylase, Distances in nm are given in parentheses. HOBzH 4-hydroxybenzoate, Data for wild-typs enzyme are taken from

Schreuder et al, {1989),

Interactions of

[R44K)4-hydroxybenzoate hydroxylese

wild-type enzyme

atom 1 atom2 atom 1 atom 2
(nm} (om)
LysNZ O4 ribityl (0.33) Argsd NHL 04’ ribityt (0.29)
O Wat121 (0.32) O1 ribose-P (034)
Lysd40 NHI Arg214 0.30) Q2 ribese-P 0.35)
©2* HOBzH 033) Arg Ne Q Wal610 0.28)
© Watl3s 029) Argd O NH1 Arg214 0.29)
Q2% HOBzH (0.34)
O War609 {€.27)

Fig. L. Stereo diagram of the final 2Fo-Fc electron denslty map of

[RA4KM-hyd hydroxylase, contoured at 14. The atomic
mode] of [R4+4KK-hydroxybenzoate hydroxylase is drawn in continuous
boild lines, while the orientatian of Acgdd in wild-type 4-hydroxyben-
zoate hydroxylase is indicated in broken lines. The peptide unit between
Led3 and Lys44 is disordered, and about 50% of the peptides in the
crystal are rotated by about 180° with respect to wikd-type enzyme. To
accomodate the flipping peptide, we refined two alternate conformations
for residues 43 and 44, While the two altemate conformations are virtu-
ally identical for Lysd4, they differ slightly for Le43. as is visible in the
figure by the two separate side chains. Both orientations of the side chain
of [le43 fit well iy the electron-density map.

The final R-factor is 0.182 for 22697 reflections between
0.80 nm and 0.22 nm. The root-mean-sguared (r.m.s.) deviations
are 9 - 107 nm for bond lengths and 1.4° for bond angles. All
non-glycine residues have ¢y angles within, or close to, al-
lewed regions. The only exceptions are Lys44 and Aspldd
which {with Lys44 replaced by Arg) alse deviate in the struc-
tures of other complexes of d-hydroxybenzoate hydroxylass
from £ fluorescens {Schreuder et al., 1989, 1994), The peptide
plane between Tledl and Lysd4 is disordered and two orenta-
tions 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 rotaied by about
180°. The consequences for the ¢,i angles of Lys44 will be
discussed in detail with the results,

RESULTS

Structural preperties. The almost 7% complete 0.22-nm data
resulled in excellent electron-density maps (Fig. 1) which al-

51

lowed us ¢ study the stuctore of [R44K}4-hydroxybenzoate hy-
droxylase in great detail. The overall structure of [R44K)4-hy-
droxybenzoate hydroxylase in complex with 4-hydroxybenzoate
is almost identical to the structure of the wild-type enzyme/sub-
strate complex. Superposition of the two revealed an r.m.s. dif-
ference of 0.015 nm for 391 equivalent C* residues. As expected,
the differences were localized in the vicinity of the mutated resi-
due. The differences are even here not very big, which may be
due to the positive charge at position 44 being preserved in Lhe
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 EAD. Most notable, the interaction between
the NH1 of Argd4 and the ribityl 04" seemed 10 be strong (d =
0.2% nm), while the interaction between the N° of Lysd4 and
the ribityl O4’ in the mutant appeared to be much weaker (d =
0.33 nm). This and the lost interactions with the ribitylphosphate
may explain the weaker FAD binding which was observed for
[R44K]4-hydroxybenzoate hydroxylase. From activity measure-
ments performed in the absence or presence of varying amounts
of FAD, an apparent K., value for FAD of 1 pM was estimated.
This value is about 20-fold higher than the corsesponding value
for wild type (Miller and van Berkel, 1982).

Another interesting feature is the orientation of the peptide
unit between Iled3 and Lysd4. The ¢,y angles of Argdd in wild-
type enzyme had already aftracted attention (Schreuder et al.,
1989; Lah et al,, 1994a) since Argdd is located in the active-
site region and its ¢,y angles are far outside allowed regions.
As is shown in Figs 1 and 2, the peptide between Tle43 and
Lys44 was disordersd in [R44K)4-hydroxybenzoate hydrox-
ylase, Using a Fo-Fc omit map with Lysdd omitted from the
calculation of Fc and phases, we estimated that about 53% of
the peptides in the crystal were flipped and 47% had the same
orientation 2s in wild type. These occupancies are identical
within experimental error and we modeled therefore two arienta-
tions of the peptide, each with half occupancy.

The results of the refinement confirm that the Ded3-Lysd4
peptide is flipped in about 50% of the molecules in the crystal,
A Rip of the lle43-Argd4 peptide has also been observed by Lah
et al. (1994 b) after the addition of 200 mM potassium bromide
1o crystals of the wild-type enzyme/subsirate complex. The ¢,y
angles in both the pative conformation and the flipped confor-
mation are owtside the allowsad regions and point to a strained
coafermation in which none of the two observed conformations
is very stable. The carbonyl oxygen in the flipping peptide (be-
longing to Iled3) interacts in both orientations only with solvent




Table 2 0pllml properﬁns of FAD (n free and 4-hydr oxyb
were o by
(Entsch et al., 1991)

hydrexylase. Molar absorption coefficicnts
ding absorplion spectra in 50 mM sodium phosphaw pH 7.0, either in the absence or presence of 0.1% SDS

Enzyme s £ - 2
nm oM™ em™’ nm mM~' em™?
Wild-type 4-hydroxybenzoate hydroxylase 373 i35 430 102
Wild-type 4-hydroxybenzoate hydroxylase complexed with d-hydroxybenzoate 380 1 430 102
[R44K]4-hydroxybenzozte hydroxylass 370 29 445 102
[R44K]4-hydroxybenzoate hydroxylase complexed with 4-hydroxybenzeoate 378 9.0 450 9.6
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Fig.2. ¢,w plot of the structure of [R44K]4-hydroxybenzoate hy- -
droxylase, Two ¢y values are given for Iled3 and Lys44 because of 4
disorder of the lled3-Lysdd peptide. Orientation A corresponds o e -1
flipped orientation {see text), while orientation B coresponds to the con-
formetion as observed in the wild-type enzyme/substrate complex. The
y angles of Lysd4 are outside the allowed regions for both conforma- . s L
tions, suggesting that both conformations are strained. 00 500 600

molecules which will not provide much stabilization for either
conformation.

The eeason for the strained conformation is simple. Fig. 2
shows that it is the w angle which is deviating, both for the
native and the flipped conformation. The y angle was associated
with the peptide between Lys4d and Ala45 and not with the
peptide which flips. As has been discussed before (Schreuder et
al., 19%1), the 45-45 peptide is finnly held in place by a hy-
drogen bond of its carbonyl oxygen (belonging to residue 44)
with the side chain of Arg214 and with a water molecule
(Wat135 or War609 in Table 1) which, in tum, is fixed by hy-
drogen bonds to the side chains of Arg220 and Tyr222.

1t is not clear from the current structural data if this flipping
peptide serves any catalytic function. In either conformatian, the
flipping peptide between residues 41 and 44 does not have any
specific interactions with the protein in the known crystal struc-
tures. In the absence of any structural information on the interac-
tion of 4-hydroxybenzoate hydroxylase with NADPH, we do not
Xnow whether this peptide interacts with bound NADPH.

Spectral propecties. The optical flavin spectrum of [RHK])4-
hydroxybenzoate hydroxylase differs slightly from wild type
(van Berkel et al., 1992) by showing absorption maxima at
370nm and 445nm (Table 2). From recording absorption
specira in the absence and presence of 0.1% SDS {Entsch et al.,
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WAVELENGTH (nm)

Fig.3. Flavin absorption dln’mm:e spcctn ubserved upon hinding
of d-hydroxybenzoate to d-hydroxy The ab-
sorplion spectra were rgcorded at 25°C i 100 mM Trig/sulfate, pH 8.0.
Difference spectra are plotted between 60 pM free enzyme as a reference
and the same solution contaizing 25, 50, 110 and 165 pM 4-hydroxyben-
zcate, respectively. {A) wild-type (B} [R44K]4-hydroxybenzoale hy-
drexylase.

1991), a value of e, 0f 10.2 mM ™ cm~* was estimated for the
molar absarption coefficient of protein-bound FAD (Table 2).
Fig. 3 shows the absorption difference spectra recorded upon ti-
tration of wild type (Fig. 3A} or [R44K]4-hydroxybenzoate hy-
draxylase (Fig. 3B) with 4-hydroxybenzoate. The shape of both
sets of difference spectra indicates that the mutation induced
marginal stctural 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-hydroxybenzoate
hydrogylase resulted in about 70% quenching of the fluores-
cence of protein-bound FAD (pH7.0}. From titration of
[R44K[4-bydroxybenzeate  hydroxylase with 4-hydroxyben-
zoate, simple L:{ binding was observed and a dissociation con-
stant for the enzyme/substrate complex of about 40 pM was esti-
mated. This value is in the same range as fournd for wild type
(van Berkel et al., 1992). Wild-type 4-hydroxybenzoate hydrox-
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Fig. 4. pH-dependent absorption differences observed upon binding
of aromatic ligands to &-hydroxybenzoate hydroxyluse. Wild-type and
[R44KM-hydroxybenzoate hydrexylase were titrated with 4-hydroxy-
benzoate or 4-hydroxyci and the i in absorption was
monitored from recording absorption difference spectra {Eschrich et al,,
1993). The molar absorption differences are extrapotated to infinite
ligand concenwration and plotted against pH. (A) Molar absorption
increase at 290 nm upon titration of 10 uM wild-type {O) or [R44K}-
hydroxybenzoate hydroxylase (@) with 4-hydroxybenzoate. (B} Moler
absorption increaze at 355 am upon titration of 20 M wild-type (O} or
[R44K]4-hydrexybenzoate hydroxylase (@) with 4-kydroxycinnamate.

ylase preferentially binds the aromatic substrate in the phenolate
form with a pX, of about 7.2 (Eschrich et al., 1993). Ionization
of the 4-hydroxyl groap is expected to activate the substrate for
hydroxylation (Vervoort et al., 1992). Binding of 4-hydroxyben-
zoate to [R44K]4-hydrexybenzoate hydroxylase resulted in pH-
dependent absorption changes around 290 nm (Fig. 4 A), indica-
tive for the deprotonation of the phenolic moisty of the substrate
(Shoun et al., 1979). The absorption changes are smaller than
found for wikd type (Eschrich et al,, 1993), supgesting that the
mutation affects the arangemeni of the hydrogen-bonding net-
work around the 4-hydroxyl group of the substrate. These per-
turbations 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 pX, of the competitive inhibitor 4-hydroxycinnamate (pX, =
9.3, free in sclution) was decreased by more than 2 upon binding
1o (R44K]4-hydroxybenzoate hydroxylase (Fig. 4B). A compa-
rable pK, shift has also been observed upon birding of 4-hydro-
xycinnamate to wild type {(Entsch et al,, 1991; Eschrich et al.,
1993}

Catalytic properties. Wild-type d-hydroxybenzoate hydrox-
ylase tightly couples ¢nzyme reduction to substrate hydroxyla-
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tion (Entsch et al., 1976). Replacement of Argd4 by Lys did
pot change the reaction stoichiometry. HPLC product analysis
showed that the mutant enzyme exclusively formed 3,4-dihy-
droxybenzoate from d4-hydroxybenzoate with stoichiometric
consumption of NADPH. In accordance with this, no production
of hydrogen peroxide was detected in oxygen-consumption ex-
periments, We therefore conclude that [R44K]4-hydroxyhen-
zoate hydroxylase is an effecrive 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 hy-
droxylase complexed with 4-hydroxybenzoate is mixed with ox-
ygen, the spectral changes and reaction rates are nearly indistin-
guishable from wild-type and indicative for the subseguent for-
mation and decay of the flavin C(4a)-hydroperoxide and flavin
C{da)-hydroxide (Entsch et al., 1976).

The steady-state kinetic properties of [R44K]4-hydroxyben-
zoate hydroxylase were swdied at pH 8.0, the pH optimum for
wild-type enzyme (van Berkel and Milier, 1989). Table 3 shows
that the maximum tumover rate of [R44K]4-hydroxybenzoate
bydroxylase (k. = 10 s7') at 25°C was about fivefold slower
than wild type. Tn contrast to wild type, the maximum turnover
rate of [R44K}4-hydroxybenzoate hydroxylase was not influ-
enced by decreasing the temperature to 6°C (Tabie 3}. Table 3
also shows that the X, NADFPH for [R44K]4-hydroxybenzoate
hydroxylase was about one order of magnitude higher than for
wild type, suggesting that the mutation affects the binding of
NADPH. As a resull, the catalytic efficiency of [R44K]4-hy-
droxybenzoate hydroxylase (expressed as £./K, NADPH) was
rather Jow (Table 3).

To investigate the interaction with NADPH in more detail,
the reductive half-reaction of [R44X]4-hydroxybenzoate hy-
droxylase was studied by anaerobic stopped-flow experiments.
In the absence of 4-hydroxybenzoate, the rate of reduction of
[R44K]4-hydroxybenzoate hydroxylase by NADPH was ex-
tremely slow (k. = 000237 at 1 mM NADPH} and in the
same range as wild type (Eschrich et al.,, 1993). Reduction of
[R44K4-biydroxybenzoate hydroxylase was highly stimulated in
the presence of 4-hydroxybenzoate, acting as an effector. As can
be seen from Fig. 3, the rate of reduction of subsirate-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 Argd4
plays an important role in NADPH binding. At both temper-
atures studied, the dissociation constant for NADPH in the ter-
nary complex of the mutant was strongly increased with respect
to wild type, making [R44K14-hydroxybenzoate hydroxylase a
rather inefficient reductase.

The reductive half-reaction of 4-hydroxybenzoate hydrox-
ylase is assumed to involve the following sequence of events
(Husain and Massey, 1979):

Ay
E..5 + NADPH «;——. E..S NADPH @

— E..5NADP* —~E_.S + NADP*

whers E,.$ is the oxidized enzyme/subsirate complex and E S
is the reduced enzyme/substrate complex. The formation of ter-
nary complexes was indicaled by the appearance and decay of
long-wavelength absorbances. presumably reflecting flavin-
NADP(H) charge-twransfer intenmediates (Howell et al., 1572).
The transient formation of long-wavelength absorption is sup-
posed to be indicative far the proper orientation of flavin and
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Fig.5. NADFH and temperature dependence of the rate of reduction
of [R44K]d-hydroxybenzoate hydroxylase complexed with d-hy.
droxybenzoate. The experiments were performed in 100 mM Tris/sul-
fate, pH 8.0. 30 pM enzyme was anaercbically mixed with an equal vol-
ume of variable concentrations of NADPH in the stopped-flow spectro-
phoigmeter. Both solutions contained 1 mM 4-hydroxybenzoate, The
rate of reduction of [R44K]d-hydroxybenzoate hydroxylase, es deter-
mined from the decrease of absorbance at 450 nm. is plotted as & func-
tion of the concentration of NADPH; 25°C, {A); 6°C, (O). The lines
through the data points were obtained from non-linear regression analy-
sis.

Table 4. Kinetic parameters for the reductive half-reaction of 4-hy-
droxybenzoate hydroxylase, For experimental details see Figs 5 and 6.
For explanation of symbols see Eqn 2. Data for wild-type 4-hydroxyben-
zoate hydroxylase at 25°C are from van Berkel ct al,, 1992, nd., oot
detesmined.

Enzyme r K, NADPH ks &,
*C uM 5!

Wild-type 4-hydroxy-

benzoate hydroxylase (] 150 4] 23
[R44K]4-Hydroxy-

benzoate hydroxylase 2000 22 50
Wild-type 4-hydroxy-

benzoate hydroxylase 25 150 300 n.d.
[R44K}4-Hydroxy-

benzoate hydroxylase 2006 50 nd.

nicstinamide rings allowing the rapid transfer of a hydride
equivalent (Palfey et al.. 1994),

Anaerobic reduction of [R44K]4-hydroxybenzoate hydrox-
ylase complexed with 4-hydroxybenzoate tnvolves long-wave-
length absorbance changes when the reaction is performed at

pH 8.0. For kinetic reasons (Howell et al., 1972; Husain and
Massey, 1979), charge-transfer complex formation was studied
at 6°C, In contrast to wild-type (Husain and Massey, 1979), no
long-wavelength absorption was observed with [R44K}4-hy-
droxybenzoate hydroxylase at pH 5.6, presumably due to the -
slow rate of flavin reduction (%, = 1 57' 2t 1 mM NADPH)
and the very weak binding of NADFH.

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 ob-
served ar 690 nm. The intensity of charge-transfer absorbance
was lower for [R44K14-hydroxybenzoate hydroxylase (Fig. 6B)
than for wild-type (Fig. 6A) and stongly dependent upon the
concentration of NADPH. Using the rate and dissociation con-
slants oblained from flavin reduction at 450 nm (Table 4), the
690 nm trace of wild type depicted in Fig. 6 A is well simulated
with the model presented in Egn(2). From this simulation
(Fig. 6A) it is concluded that both E.S-NADPH (g4, = 0.45
mM™* cm~') and E,.S-NADP* (€= 1.5 mM™ cn~') contrib-
uie 10 the charge-transfer absorption. As can be seen from Table
4, the simulation predicts that at pH 8.0 and 6°C, NADP* re-
lease (k) is much slower than flavin reduction (k) 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).

For [RHK]4-hydroxybenzoate hydroxylase, the very low
yield of 690-nm charge-transfer absorption (Fig. 6B) compli-
cates the evaluation of the kinetics of the reductive half-reaction.
Nevertheless, if it assumed that the molar absorption coefficients
of E,.3-NADPH and E.S-NADP™ are comparable to wild type,
the §30-nm trace depicted in Fig. 6B can be satisfactorily simu-
lated 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 k, of 14 s~ and k,
of 5¢s7". This suggests that the low yield of charge-transfer
absorption observed is in part due 10 a relatively rapid decompo-
sition of the E.S-NADP* species. From this it is tentatively
concluded that at pH 8.0 and 6°C, reduction of [R44KM4-hy-
droxybenzoate hydroxylase is rate limiting in catalysis.

DISCUSSION

Argdd in 4-hydroxybenzoate hydroxylase is sitwated 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 (Schaeuder <1 al.. 1989) suggest that this
loop plays a functicnal role in catalysis. This assumption is cor-
roborated by recent crysiallographic data which show that the
flavin ring in 4-hydroxybenzoate hydroxylase can anain dit-
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Fig. 6. Time-course of absorbance changes upon red of the

rate of 4-hydroxybenzoate hydroxylase by NADPH.

The experiments were performed at 6°C in the slopped-flow spectrophotometer. The final reaction mixture contained 30 uM enzyme. 1 mM 4-
hydroxybenzoate, t mM NADPH in 100 mM Tris/sulfate. pH 8.0. Enzyme reduction and formation of charge-transfer absorption were monitored
at 450 nm and 690 am, respectively. (A) wild-type; (B) [R44K]d-hydroxybenzoate hydroxylase. The insets show the traces ebtained from simulating
the absorption changes at 650 nm. {1) E,.S-NADPH complex; (I1) E,..S-NADP* complex.

ferent conformations (Schreuder et al., 1994; Gari et al., 1994;
van Berkel ¢t al., 1994). Flavin motion towards a more solvent-
accessible 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., 1594). Argd4 may facilitate flavin mo-
tion by stabilizing the flavin ‘out’ conformation through x-n
stacking interactions (Schreuder et al., 1994). Studies with arabi-
noftavin containing 4-hydroxybenzoate hydroxylase have indi-
cated that flavin metion 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 Arpd4 does not change the overall folding of the enzyme/
substrate complex. Except for local changes arcund the site of
mutation, no structural differences are observed with respect to
wild type. Lys replacement of Arg4+ 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 Lys#4 side chain with ils
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 interioc
pasition in the active site, which is the expected conformation
to allow substrate hydroxylation (Schreuder et al., 1994). The
observed flipping of the led3-Lys44 peptide does not seem to
contribute to the stabilization of the flavin ‘in’ position because
all H-bond interactions remain vistually unaltered.
[RHMK]4-Hydroxybenzoate hydroxylase tightly couples fla-
vin reduction to substrate hydroxylation. The efficient produc-
ticn of 3.4-dihydroxybenzoate by [R44K]4-hydroxybenzoate
hydroxylase is in agreement with the flavin 'in’ conformation
abserved 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-
(Cda)-hydroperoxide and for its correct crientation towards the




substrate. Lys replacement of Arg44 hardly influences the orien-
tation of the substrate. Despite this, the mutation changes the
ahsorption propertizs of protein-bound substrate indicating some
distrbance of the hydrogen-bond network connecting the phe-
nolic moiety of the substrate with the side chains of Tyr201 and
Tyr383. The crystal stractures 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 substantiatly alters the binding kinetics of
the reductive half-reaction, The rather high rate of reduction of
[R44K]4-hydroxyhenzoate hydroxylase complexed with 4-hy-
droxybenzoate suggests that this change in binding kinetics is
not related to the effector role of the substrate. This is in aceor-
dance 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 K, NADPH 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 difficulr to assess the exact role of Argdd in this
process. There are, however, a few possibilities. The side chain
of Argdd is located in the cleft leading 1owards 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-hydroxy-
benzoate hydroxylase is influenced by movement of the flavin
ring in and out of the active site. 4-Hydroxybenzoate hydrox-
ylase, 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 Argd4 to Lys could
lead to reduced stabilization of the flavin out confermarion be-
cause of the absence of n-n stacking interactions, leading to less
efficient reduction. The ArgddLys mutation could lead o a
change in the mutual oriensation of the flavin and nicotinamide
rings, inhibiting hydride tansfer. The low intensity of the re-
duced flavin-NADP” charge-transfer species can be explained
by poor binding of the NADPH/NADP" species, leading to ki-
netic 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-lim-
iting step in catalysis appears to vary with the reaction condi-
tions. At pH#6.6 and low temperature, fiavin 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 or-
bital calculations suggest that ender these conditions, the rate- |
limiting step in caralysis is dictated by the rate of substrate hy-
droxylation (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
Miiller, 1989;, the turnover rate of [R44K)4-kydroxybenzoate
hydroxylase did not increase upon raising the temperature to
25°C.

This study was supported by the Netherlands Foundation for Chemi-
cal research (SON) with financial aid from the Netherlands Organization
for Scientific Research (NWQ).
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Lys42 and Ser42 variants of p-hydroxybenzoate hydroxylase
from Pseudomonas fluorescens reveal that Argd2 is essential for NADPH binding
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The conserved Argd2 of the flavoprotein p-hydroxybenzoate hydroxylase is located at the entrance
of the active site in a loop between helix H2 and sheet E1 of the FAD-binding domain. Replacement of
Arg42 by Lys or Ser decreases the wumover rate of p-hydroxybenzoate hydroxylase from Pseudomonas
Sluorescens by more than two orders of magnitude. Rapid reaction kinetics show that the low activity of
the Argd2 variants results from impaired binding of NADPH. In comtrast to an earlier conclusion drawn
for p-hydroxybenzoate hydroxylase from Acinetobacter calcoaceticus, substitution of Argd2 with Serd2 in
1he enzyme from P, fluorescens hardly disturbs the binding of FAD. Crystals of [Lys42]p-hydroxybenzoate
hydroxylase complexed with 4-hydroxybenzoate diffract o 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. Substrale perturbation difference spectra suggest
that the Argd?2 replacements influence the solvent accessibility of the flavin ring in the oxidized enzyme.
In spite of this, the Argd2 variants fully couple enzyme reduction to substrate hydroxylation. Sequence-
comparison studies suggest that Arg42 is involved in binding of the 2-phosphoadenasine moiety of
NADPH.

Keywords: crystal structure; flavoprotein monooxygenase: p-hydroxybenzeate hydroxylase; NADPH

binding; site-specific mutagenesis.

p-Hydroxybenzoate hydroxylase is the prototype of the fam-
ily of pyridine-nuciectide-dependent flavoprotein monooxygen-
ases [1]. The enzyme catalyzes the ertho-hydroxylation of 4-
hydroxybenzoate to 3,4-dihydroxybenzoate, an intermediate step
in the degradation of aromatic compounds in soil microorga-
nisms [2]. The p-hydroxybenzoate hydroxylase-mediated con-
version of 4-hydroxybenzoate is a multistep reaction with three
substrates and three products.

coo’ cou

+ NADPH + H* &+ O + NADP* + H0
OH

QH

GH

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 mu-
tagenesis [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 in-
volving NADPH are unknown [10]. We do not even know the
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NADPH-binding site. Attempts to erystallize or soak p-hydroxy-
benzoate hydroxylase erysials with NADPH or analogs were un-
succesful. Either no NADPH binding was observed. or with the
analog adenosine-§-phosphoribose the FAD got replaced [L1].
p-Hydroxybenzoate hydroxylase has a Suff nucleotide-binding
fold for the FAD, but rot for NADPH [6]. p-Hydroxybenzoaie
hydroaylase has no sites with sequence or structural similarity
to known NADXP)H-binding sites [12], making it impossible to
predict the binding site. Also unexplained is the mechanism be-
hind the stimulation of the reduction rate by the substrate. [n 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 magritude [4]. To answer these ques-
tions, 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 mod-
eling of the NADPH-binding mode.

Chemical-modification studies of p-hydroxybenzoate hy-
droxylase from P. flupresceny suggested that arginine residues
are important for NADPH binding [13]. making arginine resi-
dues an attractive tasget for site-directed mutagenesis. Based on
the erystal strucrure, we selected a aumber of arginine residues
arcund the active-site cleft. The first arginine we found to be
important for NADPH binding was Argdd. Replacement of
Ar3d by lysine strongly reduced the affinity for NADPH with-
oul disrupting the efficiency of substrate hydroxylation [14].
Argd2 s another conserved residue. possibly involved in
NADPH binding, Are42 is located at the entrance of the active
stte and points with its side chain towards the 2-OH and 3-OH of
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Fig. t. Steren drawing of the Ce hackbone of the structure of the enzyme - subsirate complex of p-hydroxybenzoate hydroxylase. The

substrate (POHB). the cofactor (FAD) and Arg42 are indicated.

the adenine-ribose moiety of FAD [7] (Fig. 1). From nucleotide
sequencing of a pebA-deficient mutant it was proposed thar re-
placement of Arg42 by Ser in p-hydroxybenzoate hydroxylase
from A. calcoaceticus reduces FAD binding by disturbing the
ADP-ribose pocket [15]. We present here studies of Arg42 vari-
ants of p-hydroxybenzoate hydroxylase from £ 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. flucrescens, has been described [17]. Site-specific muta-
genesis, using E. coli RZt032 for generation of uracil-containing
single-stranded DNA, was performed in the bacteriophage
ML3mp18 according to the method of Kunksl et al. {18]. Mu-
tations were introduced in the gene encoding the microhetero-
geneity resistant [Ser116]p-hydroxybenzoate hydroxylase mu-
tant [19]. For convenience and in view of the identical catalytic
and structural properties [19], [Ser116]p-hydroxybenzoate hy-
droxylase is referrad to as p-hydroxybenzoate hydroxylase. The
mixed oligonucleotide 5-CGTGCTCGGCHATCCGCGCC-Y,
which encodes the Lysd2 (AAA) and Serd? (TCC) substitutions,
was used for the constiuction of Arg42 mutants. The mutations
were confimmed by nucleotide sequencing using the M13 dide-
oxynucleotide 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 3-1 batches of tryptone/yeast medium containing
75 pg/ml ampicillin and 20 pg/ml isopropyl thiogalactoside at
37°C with vigorous aeration [21]. The Argd2 mutants were puri-
fied by a moditied procedure of the purification protocol devel-
oped for p-hydroxybenzoate hydroxylase [17). The enzyme
preparation obtained after protamine sulfate treatment was
Joaded onte a Q-Sepharase column (40 emX2.6 cm), equili-
brated in 20 mM Tris/sulfate, pH 8.0. After washing, the enzyme
was eluted with 0.2 M KCI in starting buffer and dialysed
against 40 mM Tris/sulfae, pH 8.0. The enzyme was loaded
onto a Cibacron blue 3GA-agarose column (40 cm X 2.6 cm),
equilibrated in 40 mM Trisfsulfate, pH 8.0. and eluted in the
wash sofution. After dialysis in 7TmM potassium phosphate,
pH 7.0, the enzyme was passed over a hydroxyapatite column
equilibrated in 7mM potassium phosphate, pH 7.0 [22]. The
Argd2 mutants were purified 10 apparent homegeneity by FPLC
anion-exchange chromatagraphy [23}. and stored as an 70% sat-
urated ammonium sulfate precipitate at 4°C.

Analytical methods. Molar absorption coefficients for pro-
tein-bound FAD were determined in 50 mM sodium phosphate.
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pH 7.0, by recording absorption specira in the absence and pres-
ence of §.1% SDS [24]. p-Hydroxybenzoate hydroxylase activ-
ity was assayed in 100 mM Tds/sulfate, pH 8.0, containing
0.5 mM EDTA, 20¢ uM NADPH. 200 pM 4-hydroxybenzoate
and 10 pM FAD [25]. Steady-state kinetic parameters were de-
termined at pH 8.0, essentially as described [26). Rapid-reaction
kinetics were determined using a stopped flow spectrophotome-
ter, type SF-51 (High-Tech Scientific Inc.) Rate constants for
snaerobic fMlavin reduction were estimated from Kinetic traces
recorded at 450 nm using variable concentrations of NADPH
[14}. Kinetic traces of the oxidative half-reaction were analyzed
essentially as described (5], The hydroxylation efficiency of
Arg42 mutants was estimated from oxygen-consumption experi-
ments [26]. Hydrogen peroxide formation was quantified by the
addition of catalase at the end of the reaction. Aromatic products
were identified and quantified by reverse-phase HPLC [24).
Dissociation constants of enzyme - substrate complexss were
determined floorimetricalty [271. Absorption difference spectra
between free and substrate-complexed enzymes were recorded
on an Amince DW-spectrophotometer [17}.

Crystaltization and data colfection, Crystals of [Lys42]p-
hydroxybenzeate hydroxylase complexed with 4-hydroxyben-
zoate were obtained vsing the hanging-drop method. The protein
solution contained 10—15 mg/ml enzyme in 100 mM potassium
phosphate, pH T.0. The reservoir solution contained 39 % satu-
rated ammonium sulfate, 0.04 mM FAD, 0.15mM EDTA,
30 mM sodium sulfite, 1 mM 4-hydroxybenzoate 100 mM po-
tassium phosphate, pH 7.0. Drops of 2 pl protein solution and
2 pl reservoir solution were allowed to equilibrate at 4°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 and graphite monochromated CuKa radi-
ation from an 18-kW Siemens rotating anode generator, operat-
ing a1 45 kV and 100 mA. The crystl-detector distance was
1t.6 cm and the 28 angle was 20°. Data were processed using
the XDS package [28). The space group was C222, and the cell
dimensions, a = 7.135 nm, b = 14.59 am and ¢ = 3.88 nm, dif-
fer only slightly from the native crystals, a =7.15nm, b=
1458 nm and ¢ = 882 nm [7]. A total of 783553 observations
yielded 23 174 vnique reflections with an R-sym of §.7%. The
data set is 96.8% complete to 0.22 nm.

Structure refinement. A starting electron-density map was
caleulated based on the structure of the enzyme - substrate com-
plex {7]. afier 2 correction had been made for the slightly dif-
ferent el dimensions [29], The starting R-factor was 0,232 for
data between 0.80 nm and 0.22nm. The 2Fo-Ffc and Fo-Fe
maps show the replacement of Argd2 by Lys. Argd2 in the
model was changed into Lys and was fited in the electron-den-
sity map with the graphics program O [30]. The complete pro-




Fig. 2. Superposition of the structures of p-hydrexybenzoate hydroxylase and [Lysd2[p-hydroxybenzoate hydroxylase in complexes with 4-
hydroxybenzoate. The structure of p-hydroxybenzoate hydroxylase is drawn with solid bonds and the structure of [Lysd2]p-hydroxybenzoate
hydroxylase is shown with open bonds. The view is from the ribityl side chain towards the flavin iscalloxazine ring. The water molecules shown

refer to the structure of [Lys42}p-hydroxybenzoate hydroxylase (Table 1;.

Fig.3. Stereo dlagram of the Fo-Fc omit map of [Lysd2|p-hydroxybenzoate hydroxylase, contoured ai g, The amino acid residues are drawn
in continuous beld 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 O3) is indicated.

tein model was inspected and corrected where neccessary. Re-
finement was carried out by energy minimization and temper-
ature-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 4o, which were between 0.20 nm and 0.50 nm
of other protein or water atoms. Water molecules with tempec-
ature factors after refinement in excess of 0.7 nm’ were rejected.
The final structure was obtained afier four cycles of map inspec-
tion and refinement and comains 289 water molecules. The final
R-factor was 0.175 for 22 634 reflections between 0.80 nrm and
0.22 nm. The coordinates of the refined siructure of the enzyme
- substrate complex of [Lys42]p-hydroxybenzoate hydroxylase
will be deposited in the Brookhaven Protein Data Bank.

RESULTS

Expression. Replacement of Arg42 by Lys or Ser in p-hydroxy-
benzoate hydroxylase from P fliorescens did not signiticantly
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change the level of protein expression. With both recombinant
enzymes, expression yields up to 10% of total E. coli protein
were pbserved. Unlike wild-type enzyme, the Argd42 mutants
displayed a rather weak interaction with Cibacron-blue agarose.
In spite of this, their yields afier purification were comparable
to that of native p-hydroxybenzoate hydroxylase [17]. Moreover,
the purified Arg42 mutants were brght yellow, indicative of
tight binding of FAD.

Structural properties. The structure of [Lys42]p-hydroxyben-
zoate hydroxylase was very similar to the structure of native p-
hydroxybenzoate hydroxylase [7). The rmsd was 0.02 nm for
381 equivalent Ca atoms. The side chain of Lys42 had the same
orientation as the side chain of Argd2 in the native structure
(Fig. 2). A water molecule (Wat249 in the madel) occupied the
position of the puanidinivm group of the larger wginine side
chain and bridged the 3-OH of the FAD ribose and the NZ of
Lys42 (Table 1). The only sigaificant difference in the neighbor-
hood of the modified residus was a small rotation of the Tyr38




Table 1. Selected polar lnteractions (Z<0.32 nm) involving L¥s42 in
[Lysd2]p-hydroxybenzoate hydroxylase and Argd2 in p-hydroxyhen-
zoate hydroxylase. Data for p-hydroxybenzoate hydroxylase are raken
from Schreader et al. [7].

Enzyme Atom 1 Atom 2 Distance
nm

[Lys42)p-hydroxybenzoate Lys NJ Watl9 & 027
hydroxylase Wat2490 027
War 2490 O3 ribose 029
p-Hydroxybenzoate hydroxylase Arg N Watl67 0 0.28
Arg NH! O3 ribase  0.26
Chribose 03]
wabl5 0 0.27

‘Table 2. Dissociati ol enzy « substrate complexes of

p-hydroxybenzoate hydroxylase and g-hydroxybenzaate hydroxylase
variants. Dissociation consiants were determined at 25°C in 50 mM
potassium phosphate pH 7.0, or 100 mM Trisfsulfate pH 8.0, by fuori-
metric titration experiments. PEBH, p-hydroxybenzoate hydroxylase.

Substrare pH  Dissociation constant of
PHBH  [Lys42)PHBH [SerdZ]PHBH
um
4-Hydroxybenzoate 70 30x 5 120=x1i5 100=10
80 40x 3 12015 100=10
24-Dihydroxybenzeate 7.0 90=10 270x20 25020
86 90x(0 275%25 25025

side chain, which faced the solvent. The active sices of p-ity-
droxybenzoate hydroxylase and [Lys42]p-hydroxybenzoate hy-
droxylase were identical within experimental ereor. However, the
electron density of the guanidinium part of the Argd4 side chain
was very weak in [Lysd2]p-hydroxybenzoate hydroxylase
(Fig. 3), while this side chain had strong electron density in p-
hydroxybenzoate hydroxylase. Accordingly, the temperature
factors of the Argd4 NH! and NH2 were around 0.7 nm® for
[Lys42)p-hydroxybenzoate hydroxylase, and around G.43 nm’
for p-hydroxybenzoate hydroxylase, suggesting that the Argdd
side chain has became more mobile in the Lys42 vanant.
Attempts to obtain high-quality crystals of [Serd2]p-hydroxy-
benzoate 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 isoailoxazine ring of the FAD in p-hydroxybeazoate hydrox-
ylase can attain different conformations inside and outside the
active site [29, 32, 33]. Substrate-binding studies suggest that
the flavin conformation cbserved in the crystal structure corme-
lates 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 [Lysd2|p-hydroxybenzoate hydroxylase (Fig. 4Aj
resembled that of p-hydroxybenzoate hydroxylase (Fig. 4C).
suggesting an ‘in" position for the flavin ring, in full agreement
with the crystal structure. Tirration of [Lysd42)p-hydroxyben-
zoate hydroxylase and [Serd2|p-hydroxybenzoate hydroxylase
with 2.4-dihydroxybenzoate. resulted, similarly to titration of
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Fig.4. Flavin absorption difference spectra observed upon binding
of d-hydroxybenzoate or 2.4-dihydroxybenzoate to p-hydroxyben-
zoate hydroxylase varianis. Absorption specira were recorded at 25°C
in 50 mM sodium phosphate pH 7.0. The enzyme concentration was
30 M. The difference spectra are extrapolated to infinice substrate ¢on-
centration. —, d-hydroxybenzoate; -~ —. 2.4-dihydroxybenzoate. (A)
[Lys42)p-hydrexybenzoate hydroxylase; (B) [Ser42]p-hydroxybenzoate
hydroxylase; {C} p-hydrexybenzoate hydroxylase.

native p-hydroxybenzoate hydroxylase. in difference spectra in-
dicative for the favin “out” conformation [32). Binding of 4-
hydroxybenzoate to [Serd2]p-hydroxybenzoate hydroxylase
(Fig. 4B) induced spectral changes, which deviate from those
of p-hydroxybenzoate hydroxylase and which are intermediate
between the changes abserved for the flavin ‘in’ and ‘out’
spectra.

The Argd2 mutants have a somewhat lower affinity for 4-
hydroxybenzoate and 2.4-dihydroxybenzoate than p-hydroxy-
benzoale hydroxylase, which was studied in more detail by fluo-
rimetric litration experiments. For both Arg42 variants, the flu-
vin fluorescence quanium yield was abowt J0% compared with
that of p-hydroxybenzoate hydroxylase [27]. In contrast o p-
hydroxybenzeate hydroxylase, the flavin  fluorescences of
[Lys42|p-hydroxybenzoate hydroxylase and [Serd2)p-hydroxy-
benzoate hydroxylase were not strongly quenched upon binding




Table 3. Kinetic parameters of p-hydroxybenzoate hydroxylase and
p-hydroxybenzoate hydroxylase varlants, Steady-state kinetic parame-
ters were determined ar 25°C in air-sawarated 100mM Tris/sulfate
pH 8.0. For experimental details of the reductive half-reaction see Fig. 5.
Data for p-hydroxybenzaate hydroxylase are from {17]. The designation
greater than {>) refers to minimum values and the fact that accurate
values ceuld not be estimated because of very weak NADPH binding.

Enzyme K, for ke X, L
_— for
4-hydroxy- NADFH NADPH
benzoate
uM 57! M 37!
p-Hydroxy-
benzeale
hydroxylase 25 50 55 150 300
{Lys42]p-hy-
droxybenzoate
hydroxylase 110 =500 >6 >2000 =6
[Serd2)p-hy-
droxybenzoate
hydroxylase 3 >500 =02 >2000 =0.2

of 4-hydroxybenzoate. With [Lys42]p-hydroxybenzoate hydrox-
ylase, the enzyme - substrate complex exhibited a fluorescence
quantum yield of more than 80% of that of the free enzyme,
while with [Serd42]p-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 dissaciation constants in the range
100—120 uM. These values were about threefold higher than
those observed with p-hydroxybenzoate hydroxylase (Table 2)
and were in agreement with the dissociation constants derived
from the absorption difference specira. Binding of 24-dihy-
droxybenzoate 10 the Arg42 mutants resulted in a 30% decrease
in fluorescence of protein-bound FAD with dissociation con-
stants in the range 240—280 pM, threefold higher than with p-
hydroxybenzoate 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 Argd2 mutants was tested at
pH 8.0 (standard assay) and at pH 7.0. This was due 10 a largs
extent to weak binding of NADPH, limiting the accurate estima-
tion of steady-state kinetic parameters (Table 3). To confirm that
the low aclivity was not due to FAD dissociation, we measured
the turnover rate of the Argd2 mulants in the absence and pres-
ence of varying amounis of free FAD. These experiments re-
vealed that the apparent K, for FAD of [Lysd2)p-hydroxyben-
zoate hydroxylase and [Serd2]p-hydroxybenzoate hydroxylase
ranged from 100 nM to 200 rM, which is slightly higher than
the carresponding value of 45 nM reponed for p-hydroxyben-
zoate 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 stopped-
flow spectrophotometer. Following the disappearance of flovin
absorption at 435G nro. the reaction of the uncomplexed Arg42
mutants with NADPH was as slow as with p-hydroxybenzoute
hydroxylase (4, = C.002 57 at 1 mM NADPH) {14]. However,
reduction of the enzyme - substrate complex was much slower
for the Arg42 mutants than for native p-hydroxybenzoate hy-

65

"

I 1

2.0

1.9
NADPH [mM]

Fig. 5. NADPH dependence of the rate of reduction of the enzyme -
substrate complexes of [Lysd2]p-hydroxybenzoate hydroxylase and
[Ser42]p-hydroxybenzoate hydroxylase. The experimens were per-
formed at 25°C in 100 mM Trisfsulfate pH 8.0. 20 pM enzyme was
mixed anaerobically with ar equal volure of NADPH in the stopped-
flow spectrophotometer. Beth solutions contained 1 mM 4-hydroxyben-
zoate. The rate of flavin reduction. as determined from the decrease of
abserbance a1 450 nin. is plotied as a function of the concentration of
NADPH. %, {Lys42]p-hydroxybenzoate hydroxylase: O [Serd{p-hy-
droxybenzome hydroxylase,

drokylase, taking seconds or longer (Table 3). There was an al-
most linear relationship between the rate of enzyme reduction
and NADPH concentration (Fig. 5). suggesting impaired coen-
zyme binding, In agreement with this. no long-wavelength-ab-
sorbance increase, indicative of a charge-transfer complex be-
tween 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 | mM NADPH, sub-
strate  binding stimulated the rate of flavin reduction of
[Lys4Z}p-hydroxybenzoate hydroxylase by about three orders of
magnitude (Table 3), which is nevertheless 100-fold less than
for p-hydroxybenzeate hydroxylase [17] and which is rate limit-
ing in catalysis {Table 3.

With both Argd2 mutants, HPLC analysis revealed the for-
mation of 3,4-dihydroxybenzoate as the sole aromatic product
from 4-hydroxybenzoate. The formation of 3,4-dihydroxybenzo-
ate was stoichiometric with the consumption of 4-hydroxyben-
zonte and NADPH, indicative of efficient hydroxylation. Oxy-
gen-consumption experiments perfermed in the absence or pres-
enve of catalase confirmed that the reduction of the Arg42 mu-
tants by NADPH is tightly coupled to substrate hydroxylation
and that no hydregen peroxide is formed.

Stopped-flow experiments in which substrate-complexed re-
duced Arg42 mutants were mixed with oxygen (Fig. 6) revealed
some smail variations at 405 nm between [Serd2)p-hydroxyben-
zoate hydroxylase and p-hydroxybenzoate hydroxylase, proba-
bly due to ditferent intrinsic absorption at that wavelength. The
rapid increase of zbsorption at 4035 nm, indicative of the forma-
tion of the tlavin Cida)-hydroperoxide. was followed by a small
absorption decrease (Fig. 6), indicative for substrate hydroxyla.
tion involving the transient formation of the flavin Ctda)-hy-
droxide pseudobase [3]. [n the final step. the latter Aavin species
rupidly decomposed 1o the oxidized enzyme ax evidenced by
the increase of absorption ar 490 nm ¢Fig. 6 B). For buth Arg42
mutants, the individual rate constants obtzined after treating the
dara aecording to a thrse-step reaction were in the same range
as with p-hydroxybanzoate hydross luse [3). This confirms that
the Arg42 replacements do not significantly affect the siabiliza-
tion and reactivity of oxygenated flavin intermediates.
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Fig. 6. Time-course of the reaction of the reduced enzyme - sulstrate
complexes of p-hydroxybenzoate hydroxylase and [Serd2]p-hydroxy-
benzoate hydroxylase with exygen. The experiments were performed at
6°C in 50 mM potassium phosphate pH 6.6, Dithionite-reduced enzyme
(15 uM) was mixed anaerobically with an equal volume of 2 mM of
oxygen in the stopped-fiow spectrophotometer. Both syringes contained
1 mM 4-hydraaybenzoate. The time-course of absorption was followed
&t 405 am {A} ang 490 am {8;. p-Hydroxybenzoate hydraxyluse. con-
finuous Line: [Serd2]p-hydroxybenzoate hydroxyluse, broken line.

DISCUSSION

Our studies established that Arg42 of p-hydroxybenzoate hy-
droxylase from P flucrescens is essential for NADPH binding
and not for FAD binding. The hydrogen bond between the NH2
of Argd2 and the 3-OH of the adenosine-ribose of the FAD does
not contribute much to binding of FAD. Our conclusions dis-
agree with those of Dimarco et al. [15]. who atribured the Jack
of activity in cell exiracts of A. calcoaceticus with [Serd2]p-
hydroxybenzoate hydroxylase 1o impaired FAD binding of the
mutant enzyrne, However, this conclusion was inferred from the
crystal structure of P flworescens p-hydroxybenzeate hydrox-
ylase and no experimental data were presented to support this
claim. Our experimental data and the very high sequence iden-
tity between £ fluorescens p-hydroxybenzoate hydroxylase and
A. ealcogveticus p-hydroxybenzoate hydroxylase suggest that
the lack of enzymatic activity in [Serd2]p-hydroxybenzoate
hydroxylase A. calcoacericis extract was either due to the ex-
tremely slow reduction rate of [Serd2{p-hydroxybenzoare hy-
droxylase by NADPH. or due to a very low expression level for
the mutant protein.

Comparison of the 0.22.nm crystal structure of [Lys#2ip-
hydroxybenzoale hydroxylase with the structure of native p-hy-
droxybenzoate hydroxylase shows that both structures are virto-
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ally identical except for local changes around the site of muta-
tion. In the Lys42 variant, the lost interaction between the gua-
nidinium group of Arg42 and the adenosine ribose moiety of
FAD is compensated by a water molecule (Wat249), which con-
nects the NZ of Lysd2 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 s virtually identical in both crystal struc-
wres. The decreased affinity for 4-hydroxybenzoate and 2.4-di-
hydroxybenzoate 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 k)/mol.

In spite of the decreased affinity for the aromatic substrate,
the Lys42 replacement did not diminish the stabilization and hy-
droxylation power of the flavin {C4a)-hydroperoxide. This
agrees well with the inner orientation of the flavia jsoalloxazine
ring in the crystal structure and with the finding that the Lysd2
replacement does not disturb any of active-site residues, which
leaves the hydrogen-bond network berween the phenolic moiety
of the substrate and the side chains of Tyr201 and Tyr385 fully
intact.

The spectral properties of [Lys42]p-hydroxybenzoate hy-
droxylase are consistent with the closed conformation of the fla-
vin in the crystal structure. The small spectral differences with
respect o p-hydroxybenzoate hydroxylase might be explained
by the significantly higher mobility of the Argdd 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 soivent
exposere. Since the flavin conformation in the Argdl variant
does not differ significantly from that in native p-hydroxyben-
zoate hydroxylase, we cannot explain the lack of NADPH bind-
ing or flavin reduction by a shift of the flavin conformation from
‘in' to ‘out’.

Although no structural data for [Serd42]p-hydroxybenzoate
hydroxylase are available it seems that in this mutant protein the
interaction between the side chain of residue 42 and the adeno-
sine-ribose moiety of FAD will be weakened wirth respect to
the Lys42 variant. Our data show that despite this weakened
interaction, FAD binding is normal. The spectral perturbations
upon titration with d-hydroxyhenzoate are shifted toward the
spectrai changes associated with the ‘out” conformation, sug-
gesting that in [Ser42]p-hydroxybenzoate hydroxylase the equi-
librium of flavir 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 dug 1o an even greater mobility of the Argdd side chain
in [Lys42]p-hydroxybenzoate hydroxylase.

[Lys42)p-hydroxybenzoate hydroxylase and [Serd2]p-hy-
droxybenzoate hydroxylase fully couple flavin reduction to sub-
strate hydroxylation, which means that the flavin (Cda)-hydro-
peroxide muost have the ‘in’ conformation [35]. [n this respect,
the Argd2 mutants difter from [Eys220]p-hydroxybenzoate hy-
droxylase, in which increased mobility of the flavin ring pre-
vents preduct formation |36]. These observations suggest that
tor {Ser42)p-hydroxybenzoate hydroxvlase the shift in flavin
equilibrium, if present, must be limired to the oxidized srate,
This means that the electrostatic stabilization of the anionic re-
duced flavin in the inner position is not disturbed by the removal
of the positive charge at position 42. This is not oo surprising
given that Arg42 is not Jocated in the active-site region.

p-Hydroxybenzoate hydroxylase lacks a recognizable do-
main for binding NADPH [6. 9]. Sequence alignments suggest




that this may be a common property of the flavoprotein aromatic
hydroxylases [37). Here we show that in . fluorescens p-hy-
droxybenzoate hydroxylase substitution of Argd2 with lysine or
serine resilts in impaired NADPH binding, preventing efficient
reduction of protein-bound FAD. Argd2 must therefore be im-
portant for NADPH recognitien. Information about the specific
function of Arg42 comes from recent studies on p-hydroxyben-
zoate hydroxylase from Psewdomonas CBS3 [38]. This enzyme,
involved in the biodegradation of 4-chlorobenzoate, prefers
NADH over NADPH. In the Pseudomonas CBS3 sequence,
Argd? is replaced by a threonine residue. Moreover, sequence
comparison and homology-modeling studies suggest that the
shon helix preceding residus 42 (helix H2 in the £ fluorescens
enzyme) [7] is involved in coenzyme specificity by binding the
-phasphoadenosine moiety of NADPH [38]. The poor NADPH
binding in the Arg42 mutants of p-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 demain and the substrate-
binding domain [6]. The current results are in full agreement
with other mutagenesis [14, 16] and modeling studies [16],
which suggested that in addilion to Arg42, the following resi-
dues in the active-site cleft are important for NADPH binding:
Argd4 for binding the adenosine-ribose; and His162 and Arg269
for binding the pyrophosphate. However, additional protein-
engincering studies and X-ray—crystallography studies are
needed 10 unravel the molecular details of NADPH recognition
by this class of flavoenzymes.

The authors wish to thank Ms Yvonne Dortmacs for technical assis-
lance.
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Abstract: A novel conserved sequence motif has been located
among the flavoprotein hydroxylases. Based on the crystal struc-
ture and site-directed wutagenesis studies of p-hydroxybenzoate
hydroxylase (PHBH) from Pseudomonas fluorescens, this amino
acid fingerprint sequence is propased 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
patt of helix H7. The conserved amin acids Asp 159, Gly 160, and
Arg 166 are necessary for maintaining the structure. The backbone
oxygen of Cys 158 and backbone mitrogens of Gly 160 and
Phe 161 interact indirectly with the pyrophosphate moiety of FAD,
whereas it is known from mutagenesis studies that the side chain
of the moderately conserved His 162 is involved in NADPH binding,

Keywords: fingerprint; flavopratein family; NADPEH-binding;
p-hydroaybenzoare hydroxylass; sequence alignment

Flavoprotein hydroxylases are monooxygenases that catalyze the
insertion of one atom of molecular oxygen inte the substrate, using
pyridine pucleotides as ¢xtemal electron donor (van Berkel &
Muller, 1991). These enzymes play an important role in the bio-
degradation of lignin-derived aromatic compounds as well as en-
vir | poll and in the biosynthesis of sterols, antibiotics,
and plant homm They lack a known fingerprint sequence for
NAD(P)H binding, but possess two fingerprint motifs for the FAD
binding. The first FAD motif identifics the dinucleotide binding
Bag-fold, which binds the ADP moiety of FAD (Wierenga et al.,
1986), whereas the second motif represents residues that are in
contact with the dbeflavin moiety of FAD (Eggink et al., 1990).

PHBH (EC 1.14.13.2) is the prototype of FAD-dependent hy-
droxylases, and the only ¢nzyme in this class of flavoproteins for
which a three-dimensional structure is known in stomic detail
(Schreuder et al, 1989), The stricily NADPH-dependent enzyme
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catalyzes the ortho hydmxy!mm of Lhydroxybenzoane intw 34-
dihydroxybenzoate via the of an oxy d
flavin intermediate (Entsch & van Berkel, 1995). The slrucmre of
PHBH is unusual because there is no NADPH-binding domain, So
far, crystallographic analysis did not reveal a structure of the en-
zyme complexed with NADPH, and soaking experiments with the
coenzyme analogue ADPR resulted in displacement of FAD by
ADPR {van der Laan ¢t al,, 1989). Site-directed mutagenesis stud-
ies have pointed to the involvement of Arg 44 (Eppink etal., 1995)
and His 162 (Eppink ¢t 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 aremendously, and about 50 amino acid
scquences arc known currently. Therefore, and in view of the
unknown binding mode of NADPH in this class of flavoenzymes,
it was of interest to scarch for the presence of conserved sequence
motifs. This report deseribes 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.

Discussion: S i have classified a number of gene
products to ﬂnvopmmrn hydmxyhses (Kilin et al., 1692; Kukor &
Olsen, 1992; Nakahigashi ¢t al., 1992; Blance et al., 1993; Filip-
pini et al., 1995, Haigler et al., 1996; Marin et al., 1996; Seibold
et al., 1956; Tsuji et al., 1996; Yang et al., 1996). These sequence
data, 1ogether with that of PHBH from Preudomonas fluorescens
(van Berkel, 1952), were the starting points for a thorough screen-
ing of different databases. This search was performed with BEAUTY,
which is an BLAST-enhanced alignment utility that integrates mul-
tiple biological information resources (Worley et al., 1995). From
the 50 collected sequences, small groups were generated based
on the different types of sub Pp-hydroxyb {phb),
2-hydroxybiphenyl (biph), phenol (phe}, salicylate (sal), p-amino-
benzoate (pab), polykstide (poly}, 4-methyl-5-nitrocatechol {cav),
epoxide (epox), 2-methyl-3-hydroxypyridine-5-carhoxylic acid
(axy), and a group of monooxygenases (mone) for which the func-
tion is largely unknown. A multiple sequence alignment was per-
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Fig. 1. Ribbon structuce of p-hydroxybenzoate hydroylase from Pseudo-
monas flusrescens. MOLSCRIPT (Kraulis, 1991) picture highlighting the
conserved regions of the protein. GXGXXG sequence in red; DG sequence
in blue: GD sequence in green. The FAL and aromatic subsirate are de-
picted in ball and stick representation.

fortied with the programs MACAW {(Schaler et al,, 1991) and
ClustalW {Thompson et al., 1994) using the Blosum matrixes (Heni-
koff & Henikoff, 1992). From the alignment of 50 favoprotzin
hydroxylase sequences, three conserved regions could be deduced,
which are shown in Tabile 1.

The first FAD fingerprint sequence, shown in Table 1, is the
well-known Rossmann fold or Saf-fold (containing the GXGXXG
sequence), a common molif among FAD- and NAD(P)H-dependent
oxidoreductases { Wicrenga et al., 1986}, In PHBH. this fingerpriat
{residues 5-19) is important for binding the ADF moiety of FAD
{Fig. 1). The structural properties of this dinucleotide binding fold
were reported more than L0 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 03" of the ribose moiety of FAD (Eggink et al., 1990). This

commen fingerprint sequence among the family of FAD-dependent
oxidereductases differs somewhat between the disulfide oxidore-
ductases and flavoprotein hydrexylases because the latter enzymes
have mere conserved residues downstream from the GD sequence
(DiMarco et al., 1993). In PHBH, this fingerprint sequence (resi-
due 278-308) is located partly at the re-side of the isoalloxazine
ring of FAD, near the binding site of the aromatic substrate (Fig. 1;
Schreuder et al., 1989).

Table 1 shows 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 part of helix H7 (residues [33-166) of the FAD binding
domain, and is situated near the cleft leading toward the active site
(Fig. 1). Strand A4 (residue 154-137) is completely buried and
multiple contacts are made with residues of both the FAD binding
domain and a long excursion of the substrate binding demain.
However, as one of the referees pointed out, one could argue that
this excursion, together with the FAD and the interface demain,
forms one large globular domain and that the contacts of sirand A4
are important for maintaining the integrity of this domain. The
large turn (residues 158-163) that connects strand A4 and helix H7
contains the strictly conserved residues Asp 159 and 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
impottant and tightly packed residues Asp 159 and Gly 160 form
hydrogen bonds with the backbone atoms of residues 163163
{Fig. 2). Indirect hydrogen bonds exist berween the backbone ox-
ygen of Cys 158 and backbone nitrogen of Gly 150, with the
pyrophosphate moiety of FAD via protonated water molecules
(Schreuder et al., 1989). From site-directed mutaganesis studies, it
is known that replacement of Cys 158 by Ser decreases the affinity
for FAD, probably by influencing the solvation of the pyrophos-
phate moiety of FAD (van der Boit et al., 1994). Mutagenesis
studies also revealed that His 162 is very important for the binding
of NADPH {Eppink et al,, 1997). Table 1 shows that this position
in the conserved sequence motif almost always contains 2 posi-
tively charged residue. Chemical medification of salicylate hy-
droxylase has suggested that Lys 165, the equivalent of His 162 in

Fig. 2. Stereo picture of the novel conserved sequence matif in p-hydroxybenzoate hydroxylase. Close view of the turn region from
amina acid 158-166, including the strong intradomain hydrogen bonds.
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PHBH, is impostant for binding the pyrophosphate moiety of NADH
(Suzuki et al., 1996n). 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 15 not
structurally important (van Berkel et al., 1997). Helix H7 is not
regular (Schreuder et at., 1989) but, as in regular a-helices, all
peptide dipoles point in approximately the same direction, giving
rise to an overall helix dipole moment (Hol et al., 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
1o significant structural changes in the Ce-backbone and destabi-
lizarion of the mutant {van Berkel 1 al., £997).

In conclusion, a unique short amino acid sequence motif for
favoprotein hydroxylases is presented that scems to serve a dual
function. Crystallographic analysis and site-directed mutagenesis
studies of PHBH from P. fluorescens suggtst that this sequence is
involved indirecily 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 siill
unknown, helix H7 might be involved in binding the pyrophos-
phate moiety of the pyridine nucleotide cofactor. There are two
common characteristics of a dinucleotide binding fold (Wierenga
et al., 1935) that probably also occur here. {1) A glycine residue
near the N-terminus of a helix, o allow close contact with the
pyrophosphate moiety: Gly 160 is located at such a position near
the N-terminus of helix B7. (2) Favorable interaction of the helix
dipole with the negatively charged pyrophosphate moiety: In the
proposed model, the pyrophosphale 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 fla-
voprotein hydroxylases. Running BEAUTY with the sequence
DFLVGADGIHSXVR (based cn the alignment results and where
X denotes all possibilites) yieldad 48 of 52 flavoprotein hydrox-
ylases present in the databases, and 5 unrelated proteins. Our fin-
gerprint recognizes atl different types of flavoprotein hydroxylases
that are encoded by a single gene, something the current finger-
prints 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-penome se-
guencing efforts.
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The conserved residues His-162 and Arg-269 of the

flavoprotein  p-hydroxybenzoate hydroxylase (EC
1.14.13.2) are located at the entrance of the interdomain
cleft that leads toward the active site. To study their
putative role in NADPH binding, His-162 and A.rg-289
were selectively changed by sit ific mut:
The ecatalytic pruperhea of HIBER., H162Y, and R269K
were slimilar to the wild-type enzyme. However, less con-
servative His-162 and Arg-26% replacements strongly im-
paired NADPH binding without affecting the conforma-
tion of the flavin ring and the efficiency of substrate
hydroxylation.

The cryatal structures of H162R and R269T in complex
with 4-hydroxybenzoate were solved at 3.0 and 2.0 A
resolution, respectively. Both structures are virtually
indtsuug'uishable from the w:ld type enzyme-subsatrate

t for the sub d side chains. In con-
trast to w:.ld-type p-hydroxybenzoate hydroxylase,
H162R is not inactivated by diethyl pyrocarbounats,
NADPH protects wild-type p-hydroxybenzoate hydroxy-
lase from diethylpyrocarbonate inactivation, suggesting
that His-162 is involved in NADPH binding. Based on
these results and GRID calculations we propose that the
side chains of His-162 and Arg-269 interact with the
pyrophosphate moiety of NADPH. An interdomain bind-
ing mode for NADPH is proposed which takes a novel
sequence motif (Eppink, M. H. M., Schreuder, H. A, and
van Berkel, W. J. H. (1997) Profein Sci. 8, 2454-2458) into
account.

p-Hydroxybenzoate hydroxylase is the moat thoroughly char-
acterized member of & group of inducible flavoprotein monooxy-
genases which are involved in the biodegradation of aromatic
compounds by zcil microorganisms (1). The enzyme catalyzes
the hydroxylation of 4-hydroxybenzoate to 3,4-dibydroxybenzo-
ate, ie. the first step of the S-ketoadipate pathway (2), using
NAINP)H as electron donor shown in Scheme 1. The dihydroxy-
lated aromatic product is readily subject to ring fission and
farther catabolism, allowing the microbes to grow (2). p-Hy-
droxybenzoate hydroxylase has been isolated from many mi-
croorganisms, and several gene sequences are presently known
(3). However, most information regarding its structure and

* The costs of publication of this article were defrayed in part by the
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“advertisemenrt” in accordance with 18 U.S.C, Section 1734 solely to
indicate this fact.
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function comes from studies on the strictly NADPH-dependent
enzymes from Psevdormonas strains (4). The kinetic properties
of p-hydrozybenzoate hydroxylase have been elucidated (5),
together with the catalytic mechanism (6, 7). The catalytic
cyele of p-hydroxybenzoate hydroxylase and related flaveen-
zymes can be separated in two half-reactions, both involving
ternary complex formation. In the reductive part of the reac-
tion, 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 cxidative part of the reac-
tion through electrophilic attack of a transiently stable oxygen-
ated flavin intermediate (6). Efficient hydrexylation requires
substrate activation upon binding (4). This prevents the uncou-
pling of the hydroxylation reaction from oxygen reduction
which would result in the production of potential harmful hy-
dragen peroxide.

The erystal structure of the enzyme-subatrate complex of
p-hydroxybenzoate hydroxylase is known in atomie detail (9,
10). The enzyma is a homodimer of two independently acting
44-kD}a polypeptide chains tontaining a noncovalently bound
FAD molscule (11), Each subunit is built up from three do-
mains, the FAD binding domain containing a characteristic
Pap-fold {12), the substrate binding domain, and the interface
domaia (10). The substrate is deeply buried in the interior of
the protein (Fig. 1) and residues from sall three domains are
involved in catalysis. Crystallographic studies have revealed
that. the flavin ring ean attain different orientations in and out
of the active site (12-15). The mebility of the flavin cofactor is
thought to be essential for the exchange of substrate and prod-
uct during catalysia (13, 14) and for the recognition of NADPH
{15). In contrast to many other pyridice nucleotide-dependent
enzymes, p-hydroxybenzoate hydroxylase lacks 2 well defined
domain for binding the coenzyme. Sequence alignments sug-
gest that this might be a common property of the family of
flavoprotein aromatic hydroxylases (16). So far, no crystal
structures of p-hydroxybenzoate hydroxylase with NADP(H) or
ypyridine nucleotide analogs have been obtained (17).

Chernical modification studies of wtPHBH' from Pseudomo-
nas fluorescens have indicated the involvement of histidine
(18), arginine (19}, and tyrosine (20) residues in NADPH bind-
ing. Based on this information and the available crystallo-
graphie data, a potential mode of NADPH binding was pro-
posed (20). In this model, the pyrophosphate moiety of NADPH
binda in a cleft leading toward the active site 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

* The abbreviations used are: wtPHBH, wild-type p-hydroxybenzoate
hydroxylase; Mes, 4-morpholineethanesulfonic acid; POHB, 4-hydroxy-
tenzoate; HPLC, high performance liquid chromatography.
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location near the protein surface (Fig. 1), both residues are
highty conserved in p-hydroxybenzoate hydroxylase 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 of p-hydrexybenzoate hydrox-
ylase from P. fluorescens. In this work we show that the His-
1682 and Arg-269 replacements weaken the NADPH binding
without affecting the protein structure and the efficiency of
substrate hydroxylation. Based on these and additional exper-
iments, a refined model for the interdomain binding of NADPH
is proposed. A preliminary account of this work has been pre-
sented elsewhere {1, 21).

EXFPERIMENTAL PROCEDURES

andn—D:ﬂhylpymrbomu was purchased from Janssen

icala have been described elsewhere {22},
Sl!t 9p¢c:ﬁc Muzmueno—Sxte apecific mu‘agenms of the gene en-

coding wtPHBH P. flucrescens was performed in bacteriophage
M13mp18 mmrdmg 10 the method of Kunkel et al. (23). The oligonu-
cleotide 5" GCGATGGCTTCIAXGGCATCTCG-5' (where XXX denotes
the replacement of CAC for GAC (H162D), AAC (H162N), TCC (H1623),
ACC (H162T), TAC (H162Y), and AGG (H162R), respectively) was used
a2 primer for the construction of His-162 mutants. The oligonucleotide
§'-CCGCCGCTGAXXAGCTTCGTGG-3' {where XXX denotes the re-
placement of CGC for GAC (R268D), AAA (R269K), AAC (R289N), TCC
(R2698), ACC (R263T), nnd TAC {R269Y), rupechvely) were used a3
primers for the of Arg-269 tions were

enzyme aolution obtained after protamine gulfate treatment was loaded
onto Q-Sepharoee FF, equilibrated in 20 M Trisfsulfats, pH 8.0. After
washing, the ensyme was eluted with 0.2 i KCl and dialyzed against
the starting buffer, The enzyme was then loaded onte Cibacron blue
3GA-agarcse, equilibrated in 40 mw Tris/sulfete, pH 3.0, R268D,
R269N, R2695, R268T, and R269Y cluted during washing, whereas
E269K and all Hia- 162 mutants eluted with 0.2 m KCL. After dialysia in
7 mM potassium phosphate buffer, pH 7.0, the mutant enrymes were
passed through a hydroxyspatite colwnn {27) and purified to apparent
homogeneity by fast protein liqguid snion exchange chromatography
{28). Purified enzymes were stored as ammonium gulfate precipitates at
4°C.

Analytical Methodi—Molar absorption coefficients of protein-bound
flavin were determined in 50 mm sodium phosphate buffer, pH 7.0, by
recording absorption spectra in the absence and presence of 0.1% SDS
(29, Difference spectra with Cuhamn b]ue 3GA were recorded with an

automated Aminca DW-200( ially as de-
scribed by Th and Stellwagen (30). Di conatants of
engzyme-ligand mm;p]eml were determined fluorimetrically (31). Oxy-

gen consumption experiznents were performed aa described previcusiy
{3). Aromatic product formation was analyzed by reverse phase HPLC
(29). Kinetic experiments were performed at 25 °C in 100 mM Tris/
sulfate pH 8.0, unless stated otherwise. The standard activity of p-

zoate hydroxylase was measured as reported earlier (52}
Steady-state kinelic parumetsrs wers determined an described previ-
nus]y {93). Rapid- ma,chnn kinetica were :perfvrmad with a High-Tech

ific SF-51 stopped flow apec (Salisbury, Wilts,
United ngd,om), equipped mth an unxernhll: kit and interfaced to an
Hyu.ndm p for data isition and analysis (22).
dent rapid ts were performed in 40 mM

experiment
Mus,pHB 7, ot 40 mM Hepes, pH 78, The ionic strength of buffers was

introduced inta the Esckerichia coli gene encoding t.be mmbeteroge—
neity-resistant mutant C116S (24). All m i d by
nucleotide sequencing according to Sanger et ol. (25), For convenience
and in view of identical catalytic properties (26), C116S is further
teferred to ua wtPHBH.

Enzyme Punﬁmhonﬁuutabed p-hydroxybenzoate hydroxylase
gEnes were iz transformed E. coli TG2 grown in Sliter
bﬁ.ﬁ:hm of hjrptone‘yemt med.mm containing 100 pg/ml ampicillin and

20 pg/ml isopropyl-1-thio-g ide at 37 °C under vigor-
ous geration. The mutant enzymee were purified by a slightly modified
procedure of the purification protorol developed for wtPHBH (26). The

oo

+ NADPH + W' + 02 —— + NADP + KD

ScHEME L

Fic. 1. Domain structure of p-hy-
droxybenzoate hydroxylase. The FAD
domain  (orange), substrate domain
(green), and interface domain (blue) are
indicated. The substrate (POHB) is in red
and the FAD in yellow. The amino acid
residues His-162 and Arg-269 are de-
picted in maogenta. Data were taken from
the crystal atructure of the enzyme-sub-
strate complex refined at 1.9 A resolution
(203,
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dj d to 50 mM with added sodium sulfate (34).

Chermm! Mndlﬁmhan with Dnz!hylpyrmrbmam—vEﬂ:mﬂamﬁa
tion of histidi wag p d by sdding 0.5 mM diethylpy-
mrbonututn!ﬂpuenzymomsnmnrdes, pH 58 (7 = 0.1 M) (18).
Chemical modification was interrupted by dilution or Bie-Gel PSDG
filtration efter addition of excess imidazole. The nmmmt. of modified
histidines was determined at 244 nm (Ae;,, = 3.6 mM ! em™").

Crystallization—Crystals of POHE complexed H162R and R260T
wemohtungdnmngthshmmdmpvlpﬂrdﬁnmnmatbﬂi.m
protein solutions contained 10-15 mg/m} enzyme in 100 mM potassiuin
phoephate buffer, pH 7.0. The reservoir solution contained 40% satu-
tated ammonium guifate, .04 mu FAD, 9.15 mm EDTA, 2 mr POHE,
and 30 mM sodium eulfite i 100 mm potassium phosphate, pH 7.0.
Dropa of 2 ul of protein solution and 2 ul of reservair solution were
allowed to equilibrate at 4 "C againat 1 ml of reservoir solution. Crys-
m:wuﬂxdmmnnnxofupmuaxn!xDlmm‘pewmthmlidayn

Data Coltection—X- rny diffraction data were mllemd. umz a Si-
emens multiwire area d and g i CuKe

radiation from an 18-kW Sismens rotating I.Imdﬂ , operating




TaeLe [
X-ray diffraction data and refinement statistics of HI62R and R269T

C222,

Enzyme Hi162R R269T
Space group C222, C222,
Cell dimensions (4)

a 71.8 720

b 148.0 146.3

[ B8.3 88.8
Unique reflections 6695 26122
Resolution (A) 30 2.0
R, (%) 130 45
Completeness (%) 724 92.2
Starting model POHR* POHB®
Initial R factor (%) 22.7 225
Final R factor (%) 128 1.7
‘Water molecules 218 289
Root mean square bond leagths (A) 0.010 0.010
Root mean square bond angles (degrees) 152 145
Average B factors (A%

Protein 26.8 267

Flavin ring 165 158

POHB 163 15.1

* wtPHBH-POHE complex (10).

at 45 XV and 100 mA. Duta were processed using the XDS packege (35).
Data collection statistics are given in Table [

ment—A starting electron deneity map was cakulated for
H152R based on the structure of the wtPHBEH-POHB complex (10, after
& correction had been made for the slightly different cell dimensions
(13). The 2F-F, and F,-F, maps clearly showed the replacement of
His-162 by Arg. His-162 was changed into Arg and fitted in the electon
denaity map with the graphics program Q (36). The complete protein
model was ingpected and corrected where neceszary. Refinement con-
sisted of four yeles of map inspection and rebuilding using O
with subseq energy minimization and temperature factor refine-
ment using the X.plor package (37). For the FAD we used the param-
eters as deseribed by Schreuder ef ol (13). Water molecules were
assigned by sa: ing F,~F. maps for peaks of at least 4, which were
between 2.0 and 5.0 A of other protein or water atoma. Water molecules
with temperature factars after refinement in excess of 70 A? 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.
The toot mean aquare devistiona from ideal vatues ars 0.010 & far bond
lengthe and 1.52° for bond angles.

The same procedure as described above waa used for the refining of
the R269T structure, but the reflections were scaled by applying overall
anisotropic B factor refinement, resulting in the following B factors:
Bll = -0,798 A% B22 ~ ~1849 A% B33 = 0.983 A’ The 2F,-F, and
F,-F, mapa clearly ahowed the replacoment of Arg-269 by Thr. The final
atructure was obtained after four ¢ycles of map inspection and refine-
ment and containg 289 water malecules. The final R factor is 17.7% for
26122 reflections between 8.0 and 2.0 A. The root mean square devia-
tiona from ideal values are 0.010 A for bond lengths and 1.45° for band
angles. The refinements statistics of H162R and R269T are summa-
rized in Table L.

GRID Caiculations—Energetically favorable binding aites for the
pyrophosphate moiety of NADPH in wiPHBH were computed with the
GRID program (38) using HPO,>~ and PO," as probe groups on a
Silicon graphics Indigo workstation. The parameters used to evaluate
the nonbonded interactions (including el tic, hydrogen bond, and
Lennard-Jones functions) of probe groups are based on the “extended”
atom concept used for the program CHARMM {39). Three-dimensional
contour surfaces generated at selected energy levels were diaplayed
with the program O (36) together with wtPHBH (10).

NADPH Model-—The contour surtaces of the GRID ealculations were
used 13 a start for building & three-dimensional model of the enzyme-
aubatrate complex in the presence of NADPH. The pyrophosphate part
of the NADPH molecule was fitted on the position of the GRID contours
with the graphica program O. The nicotinamide ring was placed at the
re-side of the flavin ring by rotating around single bonds. Similarly, the
2'.phosphate group was placed next to helix H2 as indicated by mu-
tagenesis studies (1}, The model was then energy minimized by using
the conjugate gradient method using the XPLOR package (37). The
ilernary complex was minimized allowing both NADPH and enzyme-
substrate complex to move, but the protein Ca-atoms were fixed. The
parameter set as determined by Engh and Huber (40} wag used for the
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FiG. 2. Absorption perturbation difference spectra of wtPHEH
and R269T with Cibacron blue 3GA, The imente were per-
formed in 0.1 » Tris/suifate, pt 8.0, at 25 °C. A 1.0-ml sample solution
containing 15 uX enzyme and a 1.0 ml of reference buffer solution were
titrated with 5.0, 9.9, 14.7, 19.5, and 24.3 uM Cibacroa blue 3GA. The
difference apectra thue obtained were correctad for dilution and the
absorbance of the free enzyme. A, wtPHBH; B, R269T.

400

protein part of the structure. The POHB, NADPH, and FAD parameters
were origirally derived from CHARMM parameters (39). During energy
minimization the charges of the residues Arg, Lys, Glu, and Asp were
removed. The final model was ob d after 120 minimization cycles
with an initial drop in the energy of 40 keal/mol.

RESULTS

Enzyme Purification—All His-162 mutants were expressed
at high levels (5~10% of total protein) in E. coli TG2, and their
yield after purification was comparable to that of wtPHBH (26).
Comparable levels of protein expression were observed with
the Arg-269 varianta, However, with the exception of R269K,
the Arg-269 variants were not Tetained on the Cibacron blue
3GA column usged in the standard purification protecol. Such
change in binding characteristice has also been obaerved 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-269 variants with the dye free in solution. Fig.
2 shows that the absorption perturbation difference spectra of
wiPHBH and R269T, recorded in the presence of increasing
concentrations of Cibacron blue 3GA, were nearly identical. It
has been suggested that the shape of these difference apectra is
indicative of electrostatic enzyme-dye interactions (43, 44).
From analyzing the speciral data of Fig. 2 according to the
procedure described by Thompson and Stellwagen (30), it was
deduced that the dissociation constant of the wtPHBH-Ciba-
cron blue 3GA complex (K, = 0.34 = 0.05 pa} is about one order
of magnitude lower than the dissociation constant of the
R269T-Cibacron blue 3GA complex (K; = 4.6 = 1.2 um). Similar
results as with wtPHBH ware obtained for R269K and the
His-162 variants. However, the affinity between Cibaecron 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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Fi16. 3. Kinetics of the reductive
half-reaction of His-162 and Arg-2689
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stant of the enzyme-dye complexes nor the shape of the differ-
ence spectra changed significantly in the presence of 1 mm
POHE cr 1 my NADPH. The dissociation constants of the
enzyme-dye complexes were also determined from fluorimetric
binding studies, using an enzyme concentation of 2 j2u. With ali
His-162 and Arg-269 variants and similar to wtPHBH, quench-
ing 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 um and 1.2 = 0.3 uM were
estimated for the wtPHBH-Cibacron blue 3GA and R269T-
Cibacron blue 3GA complex, respectively. These values are in
reasonable agreement with the values deduced from the ab-
sorption difference spectral anslysis. Altogether, the binding
studies with Cibacron blue 3GA suggest that there is a corrre-
lation between the affinity of the mutant enzymes with the free
and the immobilized dye. However, it is clear that the binding
characteristics of the free dye do not simply predict the affinity
of the mutant enzymes with the immebilized dye.

Substrate Binding—The His-162 and Arg-269 replacements
did not change the optical praperties of the flavin prosthetic
group. The flavir absorption spectra of all mutants were iden-
tical to wtPHBH (26). Mereover, the flavin perturbation differ-
ence spectra in the presence of POHB indicated the flavin “in”
conformation (14). Similar to the wild-type enzyme (26), the
flavin fluoreseence of the His-162 and Arg-269 mutants
strongly decreased upon POHB binding. For all mutaats, sub-
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strate binding could be described by simple binary complex
formation with dissociation comstants ranging from 20 to 40

Reaction Steichiometry—Oxygen consumption experiments
revealed that in the presence of excess POHB and limiting
NADPH, equal amounts of oxygen and NADPH were con-
sumed. No hydrogen peroxide formation was detected when
catalase was added at the end of the reactions. HPLC product
analysis confirmed that all Hie-162 and Arg-269 mutants fally
coupled enzyme reduction 1o substrate hydroxylation with stoi-
chiometric formation of 3,4-dihydroxybenzoate.

Steady-state Kinetics—The steady-atate kinetic parameters
of the His-162 and Arg-269 mutants 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 K, values for POHB were observed (Table
1I), Howsver, the apparent K, values for NADPH varied
strongly (Table IT}, indicating that the type of amino acid res-
idue engineered at position 162 or 269 drastically affects coen-
zyme binding. As can be seen from Table 11, H162R, H162Y,
and R269K are rather efficient enzymes with similar catalytic
properties as wtPHBH. H162K and R269S are less efficient due
to a clear inerease in the apparent X, for NADPH. With
H162D, H162N, H162S, H162T, R269D, R269N, R269T, and
R269Y no reliable turnover rates could be estimated dus to
impaired NADPH binding.
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Fic. 4. pH dependence of the reductive half-reaction of wi-
PHBH and H162ZR. The experiments were performed at 25 °C in Meg
and Hepes buffers of constant ienic strength (I = 50 mm). For other
conditions see Fig. 3. A, maximal reduction rate canstanta (¥, ) and B,
dissociation constants (K, NADPH) are plotted as a function of pH.
wtPHBH (@), H162R (0.

Pre-steady-state Kinetics—The NADPH binding was further
investigated by stopped-flow kinetics (pH 8.0, 25 °C). In these
experiments, the anacrobic reduction of the enzyme-guhbstrate
complex was followed by measuring the decrease in FAD ab-
sorption at 450 nm with time s a function of the NADPH
concentration (22, 45). The rate constant of reduction of the
His-162 mutants is strengly dependent on the type of amine
acid residue engineered (Fig. 34), With H162R, the rate con-
stant of flavin reduction strongly increased with increasing
concentrations of NADPH and a masimal reduction rate con-
stant of about 240 8™ and an apparent K, 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 legger extent with H162K, a high rate constant
of reduction was found but with a modestly elevated K for
NADPH, revealing poor NADPH binding (Table II). With the
other His-162 mutants, the rate constant of flavin reduction
incresased slightly with increasing NADPH concentrations (Fig.
34), and the almost linear depend of the reduction rate
constant with NADPH concentration confirmed that these mu-
tants 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 Arg-
269 mutants were rather slowly reduced due to impaired coen-
zyme binding (Fig. 38, Table 11}

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 of the reductive half-reaction of wtPHBH with that
of H162R. As can be seen fram Fig. 44, the rate constant of
reduction of substrate-complexed wtPHBH increased about

&3

wr
W
z
I3
=
w
H
o
w
&
g
Time (min)
1.0
a
> b ]
r )
Z 05 .
o
<
£ tE
H=
3
©
[N L N N L
1 2 3 4

MODIFIEC HISTIDINES

Fig. 5. Chemical modification of wtPHBH and H182R with
diethylpyrecarbonate. 20 uM enzyme was incubated in 80 mm Mes,
pH 8.0 {7 = 0.1 u), with 0.5 mM diethylpyrocarbonate at 25 *C, and the
absorbance increase st 244 nm was recorded with time. At time inter:
vals, aliquots were withdrawn from the incubation mixturea and as-
sayed for residual aclivity. A, time dependence of ethoxyformylation:
witPHEBH (#); H162R (7). B, residual enzyme activity as a function of
modified histidines: wtPHBH (®); H162R ().

2-fold between pH 6 and 7. For H162R, a similar enhancement
in rate constant of reduction was observed between pH 7 and 8
(Fig. 44). Interestingly, wtPHBH showed only a modest in-
crease in K, NADPH between pH 8 and pH 6, whereas the
affinity of H162R for NADPH strongly decreased with decreas-
ing pH (Fig. 4B).

Chemical Modification Studies--wtPHBH is readily inacti-
vated by diethylpyrocarbonate at pH 6 (18). This inactivation
was tentatively ascribed to the cooperative modifieation of His-
162 and His-288, possibly both involved in NADPH binding
(18). Similar to wtPHBH, incubation of H162R with diethylpy-
rocarbenate at pH 6 led to the modification of abeut four his-
tidines (Fig. 8A). However, in the wild-type enzyme, the initial
rate congtant of ethoxyformylation is higher than with HI52R
and is accompanied with a much stronger decline in enzyme
activity (Fig. 6B). During the initial stage of the chemical
modification reactions, the ethoxyformylation of one histidine
residue resulted in a loss of activity of mere than 50% in
wtPHBH and less than 10% in H162R (Fig. 5B). In contrast to
wtPHBH (X',, NADPH modified enzyme >100 pm), othoxy-
formylation of H162R did not change the apparent K, NADPH
(ef. Table II}, suggesting that His-162 is a main target of dieth-
vlpyrocarbonate modification which is involved in NADPH
binding,

Structurel 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 H182R, both in complex with POHB. The ¢lectron
density maps of H162R and R269T clearly identified the side
chain substitutions (Figs. 6 and 7). The refined three-dimen-
sional struetures of H162R and R269T are very similar to the
structure of wtPHRH (10) with root mean square differences of




Tasre IE
Kinetic parametere of p-hydroxybenzoate hydroxylase variants

Steady-state kinetic parameters
i values lated 1o infinite

were determined at 25 °C in air-asturated 100 mM Tris/sulfate, pH
ions of POHE and NADPH. Dissocistion constants (K, NADPH) and

8.0. Turnover rates (k) are apparent
maximal reduction rate

(k,.y) were d d from bic reduction experimenta aa described in the legend of Fig. 3. Kinetic constants have marimum ezror
values of 10%.
X &; NADPH [
®

Enzyme POHA NADPH -

ma ! ma 4
PHBH 0.02 0.03 55 ¢.15 300
H162R 0.03 0.05 55 0.23 240
H162Y 0.03 0.07 45 0.58 230
Hi82K 0.03 0.20 40 1.50 180
H162N 0.04 >05 >10 >5 >70
H1828 0.04 =05 >10 >5 >10
Hi62T 0.04 >0.5 >10 >b >10
Hi62D 0.04 >0.5 >10 >5 >10
R268K Q.03 ¢07 55 0.45 260
R269Y 0.03 >0.5 >30 >5 >30
R289N 0.03 >0.5 >30 >5 >30
R269S 0.03 0.32 40 »5 >80
R268T 0.03 >0.5 >30 >5 >30
R268D 0.08 >0.5 =10 »5 >10
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F16. §. Stereo drawing of an F-F,
omit map of H162R, contoured at 8 o.
The atomic mode] of H162R with residue
Arg-162 is drawn in dlack bonds, while
the orientation of His-162 in wtPHBH is
drawn in open bords.
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Fic. 7. Stereo drawiag of an F_-F,
omit map of R269T, contoured at £ o~
The atomic model of R269T with residue
Thr-269 is drawn in dlack donds, while
tha orientation of Arg-268 in wtPHBH is
drawn in open bonds.

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

&4

GRID Calculations and Model Building—To get more in-
sight 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 PO,* in the
wild-type enzyme (10). These caleulations were performed with
the program GRID (28). Using a GRID spacing of T & we
obaserved one large and a fow smali density peaks (contoured at
an energy level of —15 keal/mol) in the active site cleft. By




G 8, Proposedinterdnmn!nbdndlngotmﬂl.& Swmdnmn:ofthﬂhree-d:mnnmnlmndeldthewmmwtﬂ-mﬂ -POHB-NADPH

mmp]ex with FOHB and FAD in open bords. The

phosphate of the

GRID lations are at —15 keal mol~* and the NADPH molecule

{in dark groy bonds) was modeled on the positions of GRID peaks. The cloee intaraction between C-4 of the nicotinamide moiety of NADPH and
N-5 of the flavin ring is indicated. B, closeup of the interdomain claft leading toward the active site with Arg-33, Arg-42, Arg-44, His-162, and
Arg-260 in magenta, whereas Tyr-38 ia shown in white. NADPH is colored in cyan, and FAD, POHB, and the protein domains are similerly colored

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 clesely located o His-162 and Arg-268 (Fig. 84). Based on
this position, the other parts of the NADPH maolecule were
modeled in an extended conformation, similar to other NAIXP)
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 of interdomain binding is
new among known NAIKP)-dependent enzymes (46), The nic-
otinamide was placed at the re-side (47} and parallel to the
flavin ring (Fig. 84). Attempts to place the nicotinamide such
that the pro-§ hydrogen would be transferred were unsuecesa-
ful due to steric hindrance of Pro-293. In the pro-R configura-
tion, the nicotinamide ring fitted well, in full sgreement with
previous studies (48).

There has been discussion about whather the flavin ring
would be reduced in the “in” or in the “eut” positien. In the in
position, small protein conformational changes are necessary,
because too short contacts exist between the nicolinamide 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 pasition. The C-4 atom is 3.9 A apart from
the N-5 of the fiavin ring to allow hydride tranafer (Fig. 84).
Recent results supported the finding that mobility of the flavin
ring is necessary for optimal reduction by NADPH (15) and
that NADPH reduces the flavin ring probably in the out con-
formation (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-ribese 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 of NADPH is
situated between His-162 and the highly mobile Arg-269 side
chain. Additionally favorable interactions of the helix H7 dipale
moment may occur with the negatively charged pyrophosphate




moiety (16). The pyrophosphate moiety also interacts with Arg-
44, Phe-161, and is elose to His-162. The adenine ring of the
adenosine moiety interacts with Tyr-38. Finally, the 2'-phos-
phate of the adenine-ribese is placed in the helix H2 region and
interacts closely with Arg-33 and to & lesser extent with Tyr-38
and Arg-42 (distance of about 4-5 A). Site-directed mutagene-
sis studies have shown that these residues play an important
role in NADPH binding (1, 22, 50} and that helix H2 is involved
in determining the coenzyme specificity (3%

[HSCUSSION

In this report we have deseribed the catalytic and structural
properties of His-162 and Arg-269 variants of p-hydroxybenzo-
ate hydroxylase from P. fluorescens. The results clearly estab-
lish that Hia-162 and Arg-269 play ac impertant role in
NADPH recognition. Flavin spectral snalysis and substrate
hydroxylation experiments revealed no significant changes in
the active sita. From this and the structural properties of
H162R and R269T it is concluded that the peor catalytic effi-
ciency of the majority of the mutant proteins can be ascribed te
impaired NADPH binding.

His-162 is pazt of a novel conserved sequence metif in fla-
voprotein hydroxylases with a putative role in FAD and
NAD(P)H binding (16). In p-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 hydroxyiases of
known sequence and a positive charged residue is present at
this pesition in other flavoprotein hydroxylases (16). Replace-
ment of His-162 by Ser, Thr, Asn, and Asp results in inefficient
flavin reduction due to impaired coenzyme binding. NADPH
binding is only moederately affected in the H162R, H162Y, and
H162K variants, suggesting that both the bulkiness and hy-
dregen bonding capacity of residue 162 are of importance in
NADPH recognition. Qur results agree with a chemical modi-
fication study of salicylate hydroxylase, which sugpested that
Lya-165, the equivalent of His-162 in p-hydroxybenzoate hy-
droxylase, 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 pK, value in thie range are His-162 (free pX, ~
6.2) and the 2"-phosphate moiety of NADPH (pK, ~ 6.5) (52). A
possible explanation could be the following. At pH 6, His-162 is
protonated which leads te a stronger interaction with the py-
ropkosphate moiety of NADPH. However, the 2°-phosphate of
NADFH is also protonated which leads te a weaker interaction
with Arg-33 and Arg-44 (Fig. 88). At pH 8, the situation is
reversed; His-162 is uncharged which leads to weaker interac-
tion, while deprotonation of the 2'-phosphate of NADPH leads
to a stronger interaction. These two effects are compensatory
and may explain the nearly conatant binding between pH 6 and
8 of NADPH and wiPHBH. For H162R, the situation is differ-
ent. Arg-162 is protonated at both pH 6 and 8, favering the
interaction with the pyrophosphate of NADPH 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 wtPIIBH,
suggesting that the extra ionic interaction of Arg-162 with the
pyrophoephate compeasates 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 ereation of an additional ioni¢ 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 catafytic
properties of the R269A iscenzyme from P. fluorescens {53), and
points to an electrostatic interaction between Arg-269 and
NADPH. Furthermore, the high resoluticn x-ray structure of
R269T shows that impaired NADPH binding is not caused by
structural changes.

GRID calculations revealed an energetically faverable bind-
ing site for dianionic pyrophosphate near the N terminus of
helix H7, supperting our earlier proposal (16) that the positive
dipole of this helix is important for binding the pyridine nucle-
otide cofactor. The properties of the His-162 and Arg-269 vari-
ants and the GRID calculations suggest that the pyrophos-
phate moiety of NADPH interacts with the side chains of His-
162 and Arg-269. This interdemain binding mede is in
agreement with the invelvement of Arg-42 (56) and Arg-44 (22}
in NADPH binding, and the role of helix H2 in determining the
coenzyme specificity (3).

Racent studies have shown that the flavin ring is mobile and
that it can meve 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 biochemieal 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 inter-
domain binding of NADPH in p-hydroxybenzoate hydroxylase.
There are only a few “non-Rossmann” fold enzymes of known
threa-dimensional structure with an interdomain binding
mode of the pyridine nucleotide cofactor. These enzymes in-
clude isacitrate dehydrogenase from E. coli (54, 55), izopropy-
Imalate dehydrogenase from Thermus thermopkilus (58), the
ribogome-mactivating protein trichosanthin isolated fom root
tuber (57), beef Lliver catalase (58), catalase from Proteus mira-
biliz (69), and glycogen phosphorylase b (60). In seme of these
proteina, a high flexibility of the nicotinamide nuclecside moi-
ety is oheerved. In p-hydroxybenzoate hydroxylase, such flexi-
bility could be ial for the r ition of the flavin ring,
leading to the unique effector specificity (8).
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Abstract  Phe®! and Arg% of p-bydroxybenzoate hydroxylase
from Pseudomonas fluorescens belong to a newly discovered
sequence motif in flavoprotein hydroxyluses with a putative dual
function in FAD and NADPH binding |1]. To study their role in
more detail, Phe®! and Arg'® were selectively changed hy site-
directed mutagenesis. F161A and F161G are catalytically
competent enzymes having a rather poor affinity for NADPH.
The catalytic properties of RI166K are sintilar to those of the
native enzyme. R166S and R166E show impaired NADPH
binding and R166E has lost the ability to bind FAD. The ¢rystal
structure of substrate complexed FI61A at 2.2 A is indis-
tinguishable from the native enzyme, except for small changes at
the site of mutation. The crystal structure of substeate complexed
R166S at 2.0 A reveated that Arg'® is important for providing
an intimate contact between the FAD binding donxain and a long
excursion of the substrate binding domain. It is proposed that this
interaction & essentiat for structural stability and for the
recognition of the pyeophosphate mmeq of NADPH
© 1999 Federation of Europ S

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

1. latreduction

p-Hydroxybenzoate hydroxylase (PHBH) from Pseudono-
nas fluorescens is a member of the family of NAD(P)H-de-
pendent flavoprotein monooxygenases [2]. The enzyme cata-
Iyzes the conversion of 4-hydroxybenzoate (POHB) inte 3,4-
dihydroxybenzoate, an intermediate step in the degradation of
aromatic compounds in seil microorganisms [3].

The crystal structure of the enzyme-substrate compiex of
PHBH is known in atom:ic detail {4] bul the binding mode
of NADPH is unclear. In contrast to many dehydrogenases
and reductases, PHBH and related enzymes lack a well-de-
fined 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'®? of the FAD binding domain
and Arg®? of the substrate binding domain and that helix
H2 is involved in binding the 2".phosphale ribose moiety of
NADPH [8). Earlier modelling studies suggested that the 2°-
phosphate of NADPH interacts with Arg'™ [9-11]. and that
Phe'®! shields NADPH from entering the active site [12]. Both

*Corresponding author. Fax: (31) (3173 484801
E-mail: willem vanberkek@fad be wau nl

these residues are located near the protein sucface {Fig. 1) and
elong to a recently discovered sequence motif presumably
involved in both FAD and NADPH binding [I). Within this
so-called DG sequence, Phe'® is variable whereas Arg'® is
highly conserved [l].

To study their role in NADPH binding, we selectively al-
tered Phe'® and Arg'® of PHBH by site-directed mutagene-
sis. The catalytic properties of the mutant proteins are de-
scribed together with the crystal structures of FI6IA and
R1668. It is shown that both residues are involved in NADPH
binding and that Arg'® is important for structural stability.
The implications for NADPH hinding are discussed. Some
preliminary results have been presented elsewhere [13].

2. Materials and methods

2.1, Muragenesis and enzyme pr.'rrﬁmnon

Mutations were introduced in the pabA gens encoding PHBH, es-
sentially as described elsewhere [I4). The oligonucleotide 5°-GG-
CATCTCGXXXCAATCGATCC-3 (where XXX describes the re-
placement of CGG for AAA (RIG6K), GAA (RISGE) and AGT
{R 1668}, respectively), and the oligonucleotide 3’ -GOGATGGUXXX-
CACGGCATCTCGC-S', where XXX describes the replacement of
TTC for GCC (FI61A) md GGC (FI61G), respectively), were used
for the construction of the mutant proteins, All mutations were con-
firmed by nucleotide sequencing according to the method of Sanger et
al. [15). Purification of PHBH variants was done according to proce-
dures reported earlier -[6,16). The expression levels and yields of
F151A, F161G and RI66K wers comparable 1o the wild-type enzyme
(15]. For R166S and R166E, a rather poor expression was observed,
which resulted in a 10- and 100-fold lower yield of pure enzyme,
respectively.

2.2, Analytical and physical methods

Molar absorption cocfficients for pratein-bound FAD were deter-
mined in 50 mM sodium phosphate, pH 7.0 by recording abserption
spectra in the absence and presence of 0.1% SDS [17). Absorption
difference spectra between free and substrete complexed enzymes
were recorded as reported earlier [7] Disscciation constants of en-
zyme-substrate complexes were determined  Auorimetrically [18].
PHBH activity was routinely assayed in 100 mM Tris/sulfate, pH
£.0, containing ¢.5 mM EDTA, 02 mM NADPH, 0.2 mM POHR
and 10 pM FAD [19]. Slmdy-slam kinetic parameters were deter-
mined at pH B.0 [20]. Rapid-reaction kinetics were carried out using
a stopped Row spectrophotometer, 1ype SF-31, fmm High-Tech Sa-
entific Inc. Rate for flavin ion were esti-
mated from kinetic traces recorded at 430 nm (pH 80, 25°C) [6].
Uncoupling of substrate hydroxylation was quantified by oxygen cen-
sumplion experiments performed in the absence and presence of cata-
tase [20]. Aromatic products were identified by reverse-phuse HPLC
[17). The thermal stability of PHBH variants was studied in 50 mM
potassium phosphate, pH 7.0, essentially as described elsswhere [18].

23 Crvweallization, dare coffoction and sirscturad refiienient
Crystallization of substrate complexed F161A and R1665 and col-
kection of X-ray diffraction data werz performed as reported sarlier

N014-5783/99/319.00 © 1999 Federation of Europeun Biochemicul Sccicties. All rights reserved.
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Fig. |. Stereoview of the Cer backbene of the enzyme-substrate complex of PHBH. 4-Hydroxybenzoate (POHB), cofacter (FAD), Phe'®' and

Arg'™ are indicated.

[6]. With RI66E, no suitabie crystals were oblained. A starting elec-
tron density map was calculated based on the structure of the wild-
ype enzymefsubstrate complex [4), after a cocrection had been made
for the stightly different cell dimensions (Table 1), The starting R-
factor was 0,244 for F161A for data betwsen 80 A and 2.2 A and
0.245 for R166S for data betwsen 8.0 A and 20 A The F,-F. omit
maps clearly showed the replacement of Phe'™' by Ala in FI&1A (Fig.
2A), end Arg" by Ser in R166S (Fig. 3A). With the graphics pre-
gram O (21]. the mutated residues were chaaged and fiued 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 anisatropic B-factors were refined
and applied o the dataset, with the following B-factors: 811=1.08
Al BN =101 A% 831=—0.06 A’ The final structures were ab-
tained after five cycles of map inspection and refinement. The final
Refactors are 0.179 and 0.183 lor F161A and R166S. respectively, The
X-ray diffraction daiz and refinement siatistics are swmmarized in
Table |. The coerdinates will be deposited in the Brookhaven Protein
Data Bank.

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 equiv-
alent Cux atoms. Fig. 2B shows that substitution of Phe'®! for
Ala results in a weaker intgraction between the backbone oxy-
gen of Phe'® and the NHI atom of Arg'® (2.7-+3.1 A).
Furthermore, a slight shift of the side chain of Arg?® was
observed. This shift is most probably caused by the lost van
der Waals contact between the NH1 of Arg™ and CE2? of
Phe'®™ (3.1 A) increasing the mobility of the Jf\rgm side chain
as indicated by the temperature factors (32 A* — 70 A”). The
structure of R165S clearly revealed a backbone movement
(Fig. 3B). The removal of the hydrogen bond interactions
between the NHL of Arg'™ and the backbone oxygens of
Phe'™ and Ala™ results in a shift of helix H7 and adjoining
loops, including residues 160-173, of about 93-10 A.
Consequently, weaker hydrogen bond interactions were
present in this region, resulting in higher flexibility of this
paet of the protein as indicated by increased average temper-
ature factors of 42.0 A? instead of 27.5 A? for wild-type
PHBH.
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3.2. Physical properties

Fluorescence binding studies revealed that the dissociation
constant of the enzyme-substrate complex was not affected by
the Phe'®' and Arg'® replacements. With all mutants, &
values of 305 uM (pH = 7.0) were estimaled, values similar
to the wild-type enzyme [{8]. Mareover, the nearly identical
shape and intensity of flavin absorption difference spectra
between the free enzymes and the enzyme-substrare complexes
(not shown) suggest that the mode of flavin and substrate
binding in the mutant proteins compares lavorably with that
of wild-type PHBH [23]. The only exception is R166E where
no reliable absorption difference spectrum could be oblained
due to impaired FAD binding.

1.3, Catalytic properties

The catalytic properties of the mutant proteins were studied
at pH 8.0, the opimum pH for turnover of the wild-type
enzyme [18]. No hydrogen peroxide production was detected
I oxygen consumplion experiments. showing that the Phe!®
and Arg'® mutants tightly couple oxygen reduction 1o sub-

Table |
Data collection and refinement statistics of the enzyme-substrate
complexes of FIG61A and R166S

Complex FlslA RI1668
Cell dimensions {A}

o 717 723

h 146.3 1468

c 88.5 83.9
Space group £y €232,
Unique reflecicns 273 23880
Resolution (4) 20 22
R (") 49 53
Completeness () 94.4 9.5
Initial R-factor 24 5
Final A-factor 1749 18.5
Wiater molecules ) 292 218
rms of bond lengths (&) o009 0009
rms of bond angles {deg) 1.43 136
Average B-factors (A”)

progin 372 307

fluvin ring 142 19.2

substrute 140 21




Fig. 2. Crystal structure of FI6IA in complex with POHB. A: Sterce diagram of the omit map of FI61A, contoured at 3o. with the residues
160-164 omitted from the map. The atomic model of FI61A is drawn in bold lines, while Phe'™ of wild-type PHBH is indicated in open lines,
B: Superposition of the structures of wild-type PHBH and FI51A in complex with POHB. The structure of the wild-type enzyme is drawn in

open bonds and the structure of FIG1A is shown in solid bonds.

strate hydroxylation. As can be seen from Table 2, the Phe'®
and Arg'® replacements did not strongly affect the apparent
K. POHB. However, with some of the mutant proteins, the
apparent X, NADPH was considerably higher than with the
wild-1ype enzyme. The most profound effects were observed
with FI161A, R166S and R166E, which all showed a more
than five-fold increase in K, NADPH (Table 2). With all
mutants, no activity was found with NADH. With the excep-
tion of RY66E, 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
K EAD for R166E of about 5 pM. This value is about two
orders ol magnitude higher than the corresponding value for
the wild-type enzyme [19].

Stopped flow kinetics were performed to follow the anae-
robic 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 nol rate miting in catalysis. However,
in agreement with the results from steady-state Kinetics, & 5-
H-fold weaker NADPH binding was observed for F161A and
R166S. As a consequence of the weak FAD binding. no reli-
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able kinetic parameters could be determined for the reductive
half-reaction of RI66E.

3.4 Thermal stabifity

The poor expression of RI66S and RI66E was taken as a
first indication that these mutants are less stable than the
wild-type enzyme. This was confimed by thermoinactivation
studies. Fig 4 compares the time-dependent inactivation of
wild-type PHBH and 1he Arg"® mutants at pH 7.0, 50°C.
From this comparison it is clear that, like wild-type enzyme
[18], the subsirate complexed Arg'™® mutants are mors ther-
mostable than the free enzymes. Mareover, in the absence of
substrate wild-type PHBH and R156K are far more stable
than R166S and R146E (Fig. 4). This supports the idea that
a positively charged residuc at position 166 is required for
structural stability.

4. Discussion

Phe'"! and Arg'® of PHEH belong ta a newly discovered
conserved sequence motil in flavoprotein hyvdroxylases [1].
These residyes are located in a surface accessible loop struc-
ture {residues 138-174). including helix H7, with a strained
conformation [4]. The side chain of Arg'"" contacts the back-




Fig. 3. Crystal structure of R1665 in complex with POHB. A: Sterec diagram of the omit map of R1663. contoured at 35, with the residues
163168 omitted from the map. The atemic mods] of R166S is drawn in bold lines, while Arg'® of wild-type PHBH is indicated in open lines.
B: Superposition of the structures of wild-type PHBH and R1665 in complex with POHB. Wild-type structure is drawn in open bonds and the

structure of R166S is shown in solid bonds.

bone oxygen of both Phe'®' (FAD binding domain) and
Ala®™7 (substrate binding domain), whereas the side chain of
Phe™®! interacts with the side chain of Phe™ and is situated
between the guanidinium groups of Arg'® and Arg™. Re-
moval of the aromatic side chain at position 161 slightly
weakens the enzyme-NADPH interaction. The crystal struc-
wre of FI6LA at 20 A resolution suggests that this is due
to the lost contact between Arg®® and Phe'S!, increasing the
mobility of Arg®. Recent mulagenesis studies have
indicated that Arg®™ is of crucial importance far binding
the pyrophosphate moiety of NADPH [8]. The catalytic prop-
eriiecs of Phe'® indicate that Phe'®! is not essential for
NADPH binding. This is in agreement with the recent finding

that Phe'™ is not conserved among Ravoprotein hydroxylases
Y

More profound effects on catalysis and in particular on
NADPH binding were observed with the Arg' variants.
R166K is an efficient enzyme, but the introduction of Ser'®
significantly decreases the affinity for NADPH. Replacerent
of Arg'® by Glu causes structural perturbations, and im-
paired binding of NADPH and FAD. We therefore conclude
that the cawalytic 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™? are highly simifar to its

Table 2

Kinetic parameters of Phe!™ and Arg'™ variants of PHBH from Pserdamonas fluorescens

Enzyme K, POHB (M) K, NADPH {pM)} b 1871 K| NADPH (uM) ket 157"
Wild-type i5 k) 55 20 100
Fl61G 3l 12 3 330 300
Fi61A 18 R0 38 1100 00
RI166K 30 67 50 20 283

R 665 31 290 40 2200 240
RI66E 2 360 5 nm. n.m

The maximum standard ercor is W%, a.m =not measurable,
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Fig. 4. Time-dependent thermoinactivation of Arg"® variants of
PHBH. The thermoinactivation of 2 pM enzyme was studied in
50 mM potassium phosphate pH 7.0 at 30°C, in either the absence
topen symbels) or presence of 1 mM POHB (filled symbols). Ali-
quots were withdrawn from the incubation mixtures at intervals and
assayed at 25°C, pH 80. The remunrung activity is plotted as a
function of time. Wild-type PHBH (D.®). RIG6K (v.¥), R166S
{a,a}and RI66E (O.m).

Arg'® equivalent of PHBH [24]. The crystal structure of
R166S shows a clear shift in the loop structure between res-
idues 159 and 174, comprising helix H7. This movement is
caused by the absence of interaction between Ser'™ and the
backbone oxygens of Phe'®' and Ala®' (Fig. 2B). In R166K,
the positively charged Lys side chain probably preserves the
inleractions with the backbone oxygens of Phe'' and Ala™7,
The crystallographic analysis alse established that the loop
structure comprising residues 160-173 is far more flexible in
the R1665 mutant than in the wild-type enzyme. The flexibil-
ity of this loop decreases the overall structural stability as
indicated by the low level of protein expression and the in-
creased rate of thermoinactivation. In line with this, mutant
RI66E has lost the ability to bind FAD. Residue 166 is at
least 1¢ A away from the FAD, supporting the idea that the
Glu'™® mutation influences the structural integrity of the FAD
binding domain.

[n conclusion, the results presented here show thar Arg!™ in
PHBH is structurally important and that both Phe'® and
ATg' are involved in NADPH recognition. However, our
studies provide no evidence that Phe'®' and Arg'® 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 Pseudomionas sp. CBS3 was purified by five consecutive steps
o apparent homogeneity. The enrichment was 50-fold with a yield of abour 20%. The enzyme is a
homodireric flavopretein monocoxygenase with each 44-kDa polypeptide chain containing one FAD mol-
ecule as a rathar weakly bound prosthetic group. In contrast to other 4-hydroxybenzoate hydrosylases of
known primary structure, the enzyme preferred NADH over NADPH as electron donor. The pH oplirium
for catalysis was pH 8.0 with a maximum tumover 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-chioro4-hydroxybenzoate, and 2,4-dihydroxybenzoate. With all aromatic
substrates, no uncoupling of hydroxylation was observed.

The gene enceding 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was cloned in
Escherichia coli. Nucleotide sequence analysis revealed an open reading frame of 1182 bp that corre-
sponded to a protein of 394 amino acid residues. Lipstream of the pobA gene, a sequence resembling an
E. coli promotor was identified, which led to constitutive expression of the clored gene in E. coli TG1.
The deduced amino acid sequence of Pseudomonas sp. CBS3 4-hydroxybenzoate hydroxylase revealed
53% identity with that of the pobA enzyme from Pseudomonas fluorescens for which a three-dimensional
struciure 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 fluerescens, it is proposed that helix H2 is
involved in determining the coenzyme specificity.

Keywords: cloning; coenzyme specificity; flavoprotein hydroxylase; haloaromatic biodegradation: se-

quence alignment.

Psendomonas sp. CBS3 uiilizes 4-chlorobenzoate as sole
source of carbon and energy (Klages and Lingens, 1980). In this
strain, a hydrolytic dechlorination accurs as the initial degrada-
tion step, leading 1o 4-hydroxybenzoate (Miiller et al., 1984},
This product is then converted in the next step to 3,4-dihydroxy-
benzoatz before the ring is cleaved at the ertho position (Klages
and Lingens, 1980). The three component enzyme system in-
volved in the conversion of 4-chlorobenzoate 10 4-hydroxy-

Corrgspondence to W. ). H. van Berkel, Department of Biochemis-
wry. Apricultural University. Dreijenlaan 3, NL-6703 HA, Wageningen,
The Netherlands

Fax: +31 317 484801,

Enzymes. 4-Hydroxybenzoate J-moncoxygenase [4-hydroxyben-
zoate, NADPH: oxygen oxidoreductass (3-hydroxylating)j (EC
1.14.13.2); 4-hydroxybenzeate 3-moncoxygenase {4-hydroxybenzoate,
WAD{PIH: oxygen exidoreductase (3-hydroxylating)] (EC 114.13.33);
catalase (EC 1.11.1.6;: alkaline phosphatase (EC 3.1.3.1): DNA poly-
merase | (Klenow fragmenn {EC 2.7.7.7): type Il site-specific deoxyri-
benucleases (Ball. BamHI. EcoR1. findl[T. Sau3A)Y (EC 3.1.21.4).

Nete, The novel nuclectide sequence datz published here have been
submitted to the EMBL. GeneBunk. and DDBJ nucleotide sequence da-
tabases ond are available under accession number X74827.
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benzoate has been thoroughly characterized during the last few
years (Elsner et al., 1991a; Chang =i al., 1992; Loffler et al.,
1995) and 4-chlorobenzoate dehalogenase of Psetidomonas sp.
CBS3 has been the subject of intensive genetic analysis (Savard
et al,, 1986; Elsner et al., 1991 b; Babbitt et al., 1992). No infor-
mation is available about the biochemical proparties and genetic
background of the enzyme converting 4-hydroxybenzoate. To
date, the DNA seguences of the pobA genes encoding 4-hydro-
xybenzoate hydroxylase from Pseadomonas aeruginosa (Entsch
et al., 1988), Pyeudomonas fluorescens (van Berkel et al., 1992;
Shuman and Dix, 1993), Acinetobacter calcoaceticus (DiMarco
et al., 1993), and Ririzobium leguminosaruym (Wang et al,, 1954)
have been reported. However, none of these FAD-dependent hy-
droxylases are involved in the bicdegradation of a halogenated
aromatic compeund.

The structure and meachanism of 4-hydroxybenzoate hydrox-
ylase from P flrorescens has been studied in great detail {van
Berkel and Miller, 1991 Entsch and van Berkel, 1895; Gatii et
al., 1996). As a result, this strictly NADPH-dependeni enzyme
has become the primary model for flavoprotein aromatic hydrox-
ylases that have many characteristics in common. The structure



of 4-hydroxybenzoate hydroxylase is unusval becaus: there is
no well-defined binding site for the NADPH coenzyme
(Schreuder et al., t991). Here, we describe the purification, hio-
chemical characterization, cloning, and sequence analysis of 4-
hydroxybenzoate hydroxylase from Psewdomonas sp. CBS3.
The results show that the enzyme is structurally similar to 4-
hydroxybenzoate hydroxylase from F. fluorescens but prefers
WADH as electron donor. Special emphasis is given to the struc-
tural 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 Biochemi-
cals; the Geneclean 11 kit was from Dianova; [*S]dATP[aS] was
from Amersham; Good buffers and Cibacron blue 3GA agarose
were from Sigma. Bio-Gel PSDG and Bio-Gel HT hydroxyapa-
tite 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. CBS3 was
originally isolated from garden soil with d-chlornbenzoate as
sole carbon source {Klages and Lingens, 1980). The strain was
grown with 5 mM 4-chlorobenzoate as substrate as described. In
addition, the bacterial strains E. coli JM 107 (Yanisch-Perron et
al.. 1985) and E. coli TG {Sambrook et zl., 1989) were used in
this study, Plasmids used included the broad host-range cosmid
pLAFR3 (Friedman er al., 1982) for the construction of the ge-
nomi¢ library and high-copy-number plasmid pUC18 as a clon-
ing vector (Yanisch-Perron et al., 1985). M13 vectors mp18 and
mpl9 were used for DNA sequencing (Yanisch-Perron et al.,
1985). E. coli strains were grown at 37°C in L-broth {Sambrook
et al,, 1989). Antibiotics for selective media were used at the
following concentrations: ampicillin (100 pg/ml) and terracy-
cline (12.5 pg/ml). To test E. coli clones for the presence of
4-chlorobenzoate dehalogenase activity, cells were incubated in
liquid medium containing 4-chlorabenzoate. Positive clones
were identified by an increase in chloride concentration during
the incubation time, To test E. coli clones for 4-hydroxybenzoate
hydroxylase activity. cells were incubated in liquid medium con-
taining 4-hydroxybenzoate. After 2 days, all cultures were exam-
ined for the product 3.4-dihydroxybenzoate by the method of
Amow (1937}

Preparation, analysis, and manipulation of DNA, Towal
DNA of Pseudomonas sp. CBS3 was prepared according to the
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. For analytical purposes, recombinant ptasmid DNA
of E. coli was isolated by the alkaline lysis method (Sambrook
et a1, 1989). DNA fragments were isolated from agarose gels
with the Geneclean I kit according to the recommendations of
the supplier. Transformation of £ cofs with piasmid DNA was
performed by the CaCl, procedure (Mandel and H:ga, 1970).

Analytical methads, 4-Hydroxybenzoate hydraxytase activ-
iy was routinely assayed in 100 mM Tris/sulfate, pH 8 0. con-
taining 1 mM 4-hydroxybenzoate. 0.2mM NADH, 0.5mM
EDTA and 10 pM FAD. The enzyme was preincubated with
FAD and NADH for 5 min at 37°C. The reaction was subse-
quently started by the addition of 4-hydroxybenzoate and the

100

NADH oxidation was followed by recording the absorption
decrease at 340 nm. 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. Al the end of the reaction, a catalyuc amount of cata-
lase was added to estimate the efficiency of hydroxylfation
(Eschrich et al., 1993). The aromatic product was identified and
quantified by HPLC analysis, wsing a RP-13 column
(20 cm*x04 ¢m) that was run in 50 mM  sodium-potassium
phosphate, pH 5.5/2-propanol (90:10, by vol.). Alematively,
3,4-dihydroxybenzoate was determined in a colorimetric assay
with molybdate-nitrite reagent according to Arnow (1937). Free
chloride ions were determined by a Marlus chlor-o-counter
(Labo International, Delft, the Netherlands) as described by
Slater et al. (1985).

Steady-state kinetic parameters of 4-hydroxybenzoate hy-
droxylase were determined at pH 8.0, essentially as described
(Eschrich e1 al,, 1993). pH-dependent activity measurements
were performed in 80 mM Mes, pH 57, 80 mM Hepes, pH 7-
8, 80 mM Hepps, pH 7.5—8.5, and 80 mM Ches, pH 8.5—9.5.
The ionic strength of the Good buffers was adjusted to 100 mM
with added sodium sulfate {Wijnands et al., 1984). The inhibi-
tion by monovalent anions was studied, essentially as described
before (Steennis et al., 1973). For the determination of the em-
perature optimum, the enzyme solution logether with FAD and
NAD(P)H was preincubated in 8¢ mM Hepps. pH 8.0 (I =
0.1 M) for 5 min at temperatures between 10°C and 90°C. The
reaction was started by the addition of 4-hydroxybenzoate and
the measuring time was 5 min.

Absorption spectra were recerded at 23°C on an Aminco
DW2000 spectrophotometer. SDS/PAGE and analytical gel
filtration (Superdex 200 HR 10/30} were camied out. essentially
as reported earlier (van Berkel and Miiller, 1987). Protein con-
centrations were determined by the enhanced alkaline copper
assay (Lowry et al., 1951) using bovine serurm albumin as a
standard. For the identification of the prosthetic group. an ali-
quot of the enzyme (purified in the absence of FAD} was boiled
for 10 min. The protein precipitate was removed by centrifuga-
tion at 10000 g for 5 min and the yellow supernatant was sub-
jected 10 HPLC analysis, using a RP-18 colurn (20 cm 0.4 cm)
that was run in 100 mM ammonium acetate, pH 4.8/methanol
(80:20, by vol.). The cofactor ¢luted at the same position as
FAD after 9.1 min, whereas FMN eluied after 15.3 min.

The N-terminal sequence of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS3 was determined by automated Fd-
mar degradation on a Biosystems model 4774 pas-phase protein
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 (MKTYTRTQVGIGAGPAGLL) was
identical to that deduced from the DNA sequence of the cloned
gene. Nucleotide sequence analysis was performed by the di-
deoxynucleotide chain-terminating method of Sanger et al.
(1977). The nucleotide sequences were analysed with the GEN-
MON program (Geselischaft fiir Biotechnologische Forschung.
Braunschweig, Germany).

Enzyme purification. 50 g frozen Psewdomonas sp. CBS3
cells were suspended in 50 ml 50 mM potassium phosphate,
pH 7.5, containing | mM 4-hydroxybenzoate. 0.5 mM phenyl-
methy!sulfonyl fluoride, 0.5 mM EDTA. €.5 mM dithiothreitol
and 1 mg deoxyribonuclease. Cells were disrupted through a
precooled French press and cell debris was removed by cenrrifu.
gation at 16000 g for 20 min. The clarified cell extract was
heated under continuous stirring in a 90°C water bath until the
temperawre of the extract had reached 55°C. The extract was




transferred to a $5°C water bath and kept there for 5 min. After
cooling on ice, the resulting precipitate was removed by centrif-
ugation a1 16000 g for 30 min. All further operations were per-
formed at 4°C in buffers containing 0.5 mM dithiothreitol. The
supernatant from the heat teatment was diluted twice and ap-
plied to a Q-Sepharose FF column (2.5 cinX 20 cro) equilibrated
with 20 mM Tris/sulfate, pH 7.5. After washing with starting
buffer, the enzyme was eluted with a linear gradient of NaCj
(0—0.5M in 500 ml). Fractions contzining the 4-hydroxyben-
zoate hydroxylase activity (0.3-0.4 M NaCl) were pooled, and
concentrated in an Amicon ultrafiltration cell with YM 30 mem-
brane to about 30 ml. After dialysis against 20 mM Tris/sulfate,
pH 7.5, containing 20 pM FAD, the enzyme solution was passed
through a Cibacron blue 3GA agarose column (2.5 em*20 ey}
equilibrated in 20 mM Tris/sulfate, pH 7.5. After washing with
twa 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 hydroxy-
apatite column (2.5X10 cm), equilibrated in 10 mM potassium
phosphate, pH 7.6. After washing with two volumes of starting
buffer, the collected epzyme fraction was subjected to a 40—
60% ammonium sulfale fractionation. The 60% ammonium sul-
fate precipitate was collected by centrifugation and dissolved in
3 ml 100 mM potassium phosphate, pH 7.6, containing 100 mM
NaCl and 20 pM FAD. In the final step, the enzyme solution
was applied to a Superdex PG-200 column (2.5 ceX 100 em},
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 6G% ammonium
sulfate precipitate at 4°C.

Cloning and sequence analysis, Total DNA of Pseudomo-
nas sp. CBS3 was partially digested with Sau3A to generate
predominantly 20—35-kb frazments. pLAFR3 DINA was di-
gested with HindIIl and EcoRL The lincar cosmid was cut with
BamHI and dephosphorylated. Ligation was carried out with
8 pg total DNA fragments and 0.8 pg of Jeft and right cosmid
arms, The recombinant DNA was packaged in i phage using a
DNA packaging kit from Boehringer Mannheim, E. coli IM 107
was infected with the cosmid-containing phages and transfec-
tants were selected on AM3-plates supplemented with tetracy-
cline (12.5 pg/mi), S-bramo-4-chloro-3-indolyl-B-p-galactopyra-
noside and isopropyl thio f-D-galactoside. This selection yielded
2632 recombinant clones, which were screened for the presence
of 4-chiorobenzoate dehalogenase activity.

Each of the clones of the genomic library was inoculated
in 200 ! liquid medium containing 5 g/l tryptone, 2.5 g/l 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 de-
tected, which was able to dehalogenate 4-chlorobenzoate. Dur-
ing the incubation time, a metabolite accumulated in the culture
medium of this clone, which was identified as 34-dihydroxy-
benzoate by HPLC analysis. These results showed that pLAFR3
45—10C carried the genes specifying 4-chlorobenzoate dehalo-
genation as well as the gene encoding for 4-hydroxybenzoate
hydroxylase, and that these genes must be clustered in Pseudon:-
onas sp. CB33. The sequences and properties of the dehalogen-
ase genes have been published by other groups using our strain
{Savard et al.. 1986; Babbitt et al., 1992,

Subcloning of plasmid pLAFR3 45-1QC in pUCIS yielded a
2.8-kb Psit—Kpil fragment as the smallest insert expressing 4-
hydroxybenzoate hydroxylase nctivity. To further focalize the
pobA gene on this Fragment, we constructed a series of mutants,
which were deleted unidirectionally with exonuclease 111 and S1
nuclease. The smallest insert containing the intact 4-hydroxy-
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Table 1, Purification scheme of 4-hydroxybenzoate hydroxylase from
Psendomonas sp. CBS2,

Srzp Volume Protein  Aclivity Specific  Yield
activity
ml mg v Uimg %
Cell axtract 100 3170 670 0.2 100
Heat treatment 9 1190 640 0.5 9%
Q-Sepharose 160 218 480 22 72
Cibacron blue agarose 32 % 310 4.1 46
Hydroxyaparite 10 36 230 6.4 34
Superdex 200 50 15 156 10.0 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 comesponds 1o the region between the Psil
and the £coRI 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 o 1521.

Structure homotogy modelling. The globular fold of 4-hy-
droxybenzoate 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-subsirate complex of 4-hydroxybenzoate hydrox-
ylase from P, fluorescens refined at 0.19-nm resclution (Brook-
haven Protein Data Bank file 1PBE; Schrender et al., t989)
served as the template file. Dimer formation of 4-hydroxyben-
zoate hydroxylase from Psewdomonas sp. CBS3 was obtained
by superimposing the monomeric model onto a monomer of 4-
hydroxybenzoate hydroxytase from P. fluorescens and perform-
ing a symmelry operation using the cell dimensions of the P.
fuarescens enzyme (Schrender et al., 1989). The quality of the
predicted  three-dimensional protein model of dimeric 4-
hydroxybenzoate hydroxylase from Psewdomonas sp. CBS3 was
assessed by determining the 3D-1D profile score {Lilthy et al.,
1992),

RESULTS

Enzyme purification. Extracts of Pseudowonas sp. CBS3 cells,
grown with 4-chlorobenzoate as carbon source, catalyzed the
NAD(P)H-dependent conversion of 4-hydroxybenzoate to 3.4-
dihydroxybenzoate (Klages and Lingens, 1980). In extracts from
cells grown with glucose, no 4-hydroxybenzoate hydroxylase
activity was detecrable, which indicates that the enyme was in-
ducible. A heatl treaiment step a1 55°C was necessary 1o destroy
interfering NAD(P)H oxidase activity present in the cell extract,
Initial purification of the 4-hydroxybenzoate hydroxylase re-
sulted 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 hydroxyluse from £ flearescens (Miller
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




Fig. 1. SDS/PAGE analysis of purified 4-hydroxyk hydrox-
ylase from Psendomonas sp. CBS3, Left lane, marker pooteins (from
top to boltom: phosphorylase b, 94 kDa; bovine serum albumir, 67 kDa;
ovalbumin, 43kDa, carbonic anhydrzse, 29 kDa; rypsin inhibitor,
20 kDa; e-lactalbumin, 14.4 kDa); Right Jane, purified p-hydroxyben-
zoat hydroxylase from Pseudemenas sp. CBS3.

Table 2. Sieady-state kinetic parameters of 4-hydroxybenzoate hy-
droxylase from Pseudomonas sp. CBS3. All experiments were per-
forrmed in air-sacurated 80 mM Hepps pH 8.0 (7 = 0.1 M), conwining
10 M FAD and 0.5 mM EDTA. Tumover rates (k.) and Michaelis con-
stants (K]) are apparent values determined at fixed concentrations of
either 4-hydroxybenzoate {{ mM) or NADH (0.2 mM).

Substrate ! K K,

*C 57! M
4-Hydroxybenzoate 35 74+04 F5>10
NADH 25 6804 BO+10

35 11605 12020

45 169+08 180=30
NADPH 25 66+05 14020

33 8607 160 +30

45 13309 20040

a polypeptide chain molecular mass of about 44 kDa (Fig. 1).
Anatytical get filtration resulted in a single symmetrical peak
with a retention time identical to that of 4-hydroxybenzoate hy-
droxylase from P fluorescens {van Berke! 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 re-
vealed that 4-hydroxybenzoate hydroxylase from Pseudomonas
sp. CBS3 catalyzed the conversion of 4-hydroxybenzoate with
the consumption of equimotar concentrations of NAD(P)H and
oxygen. The addition of FAD was essential to achieve optimal
turnover. From activity experiments parformed in the absence or
presence of varying amounts of FAD, an apparent K, value for
FAD of 150 nM was estimated. FMN had no effect an the activ-
ity. The pH optimum for catalysis was around pH 8 and a maxi-
rum tumover rate was observed at 43°C. As can be observed
from the kinetic parameters recorded in Table 2. the catalytic
efficiency (expressed as kL/K,, NADH) was relatively constant
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Fig. 2. Restriction map and sequence strategy of the 1.6-kb fragment
containing the pobA pene of Pseadomonas sp. CBS3. The holdfaced
arrow indicates the pobA region. The amrows represent the direclion of
sequencing from particular restriction sites. Arrows starting with squares
indicale DNA fragments obrained from deletion subclones. Abbre-
viations for restriction enzymes: E, £coRlI (in polyclening site): H,
Hindill; P, Psrl; S, SpAl; Sn, $zaBL; Ss, $3pi; X1, Xhol; XTI, Xholl.

between 25°C and 45°C. 4-Hydrexybenzoate hydroxylase from
Pseudomonas sp. CBS3 showed a narcow substrate specificiry,
Besides the primary substrate 4-hydroxybenzoate (100%), the
substrate analogs 2-fluoro-4-hydroxybenzoate (50%), 2-chloro-
4-hydroxybenzoate (40%), and 2.4-dihydroxybenzoate (8%)
were the only compounds that stimulated the oxidztion of
NADH at a significant rate. With ali substrates, oxygen con-
sumption was tightly coupled to substrate hydroxylation as evi-
denced by the lack of formation of significant amounts of hy-
drogen peroxide.

4-Hydroxybenzoate hydroxylase from Pseudomonas sp.
CBS3 catalyzed the oxidation of NADH as well as NADPH, As
can be noted from the apparem Michaelis constants and wenover
rates recorded in Table 2, the enzyme preferred NADH as the
external electron donor. The activity of 4-hydroxybenzoate hy-
droxylase from Pseudomonas sp. CBS3 was inhibited in the
presence of monovalent anions; the inhibition was competitive
with respect to NADH. From competition experiments per-
formed 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 hydrox-
ylase from Pseudomonas sp. CBS3 has many characteristics in
comimon with the coresponding enzyme from P, fliusrescens for
which a three-dimensional structure is known (Schreuder et al.,
1989; van Berkel and Miilizr, 1991). A main point of distinction
between both enzymes is the coenzyme specificity. The prefer-
ential wiilization 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 clong 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 gens and the
sequencing strategy. The nuclzotide sequence and the derived
primary structure of 4-hydroxybenzoate hydroxylase from Psen-
domonas sp. CBS3 are presented in Fig. 3, The first 20 amino
acids of the deduced protein sequence correspoaded to the N-
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CGCOCCTTCCT AGTACAGACTTCCC CAAGA

GCCTCGGOGATGTOCTTGETGETIT GCAGCGAARNTGCC

TGGCGGCCTCT DG T 6

CTGCGOARTACCTAAARCAGTOTCCTCGARAGGCTATGEAGE TARCTATTCTATA

GATCGTTCGANTTATAGCAGAAACGATCOBTGAATCGAAS R TIGATETCARGES
-35

AGCAATCTATGTANGAACGGARAN ACGAD

5D
ATC MAA ACC GTT ACG OGA ACC CAG GTT GGA ATT ATT GGA GGG
Meb Lys Thy ¥al Thr Ava Thr Glo Val Gly Iie Ila Gly Mla

GGC COC GOT GGG CTC TG CTC TCA CAT CTT CTT TGT ATT GCC
Gy Pro Ala Gly Ieu L4y Leu Ser Kis Lsu Leu Cya Ile Ala

GGT ATC GAC TCG GTA GTG GTT GAG AGT CGC AGT CGE GLC GAG
Gly Ile Asp Ser val val Val Glu Ser Arg Ser Arg Ala Glu

ATC GRA TCC ACC ATT CBC GOC GGC GTG CTG GAA CAG GGA ACG
Ile Glu Ser Thr lle Arg Ala Gly Val Leu Glu Gln Gly Thr

ATG GAT CTG CTG GAC AT ©0C GGC GTC GCGC GCG CG@ AIG CAC
Mec Asp Leu Leu Asp Ser Ala Gly Vel Gly Ala Arg Met Hia

GCC GAA GOT GRG GTG CAC CAC 646 ATC GUT CTC GCC TTC GAR
Ala Glu Gly Ala Val His Hiz Gly Ils Ala Leu Ala Phs Glu

GGU GAC CCG COT CGG ATC GAC CTT ACA GGA CTG ACA GGA CGT
Gly Glu Azrg Arg Arg Ile Asp Leu Thr Gly Leu Thr Gly Acg

GCG ATC ACG GTG TAC GOG CAG CAC GMA GTC ATA AAG GAC CTG
Ala Ile Thr val Tyr Ala Gin Hia Glu Val Ile Lys Aap Leuy

G730 GCG GOC O6GG GAG GCG GOC GGT OTA CTG CCP GTA TTC GAS
Val Ala Ala Arg Gilu Ala Ala Gly Val Lau Pro val Fhe Glu

GTC ACC GAC ACA CGC AIT GRA GAC ATG GAC ACG GAG ARG CCG
Yal Thr Agp Thr Arg Ile Glu Asp Met Asp Thr Glu Lys Pro

OTC GIG CGA TAT GTG CAG CAT GGG GTG GAC GAG ACA TTA GTG
val Val Arg Tyr Val Arg Asp Gly Vol Asp Glu Thr Lew Val

TGC GAT TAC GTA GTA OGT TOC GAC GGA TIC CAC GGA €C6 TCA
Cys Asp Tyt Val Val Gly Cys Asp Gly Phe Mis Gly Pro Ser

CGG CAG ACG ATA CCT OTT CAG GCG CGT GAG GAG TTr GAG CGT
Arg Gln Thr Ile Pro val Gln Ala Arg Glu Glu Phe Glu Arg
Qs

GTC TAC CCG TTT GGA 766 TTC GGG ATA CTG GTG
Val Tyr Pro Phe Gly Trp Phe Gly Ila Lau Val ¢lu Ala Fro

CCT TCA AGC GAR GAG CTT ATC TAT GCC OGG CAT GAC OGC
Pro Ser Ser Glu Glu Lau Ile Tyr Ala Arg His Asp Arg Gly
TTT GCT CTG GIT AGT ACC CGG TOC UG GGT ATC CAS £GG ATC
Phe Ala Leu Val Ser Thr Arg Ser Pro Gly Ile 3ln Arg Het
oG
Tep
GAG

cee
Fro

TAC TTC CAG TGT GAT CCT TCC GAG TCG GTC GAG AGS
Tyr Phe Gln Cym Asp Pro Ser Giu Ser Val Glu Sar

TG
u Glu Ser

GAC QOC AGA ATA TGG

GAA CTG CAT ACG AGG CTC
Asp Ala Arg Ile Trp Lo

Glu Leu Ris Thr Arg

AGT GAC GGC TGG ARG

ATA GAG GGA MG ATR TTC CAG AMA
Ser pap Gly Trp Lys Phe

Ile Glu Gly Lys Ile Gln Lys

Asn Ile Val Gly Na:c Ser Fhe Val Cys Ala Thr Arg
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Glu

ATC

1le
AN NIC GTT GGA NTG CGT AGT TIT OTC TGC OCG ACG ATG

Arg Mot

CTG GCA GGT GAT GCC GCT CAT ATC GTG

Leu Ala Gly Asp Ala Ala Eis Ile val
COT COT ACC GGA GOG ARG GGG CT6 AAC CTC GCT GTC ARG
Pro Pre Thr Gly Ala Lys Gly Leu hen Leu Ala Val Adn Asp
GTC [GC CTT €16 GGC AAG GCA TIC GLG GAG OTG TAT ACA
¥al Arg Leu Leu Ala Lys Ala Fhe Ala Glu Leu Tyr Thr Thz

GOT TCG CAG GAG C6G CTC CTG AGC TAT TOC CAC GAT 60% 576
Gly Ser Gln Glu Arg Lau Leu Sar Tyr Ser Nis Asp Aln Lau

66 €66 GTC TE6 €6C 60T GAG CAG TTC TCG TGG TGG ATG ACG
Arg Atg Val Trp Arg &lu Gln Phe Ser Trp Trp Met Thr

Ala

AGC ATG CTG CAC AAG TTC GAC GAT GCT ATG OCG TTT CAG CAG

Sar Met Lau His Lys 9he Afp Asp Ala Thr Pro Fhe Gin Gln
GAX

CGC TIG CAG GTC GCT CTT GAC TAC ATA ACG ADG TCG CAG
Arg Leu Gln Val Ala Glu Lec Asp Tyr I[le Thr Thr Ser Glu

GCC GGG GCG AGG GTC CTC GOG GAA AAC TAT GTA GGC &OG CTC
Als Gly Ala Arg val Leu Ala Slu Asn Tyr Val Giy Ala Lau

AAAADGCACCOGGAC TCT
-—

ACG CAG TGA AAGTCSCCTC
Thy Gin *er

BGTICOCTCCTGACCECOUTAGACGETSG
—- —— — —
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terminal sequence determined by sequence analysis of purified
4-hydroxybenzoate hydroxylase. The open reading frame pre-
dicted a 394-amino-acid protein with a calcuiated molecular
mass of 43632 Da. This value was consistent with that deter-
mined by SDS/PAGE for the purified enzyme.

14 bp upstream from the initiation codon was a putative
Shine-Dalgarno site (Shine and Dalgamo, 1974). Further up-
siream, sequences homologous io the consensus sequences of
E. coli promotors (Rosenberg and Court, 1979) were identified.
Expression of Psewdomonas sp. CRS3 d-hydroxybenzoate hy-
drexylase in £. colf was due to its own promotor, since the en-
zyme was produced when the 1.6-kb fragment was insected into
pUC13 in the oppasile orientation relative to the vector-encoded
lac promotor. The termination codon of pobA was followed by
inverted repeat sequences, which may act as transcription termi-
nators (Roseaberg and Court, 1979). The everall G+C content
of §0.5% of the pobA gene comespended well to the G+C
content of 60% of Pseudomonas sp. CBS3. As would be pre-
dicted 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 Psendomonas genes (Nakai et
al., 1983; You et al., 1990).

Amino acid sequence comparison. Up to now, amino acid se-
quences of 4-hydroxybenzoate hydroxylase have been obtained
from the pobA pens of six related bacterial strains (Entsch et al.,
1988; van Berkel et al., 1992; Diblarco et al., 1993; Shuman
and Dix, 1993; Wong et al,, 1594}. Based on the three-dimen-
sional structure of 4-hydraxybenzoate hydroxylase from P fluo-
rescens (Schreuder et al,, 1989) and sequence alignmenis i1 was
established thar these strictly NADPH-dependent enzymes share
a similar three-dimensional fold and that the most variable re-
gions lie on the surface of the protein outside the active site
(Entsch and van Berkel, 1993). In agreement with this, multiple
sequence alignment with the presently determined sequence of
4-hydroxybenzoate hydroxylase from Prendomonas sp. CBS3
revealed about 50% of sequence identity and more than $0%
sequence similarity (data not shown). The primary structure of
4-hydroxybenzoate hydroxylase from Psendamonas sp. CBS3
was analyzed in further detail with reference te the sequence
numbering (Weijer et al, 1982. van Berkel et al., 1992) and
structural properties (Schreuder et al., 1989, 1991) of 4-hydroxy-
benzoate hydroxyiase from £ flucrescens.

The amino acid sequence of 4-hydroxybenzoate hydroxylase
fram Pseudomonas sp. CBS3 showed a N-terminal insertion of
four residues and did not contain a negatively charged C-termi-
nal 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 Saf-fold for
binding the ADP moiety of FAD (residues 1—32, Wierenga et
al., 1984), the flavin ribityl-binding motif {residues 279-289;
Eggink et al., 1990), the active site loop comprising residues
200-302 and the f-strands containing the residues involved in

Fig.3. Nucleotide sequence of the pebA region of Pseudomonas sp.
CBS3 and the deduced amine acid sequence of 4-hydroxybenzoale
hydroxylase. Nucleotide sequence of the 1593-bp DIVA fragmenz con-
taining the pobA gene. The open reading frame starts at base 337 and
terminates at base 1321, The deduced amine acid sequence 15 indicated
below the DNA sequence. Underlined amino acid residues are identical
with those determined by Ediman degradation of the purified enzyme. A
potential ribosome binding site (marked 5D and an €. coli promotor-
like sequence (muarked —10 and —33) upstream of the open reading
frame are indicated. The arrows designate invered repeal sequences
downstream of the termination codon (indicated by asterisks).
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Fig.4. Alignment of the amino acid seq of 4-hydroxyb

hydroxylase from P fluorescens and Pseudomonas sp. CBS3. The

deduced amino acid sequence of 4-hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 (PCBSJ) is aligned with the amino acid sequence
of 4-hydroxybenzoate hydroxylase from #: fluorescens (Pf1, Weijer et al., 1982; van Berkel et al., 1992). The P. flucrescens sequence is the default
dentical amino acids (*).

. Asterisks indi
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Fig. 5. Ribbon diagram of the modelled three-dimensiona? structure
of the bstrate compl 4-hy h hydroxylase
from Psendomongs sp. CBS3, The three-dimensional stucture of 4-
hydroxybenzoate hydroxylase from Pseudomonas sp. CBS3 was pre-
dicted by comparative model building using PrcMod implemented in the
Swiss-Model package (Peitsch, 1995). The crystal structure of the en-
zyme-substrate complex of 4-hydroxybenzoate hydroxylase from P fluo-
rescens (Schreuder ex al, 1989) served as the wemplate File, The sche-
matic ribben diagram was generated with NOLSCRIPT (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 ad-
Jjoining the si-face of the flavin ring (residues 43—350) and the
helices involved in subunit dimerization (residues 328-386).
From the conservation of active site and secondary structure ele-
ments, it is clear that the core structure of 4-hydroxybenzeats
hydroxylase from Psendomonas sp. CBS? is kighly identical to
that of the enzyme from P. fluorescens. We therefore decided 1o
construct a three-dimensional model of the Pyewdomonas CB33
hydroxylase, based on the structure of the £, fluorescens enzyme
using the knowledge-based protein modelling tool ProMod
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Fig. 6, Profile window plots of the proiein models of 4-hydroxyben-
zoate hydroxylase from P, fluorescens and 4-hydroxybenzoate hy-
droxylase from Psendomonas sp. CBS3, The quality of the predicted
three-dimensional protein model of 4-hydroxybenzoate hydroxylase
from Pseudomonas sp. CBS) was assessed by comparison its 3D-1D
profile score (Lithy et al., 1592) with that of 4-hydroxybenzome hydrox-
yiase from . fuorescens. For the caleulation of the profile score, a slid-
ing window of 21 residues was used. (A) 3ID-1D profile score of 4-
hydroxybenzoate hydroxylase from P. flicorescens (—-). {B} 3D-1D
profile score of 4-hydroxybenzoate hydroxvlase from Psewdomonas sp.
CBS3 (---).

1400 300

(Peitsch, 1995). Fiz. 5 shows a ribbon diagram of the modalled
structure. The predicted fold of 4-hydroxybenzoate hydroxylase
from Psewdomonas sp. CBS3 is almest identical to the fold of
the £ fluorescens enzyme. The root-mean-square differsnce is
3.4 nm for 385 equivatent Co atoms. The quality of the model
was assessed by determining the 2D-1D profile score (Liithy et
al., 1992), which evaluates the compartibility of ¢ach residue to
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Fig.7. Multiple sequence alignment of the N-terminal sequences of 4-hydroxyhenzoate hydroxylases. The N-tznninal amino acid sequence
(residues 1--50} of 4-hydroxybenzoate hydroxylase from £. fluorescens (Pfl, Weijer ¢t al., 1982} is aligned with the N-terminal amino acid sequences
of 4-hydroxybenzoate hydroxylase from £ aeruginose (Pa, Entsch et al., 1988); P fluorescens isozyme (P2, Shuman and Dix, 1993); A. calcoaceti-
cus {Ac., DiMarco et al, 1993); R. feguminosarum BESS (RIL, Wong et al., 1994); R leguminosarum MNF300 (RI2. Wong et al.. 19%4) and
Pseudomenas sp. 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 £ flucrescens and Pseudomonas
CBS3 4-hydroxybenzoate hydroxylase (Fig. 6) are very similar
and the relatively high 3D-10 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, in-
volved in FAD and substrate binding, respectively. The relative
low score in these ragions might be caused by the absence in the
caleulations of these ligands. In addition, the sequence segments
comprising residues 128—148, 242-264, 302—330, and 355—
377 have a lower score in the Pseadomonas CBS3 model com-
pared to the P flusrescens crystal structure. They are located
near the protein surface and contain less well defined loaps as
indicated by relative high temperature factors (Schreuder et al,,
1989). These loops belong to the most variable parts of the se-
quence (compare Fig. 4) and might therefore be folded slightly
different in both structures. When we determined the 3D-1D
score for the F: fluorescens monomer, we obtained a rather fow
score for the region 353—374 (helix H12) which is invotved
it dimer contacts. When we determined the profile for the P
Jliorescens dimer, the score for this region improved signifi-
cantly. Similarly, the score of the equivalent region of the Pseu-
domonas CBS3 molecule improved significantly when generat-
ing a Pseudomonas CBS3 dimer, using the transformation of the
P. fluorescens molecule. These results suggest that also the di-
mer contacts are similar for both molecules.

Coenzyme specificity. The three-dimensional structure of 4-hy-
droxybenzoate hydraxylase is unusual because there is no recog-
nizable domain for the binding of the coenzyme NADPH (Wie-
renga <t al., 1983). Because the most striking property of 4-
hydroxybenzoate hydroxylase from Psendomonas sp. CBS3 is
its preference for NADH over NADPH as external electron do-
nor, it was of interest to search for structural features possibly
involved in determining the coenzyme specificity, Chemical
modification and site-directed mutagenesis stadies on 4-hydro-
xybenzoate hydroxylase from £ fluerescens have provided some
insight in the binding mode of NADPH (Eppink et al., 1995).
The pyrophosphate moiety of the pyridine nucleotide cofactor
mast probably binds in a cleft between the FAD-binding domain
and the substrate-binding domain {van Berkel and Miller, 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 invelve the interaction with the side chain of Tyr38
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(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 er al.. 1989). lnwiguingly, the
sequenrce of this helix {residues 35—42) deviates considerably
in the primary structure of 4-hytroxybenzoate 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 biodeg-
radation of 4-chlorobenzoate in Pseudomonas sp. CBS3. Char-
acterization of the purified enzyme clearly established that 4-
hydroxybenzoate hydroxylase from Psewdomonas sp. CBS3
shares many properties with the corresponding enzyme from £
[fluorescens (van Berkel and Miikier, 1991). These properties in-
cluded the subunit molecular mass, the quaternary structure, the
PH optimum for catalysis, the substrate specificity and the inhi-
bition by chloride jons. Remarkable differences between both
enzymes concemed the temperature optimum for catalysis, the
interaction with FAD and the coenzyme specificity. Whereas 4-
hydroxybenzoate hydroxylase from P, fluorescens has a temper-
ature optimum for catalysis around 30°C (van Berkel and
Miller, 1989), the maximum turnover rate of the enzyme from
Pseudomonas sp. CBS3 was observed at 45°C. In contrast o 4-
hydroxybenzoate hydroxylase from £ fluorescens (Miller 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 £ fluorescens
enzyme have established that impaired binding of the flavin co-
factor may be induced by conservative amino acid substitutions
in the vicinity of the FAD-binding site (van der Bolt e1al., 1994,
Eppink et al., 1993).

In contrast to all 4-hydroxybenzoate hydroxylases sequenced
thus far, 4-hydroxybenzoaie hydroxylase from Pseudononas sp.
CBS3 preferred NADH as the external electron donor. Up 1o
now, only three NAD(P)H-dependent 4-hydroxybenzoate 3-hy-
droxylases, which include the enzymes from Corinebacteriivm
evelohexenicum (Fujit and Kaneda, 1935), Maravelia sp. (Ster-
jiades, 1993}, and Rhodococeus erviwopolis (Suemori et al.,
1993), have been purified and partially characterized. Psendo-



manas 4-hydroxybenzoate 3-hydroxylases thus far were re-
garded as being highly specific for NADPH (van Berkel and
Miilier, 1991; Webb, 1992). It is clear from the present study
that this view should be revised.

Cloning of the pobA gene encoding 4-hydroxybenzoate hy-
droxylase from Pseudomonas sp. CBS3 allowed the expression
of 4-hydroxybenzoate hydroxylase activity in E. coli TG1, 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 ne regulatory
genes were present on the cloned fragment. The deduced amino
acid sequence of 4-hydroxybenzoate hydroxylase from Psew-
domonas sp. CBS3 showed about 50% sequence identity and
more than 80% sequence similarity with that of the other 4-
hydroxybenzoate hydroxylases sequenced thus far. This high de-
gree of sequence conservation is in accordance with the sup-
posed common evolutionary origin for the isofunctional en-
zymes of the f-ketoadipate pathway (Woese, 1987; Hartrett g1
al., 1990; Harayama et al,, 1992).

In accordance with the highly tuned function of 4-hydroxy-
benzoate hydroxylase (Entsch and van Berkel, 1995), all active
site residues in the novel sequence were strictly conserved.
These residues included Ser212, Arg2i4, and Tyr222, involved
in substrate binding and flavin motion {Schreuder et al., 1994;
Gatti et al., 1994) and Tyr201 and Tyr383, which are involved
in substrate activation and the regioselectivity of kydroxylation
{Entsch et al., 1991, Eschrich et al., 1993). Ancther conserved
steuctural feawrs involved the active site loop comprising Tesi-
dues 290—302. This loop has a complex twisted conformation
{Schreuder et al., 1989) which may be of importance in regulat-
ing the effector specificity (van Berke! et al., 1992).

As expected from the high degree of sequence identity, struc-
ture homology modelling predicted thar the 4-hydroxybenzoate
hydroxylases fram Pseudomonas sp. CBS3 and P flucrescens
shared superimposable globular folds. No gross deviations were
detected in the 3D-1D average profiles of both enzymes indicat-
ing the conservation of secondary structural elements.

The three-dimensional structure of 4-hydroxybenzoate hy-
droxylase is unusual because there is no recognizable domain
for the binding of the pyridine nucleotide cofactor. From stereo-
chemical studies it is known that the nicotinamide part of the
reduced pyridine nucleotide cofactor binds at the re-side of the
flavin ring allowing rapid hydride transfer (Manstein et al.,
1986). Chernical modification studies (van Berkel and Miiller,
1991) and madel building (van Berkel et al., 1988) have ind:-
cated that the pyrophosphate moiety of the pyridine nuclectide
cofactor most probably binds in a cleft between the FAD-binding
domain and the substrate-binding domain. Recent studies on mu-
tant enzymes confirmed this idea and furthermore showed that
Tyr38 plays an important role in the recogrition 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 NADPH-
dependent 4-hydroxybenzoate hydroxylases (Fig. 7). [nspection
of the present primary structural data revealed that Tyr38 is re-
placed by glutamic acid in the sequence of 4-hydroxybenzoate
hydroxylase from Psewdomonas sp. CBS3. This and the strongly
deviating sequence surrounding Tyr38 (Fig. 7} leads us to pro-
pose that helix H2 (residues 35—42) is involved in determining
the coenzyme specificity. To lest this proposal, we aim to ad-
dress in mote detail the role of helix H2 in NAD(P)H binding of
d-hydroxybenzoate hydroxylase from P fuorescens by protein
engineering. [n this respect. it is important to note that structure
hemology modelling predicts that the secondury structure of he-
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fix H2 is retained in the enzyme from Pseudomonas sp. CBS3
(Fig. 5}.
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Switch of coenzyme specificity of
p-hydroxybenzoate hydroxylase

Abstract

p-Hydroxybenzoate hydroxylase is the archetype of the family of NAD(P)H-dependent
flavoprotein aromatic hydroxylases. These enzymes share a conserved 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
Pseudomonas fluorescens by site-directed mutagenesis. To that end, we altered the solvent
exposed helix H2 region (residues 33 ~ 40) of the FAD-binding domain. Non-conservative
selective replacements of Arg33 and Tyr38 weakened the binding of NADPH without
disturbing the protein architecture. Introduction of a basic residue at position 34 increased the
NADPH binding strength. Double (M2) and quadruple (M4) substitutions in the N-terminal
part of helix H2 did not change the coenzyme specificity. By extending the replacements
towards residues 38 and 40, M35 and M6 mutants were generated which were catalytically
more efficient with NADH than with NADPH. This is the first report on the coenzyme
reversion of a flavoprotein aromatic hydroxylase.

Introduction

Flavoprotein aromatic hydroxylases catalyse the insertion of one atom of molecular oxygen
into the substrate, using NAINP)H as electron donor (van Berkel and Miiller, 1991):

E-FAD
ArOH + NAD(P)H + H* + Op ——=» Ar(OH)z + NAD(P)* + Hz0

These monooxygenases play an important role in the catabolism of both naturally occurring
and man-made organic molecules in soil microorganisms (van Berkel ef al., 1997). Recently,
it was found that flavoprotein aromatic hydroxylases arc also widely involved in the
biosynthesis of sterols, antibiotics and plant hormones (Eppink ef al., 1997 and references

therein).
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Flavoprotein aromatic hydroxylases have many catalytic properties in commeon 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 af., 1998). Unlike many dehydrogenases (Baker ef al., 1992; Lesk,
1995; Chen et @l., 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 their coenzyme specificity (Eppink ef al., 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 ef @l., 1998b). The pyrophosphate moicty of NADPH most probably
binds in a clefi 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 (sce cover for full color representation). Helix
H2 is depicted in white, FAD, POHB and the residues Arg33, Gln34, Tyr38 and Argd?2 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 of PHBH
from Pseudomonas sp. CBS3 (Seibold et 4l., 1996) and the proposed NADPH binding
mode, a mutagenesis strategy was developed to change the coenzyme specificity. To that
end, single and multiple amino acid replacements were introduced in helix H2 (Table [}. The
characterization of the mutant proteins and the catalytic and structural consequences that
occur as a result of the amino acid replacements are presented below.

Table 1. Mutagenesis strategy of PHBH from P. fluorescens

Enzyme Sequence

PHBH P. fliuorescens 33 R-Q9-T-P-D-Y-V-L-G-R 42
R33K/5/E (X=K/S/E) 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

Md S-R-T-R-A-Y-V-L-G-R
M5 S-R-T-R-A-E-V-L-G-R
Mo S-R-T-R-A-E-V-E-G-R
M10 8-R-8-R~A-E~-I-E-8-T

PHBH Pseudomonas sp. CBS3 37 S-R-S-R-A-E-I-E-S-T 46

Results

Mutagenesis strategy, protein expression and purification. Table I presents the mutagenesis
strategy. The amino acid sequence of the helix H2 region of PHBH from P. fluorescens was
gradually changed into the corresponding sequence of PHBH from Pseudomonas sp. CBS3
(Seibold ef al., 1996). Single replacements were performed with Arg33, GiIn34 and Tyr38,
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whereas the number of multiple changes increases from two in mutant M2 to ten in mutant
M10.

All single mutants and M2 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. Morcover, these mutants lost some FAD during purification. After replacement of
ten residues in the belix H2 region (M10, Table I), we could not detect any mutant PHBH
protein by antibody screening of cell extracts.

Catalytic properties. The steady-state kinetic parameters of the mutant proteins with NADPH
and POHE are reported in Table TI. With all mutants, no considerable changes in apparent
K, values for POHB was observed. The catalytic properties of R33K, Q34R, Q34K, Q34T,
M2 and M4 were similar to the wild-type enzyme. R335, 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 no formation 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 the exception of M5 and M6 (apparent K, FAD = 450
+ 50 nM), the mutants showed a similar affinity for FAD} as wild-type PHBH (apparent K,
FAD =45 + 10 nM; Miiller and van Berkel, 1982).

The binding of NADPH was further investigated by pre-steady state kinetics (Table IT).
To that end, the rate of anaerobic reduction of the enzyme-substrate complex was monitored
at 450 nm as a function of the concentration of NADPH (Howell ¢ 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 Ky 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. Kinctic parameters of PHBH variants. Tumover numbers (kca) and reduction

rates (k) are maximum values exirapolated to infinite concentrations of POHB and

NADPH., (n.m. = not measurable). Kinetic constants have maximum error values of 10%.

Kn keat kred Ky

POHB NADPH NADPH

uM uM o1 o1 M
Wild-type 15 34 55 300 0.15
R33K 25 53 50 280 0.20
R33S8 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
M35 45 >1000 >5 - -
M6 50 >1000 >5 - -

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 (c¢f. Table II). M5 and M6
displayed similar catalytic properties, implying that the Leud0 — Glu replacement is not

crucial for the switch in coenzyme specificity.

Table IIL 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 keat

UM UM min-1
Wild-type 20 > 1000 > 10
M5 45 %0 85
M6 40 90 85

Structural properties. Crystals with mederate quality diffraction properties were obtained for
Q34T, Q34R and Y38E, all in complex 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 Ca. atoms.

Replacement of Gln34 by Thr (Figure 2) breaks the hydrogen bond with Arg33 (Table IV)
and abolishes the van der Waals interactions with Tyr38. As a result, a small rotation of both
Arg33 and Tyr38 side chains is observed (Figure 2). The Thr34 side chain has the same
orientation as GIn34 in the native structure and similar temperature factors. Similarly, the
GIn34 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 OE] of GIn34 interacts strongly with the NH2 of Arg33
through a 90° turn of the side chain NHI/NH2 atoms of Arg33. Furthermore, the hydrogen
bond interaction between Arg33 NH2 and the O2 ribose of FAD in wild-type PHBH
{Schreuder et al., 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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Table IV. Selected polar interactions {(d < 3.2 A) in PHBH variants

Enzyme Atom 1 Atom 2 Distance
Wild-type NH2 Arg33 2* ribose FAD 2.7
OE1 GIn34 NE Arg33 2.6
Q34T NH2 Arg33 02* ribose FAD 3.0
OG]1 Thr34 QE2 Glu32 30
Q34R NH2 Arg33 02* ribose FAD 29
Y38E NH2 Arg33 OE1 Gln34 29
NE2 Gln34 OE2 Glu3g 2.7
OE1 Glu38 NE2 GIn34 2.9
0OG1 Thr35 3.0

Fig. 2. Stereoview of the Q34T mutant. A 2F,-F, electron density map of mutant Q34T is

contoured at 2 with Q34T in dark and the wild-type stmicture in open bonds.
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Fig. 3. Stereoview of the Q34R mutant. A 2F,-F clectron density map of mutant Q34R is

contoured at 2c with (Q34R in dark and the wild-type structure in open bonds.

Fig. 4. Stereoview of the Y38E mutant. A 2F-F; electron density map of mutant Y38E is

contoured at 26 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 (Kq =30 + 10 uM).
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With M5 and M6, binding of POHB did not significantly change the fluorescence
guanium yield of protein-bound FAD. A similar behaviour was reported for PHBH
reconstituted with arabino-FAD (van Berkel er al., 1994). Therefore, the enzyme-substrate
interaction in M5 and M6 was studied by difference abserption spectroscopy. With both

mutants, the affinity of the aromatic substrate (K3 = 95 + 15 pM) is somewhat weaker than

in wild-type PHBH (K3 =50 + 10 uM).

The shape of the substrate-induced flavin perturbation difference spectra correlates with
the orientation of the flavin ring “in” or “‘out” of the active site (Gatti ef al., 1994). Except for
MS5 and MBS, all mutants showed spectral properties indistinguishable from wild-type PHBH,
indicative for the flavin “in” conformation (Figure 5A). The difference spectra of M5 (Figure
5B) and M6 (not shown) were intermediate between the changes observed for the flavin "in"
and "out" conformation (Gatti ef al., 1994; van der Boit ef al., 1996) and resembled that of
mutant R42S (Eppink et al., 1998a). This suggests that subtle structural changes far away
from the active site can affect the dynamic behaviour of the flavin ring.

[} [y
POKHD ()

ae (mM ' cm™")

L
800 L

N 1

i

L 3 L ] I — L
400 5'?:7 " 500 600
WAVELE| (nm} WAVELENGTH (nm)

1
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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 are extrapolated to infinite POHB concentration. (A) mutant M4; (B) mutant M5.
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. These enzymes share a large N-terminal domain for binding the FAD, but lack
a well-defined domain for binding the pyridine dinucleotide (Eppink et al., 1997). Recently,
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we proposed that in PHBH from P. flucrescens, the NADPH molecule binds in an extended
conformation in the interdomain cleft and that helix H2 of the FAD-binding domain is
involved in determining the coenzyme specificity (Eppink et af., 1998b). In this paper, the
functional role of helix H2 was addressed by a sequential mutagenesis approach. First,
single replacements were introduced to study the involvement of Arg33, Gln34 and Tyr38 in
coenzyme recognition. Based on these results, multiple changes in helix H2 were made with
the aimn to change the coenzyme specificity,

The properties of the Arg33 mutants indicate that a basic residue at position 33 is
important for NADPH recognition. This supports the proposal that Arg33 interacts with the
2’-phosphate moiety of NADPH (Eppink ez ai., 1998b). Gin34 probably is less crucial for
proper coenzyme binding. The structure of Q34T shows 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 Argd2 (Eppink et al.,
1998b). In Q34R, the exira introduced charge is located near the protein surface in between
the side chains of Arg33 and Tyr38.

The involvement of Tyr38 in NADPH binding is confirmed by the properties of the
Tyr38 mutants. Y38E does not bind NADPH, presumably due to electrostatic repulsion of
the 2’-phosphate moiety of NADPH. However, the structure of Y38E shows that the side
chain of Giu38 is neutralized to some extent by a hydrogen bond network with Arg33 and
GlIn34. This suggests that in Y38E, Arg33 contributes less to the interaction with NADPH
than in wild-type enzyme. In wild-type PHBH, Arg33 is also involved in binding the 2-OH
group of the adenosine ribose of FAD. However, this interaction seems not as crucial as
originally suggested (Schreuder et al., 1989), since R338 and R33E bind the FAD as firmly
as the native enzyme.

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 (Miiller et al., 1984; Scholten et al., 1991), shows 53% sequence identity
with PHBH from P. fluorescens and is the only PHBH of known sequence which prefers
NADH over NADPH as electron donor {Seibold et al., 1996), When the sequence of the
helix H2 region of PHBH from P. fluorescens was changed to the corresponding sequence
of the Pseudomonas CBS3 enzyme (mutant M10, Table I), no protein expression was
ohserved. The reason for this is not yet clear but it obviously relates to an improper folding
of the polypeptide chain.

The properties of the double mutant M2 and the quadruple mutant M4 indicate that
the amino acid residues in the N-terminal part of helix H2 are not crucial for the coenzyme
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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 impair FAD binding. This is in agreement with the results of
the single mutants and with the fact that a similar GIn33-Arg34 arrangement is seen in
PHBH from Acinetobacter calcoaceticus (DiMarco et al., 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
{Eppink et 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 the putative NADPH binding site.

Extending the sequential amino acid replacements towards residue 38 established a
switch in coenzyme specificity (mutant M5). Although M35 is not a very efficient enzyme, it
shows for the first time that redesign of the coenzyme specificity of FAD-dependent aromatic
hydroxylases is feasible. Morcover, it clearly supports our earlier proposal (Seibold et al.,
1996; Eppink et al., 1998b) that helix H2 of PHBH is critically involved it 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 to the active site. Interestingly, a weak flavin-protein interaction was also
observed in NAD(P)H-dependent PHBH from Pseudomonas sp. CBS3 (Seibold er al.,
1996). Because both Arg33 (this study) and Argd2 (Eppink et al., 1998a) are involved in
binding the adenosine moiety of FAD as well as the 2’-phesphate 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 fo.p-fold (Rossman et al., 1974; Wierenga et al.,
1986) for NAD(P)H binding (Scrutten et al., 1990; Feeney er al., 1990; Chen et al., 1991;
Bocanegra ef al., 1993; Nishiyama ez al., 1993; Clermont et al., 1993; Bernard ef al., 1995;
Galkin ef 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 et al., 1996; Chen et al., 1996; Friesen et al., 1996; Shiraishi et al., 1998)
were succesfully changed. Crystal structures of mutant proteins with reversed coenzyme

specificity (NADP — NAD) have sofar enly been obtained for glutathione reductase (Mitt] ez
al., 1993, 1994} and isocitrate dehydrogenase (Hurley er al., 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 Argd2 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 et al., 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

BRI. The QuikChangeTM site-directed mutagenesis kit was obtained from Stratagene.

[a-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, expression and 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
MI1Q 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 er 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 genes were expressed in transformed E. coli TG2 grown in 5-1 batches
of tryptone/yeast medium containing 100 ug/ml ampicillin and 20 pg/ml IPTG at 37 °C under
vigorous acration. The mutant proteins were purified according to the procedure described for
wild-type PHBH (ven Berkel et al., 1992).
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Chapter ¢

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-1

em-1 for protein bound FAD (van Berkel et al., 1992). Dissociation constants of complexes
between enzyme and substrate were determined fluorimetrically as described previously
{Miiller 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 pM POHE and 10
uM FAD. Steady-state kinetic parameters were determined as described (Eschrich et ai., 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 ef al., 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, 1 mM 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 mm3 over a period of 3-5 days. Crystals with space group €222, of Q34T,
Q34R and Y38E were obtained.

Structural data collection 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
28 angle was 20°. Data were processed with the XDS package (Kabsch, 1988).

Guided by the structure of the wild-type enzyme-substrate complex {Schreuder er al.,
1989), starting electron density maps for Q34T, Q34R and Y3BE were calculated, after a
correction for the slightly different cell dimensions (Schreuder er al., 1994). The 2Fo-Fc maps
clearty showed the substitutions of GIn34 by Thr (Figure 2), GIn34 by Arg (Figure 3) and
Tyr38 by Glu (Figure 4). The mutated residues were fitted in the eclectron-density maps with
the graphics program O (Jones ef al., 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-Fe maps for peaks of at least 4G, 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 160 % 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 C222q 222 €222
Cell dimensions (A)

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 25
Rgym (%} 6.2 7.1 5.5
Completeness (%) 89.5 91.7 92.1
Initial R factor (%) 24.0 25.8 250
Final R factor (%) 16.0 14.4 16.1
Water molecules 239 221 268
RMSD bond lengths (A) 0.009 0.010 (.009
RMSD bond angles (°) 1.43 1.58 1.47
Average B factors (A2)

Protein 254 25.5 25.6
Flavin ring 18.9 12.3 222
POHB 16.2 18.6 16.9
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“Unactivated” p-Hydroxybenzoate hydroxylase: Crystal
structures of the substrate-free enzyme and the

enzyme-benzoate complex.

Abstract

Substrate binding in the flaveprotein p-hydroxybenzoate bydroxylase (PHBH)
strongly stimulates enzyme reduction by NADPH. To obtain more insight in the effector
specificity of the substrate, the crystal structures of substrate-free PHBH and in complex
with benzoate were solved.

This is the first report of a crystal structure from substrate-free PHBH and in a crystal
form, space group P21212], which has not been described earlier. The P2]22] crystals
of the substrate-free enzyme diffracted to 2.5 A under cryo conditions and the structure
was refined to an R factor of 20.7 %. No significant structural changes were observed
between substrate-free enzyme in the P2{2121 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 site cleft and in a flexible loop region involved in
crystal contacts. The isoalloxazine ring of FAD is flexible in the substrate-free enzyme
and located intermediate between the "in" and "out" conformation.

C2221 crystals of PHBH in complex with benzoate diffracted to high 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 compiex. 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
the protein surface via a bridge of two water molecules.

In agreement with earlier suggestions, we conclude that efficient flavin reduction by
NADPH is facilitated by substrate deprotonation as controlled by the proton relay
network between His72 and Pro293.
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Introduction

p-Hydroxybenzoate hydroxylase (PHBH) (EC 1.14.13.2) is the mode! enzyme of the
family of flavoprotein aromatic hydroxylases. These enzymes catalyze the insertion of
one atom of molecular oxygen into the substrate using NAD(P)H as electron donor (van
Berkel, 1991). The catalytic cycle of PHBH consists of two half-reactions (Massey,
1994). During the reductive part of the reaction, the substrate 4-hydroxybenzoate (POHRB)
acts as an effector, highly stimulating the rate of flavin reduction by NADPH. In the
oxidative half-reaction, the aromatic substrate is converted to 3,4-dihydroxybenzoate via
the formation of a transiently stable flavin C4a-hydroperoxide oxygenating specics
{Entsch and van Berkel, 1995).

Although many details of the catalytic cycie are known, it is unclear how the enzyme
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,
196%a; Hesp, 1969; Schepman, 1976). However, preliminary crystallographic analysis of
the substrate-free enzyme (Wicrenga, 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
exchange of substrate and product during catalysis (Schreuder, 1994; Gatti, 1994) and for
the recognition of NADPH (van Berkel, 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 substraie analogs induce the flavin ring to adopt the “open”
conformation out of the active site (Table 1). However, no correlation exists between the
position of the flavin ring in the crystal siructure and the rate of enzyme reduction by
NADPH. Kinetic studies have shown that efficient reduction is only accomplished in the
presence of POHB derivatives (Spector, 1972; Husain, 1980). Moreover, studies from
site-directed mutants suggested that rapid reduction is facilitated by deprotonation of the
substrate phenol (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 PHBH and of PHBH in complex with the non-substrate
effector benzoate.

A new crystal form of the substrate-free enzyme was obtained, but no significant
conformational changes were observed. In the absence of aromatic ligands, the flavin 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 to recent results from
site-dirccted mutagenesis.

Table 1. Some characteristics of PHBH with substrate analogs.

Substrate analog kred keat Flavin conformer
51 s-1

4-hydroxybenzoate 3002 552 in®

3.4-dihydroxybenzoate 4b 4b inf

2,4-dihydroxybenzoate 1.1¢ 0.7¢ outs

4-aminobenzoate 0.09d 0.09d ing

2-hydroxy-4-aminobenzoate 00038 0.0032 outé

2 van Berkel et al., 1992; b Eschrich et al., 1993; ¢ van der Bolt et al., 1996; 9 Gatti et al.,
1996; € Schreuder et al., 1989; fSchreuder et al., 1988; £ Schreuder et al., 1994,

Experimental Procedures

Enzyme preparations. Recombinant PHBH was purified as described (van Berkel,
1992), The enzyme was stored as an ammonium sulfate precipitate at 4 °C.

Analytical methods. PHBH activity was routinely assayed in 100 mM Tris/sulfate, pH
8.0, containing 0.5 mM EDTA, 200 uM NADPH, 200 uM POHB and 10 pM FAD
(Miiller & van Berkel, 1982).

Crystallization. Crystals of substrate-free enzyme and in complex with benzoate were
obtained using the hanging drop method. The protein sclution contained 10-15 mg/ml
enzyme in 100 mM potassium phosphate buffer (pH 7.0). The reservoir solution
contained 25% PEG4000, 0.04 mM FAD, 0.30 mM EDTA, 30 mM sodium sulfite and

0.1 M potassium phosphate buffer (pH 7.0). Drops of 2 pl protein solution, 2 |l reservoir

solution and 1 pl 10 mM benzoate were allowed to equilibrate at 4°C against 1 mi of
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reservoir solution. Crystals of the enzyme-benzoate complex with dimensions of 0.3 x 0.3
x 0.1 mm3 and space group C2221 grew within 5 days. For crystallization of

substrate-free PHBH, 1 pl 25 mM 2’-AMP was added instead of benzoate. Crystals with

dimensions of 0.3 x 0.2 x 0.15 mm3 and space group P21212{ were obtained within 15
days. P212121 is a new symmetry group for PHBH, with two molecules in the
asymmetric unit and cell dimensions of a=76.1, 5=92.1, c=138.4 A

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
100 mA, equipped with a graphite monochromator. Data were processed with the XDS
package (Kabsch, 1988). Data collections of the substrate-free enzyme were performed at
cryo-temperature {110K), because at room temperature the crystals were radiation
sensitive. The substrate-free enzyme data were obtained on beam-line X11 of the EMBL.
QOutstation 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 to a resolution of 2.5 A.

Refinement. The structure of enzyme-benzoate was refined starting from the
coordinates of the enzyme-substrate complex after a correction for the slightly different
cell dimensions. Refinement was started with manual inspection of unweighted 2F -F,
and Fg-F, maps 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 was carried out by four rounds of map inspections 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: B11 = -
8.3218 A2, B22 =6.1993 A%, B33 =2.1225 A2,

The substrate-free enzyme crystallized in a new crystal form (P21212]) with two
monomers in the asymmetric unit. The structure was solved by molecular replacement
using the AMoRe package (Navaza, 1994} and the enzyme-substrate complex as a search
model. The structure was refined with the XPLOR package (Briinger, 1992) using two
different protocols, (i) application of strict NCS on one monomer and (ii) the use of NCS
restraints on two monomers. The reflections were scaled by refining overall anisotropic
B-factors, resulting in the following B-factors: B11 = -2.9690 AZ; B22 =-0.9389 A2; B33
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=3.9080 A2, After each round of strict NCS refinement, two monomers were regenerated
and refined without NCS and subsequently superimposed to obtain an improved rotation
matrix and translation vector. After 10 cycles of NCS refinement and optimization of
NCS, the R-factor with strict NCS was 23.1 % (Rfee = 31.6 %) and without NCS a value
of 20.0 % (Riree = 32.8 %) was reached. Finally, the positions of the atoms were
restrained (NCS restraints) with an effective energy term of 300 kcal/(mot AZ) resulting
in an R-factor of 20.7 % (Reree = 31.6 %). Due to the local symmetry we measured
29,316 unique reflections. Without NCS we would reach with this number of reflections a
resolution of 2.0 A. Hence, by applying strict NCS at 2.5 A, we obtain the same
observation to parameter ratio as at 2.0 A without NCS.

Table 2.  Data collection and refinement statistics of free PHEH and in complex

with benzoate.

enzyme-benzoate substrate-free
complex enzyme
cell dimensions (A)
a 72.1 76.1
b 146.5 92.1
c 88.76 138.4
space group C222 P21212
unique reflections 27,754 29,316
resolution (A) 2.0 25
Rgym (%) 5.5 49
completeness (%) 94.5 96.0
Initial R-factor 28.0 40.0
Final R-factor 16.8 207
Riree - 31.6
water molecules 336 217
rms bond lengths (A) 0.010 0.011
rms bond angles (deg) 1.46 1.57
average B factors (A2)
protein 239 255
flavin ring 20.1 39.5
substrate (analog) 17.8 -
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Results

Structural studies

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.1) and

in complex with benzoate (not shown) have similar ¢ and y angles as compared to the

enzyme-substrate complex {Schreuder, 1989). Superpositioning of the structures onto the
enzyme-substrate complex revealed no changes in the overall folding in any of the

structures. The rms deviations for all 391 equivalent Cy, atoms varied from 0.19 A for 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 eryocooling did not influence the temperature factors.
For the substrate-free enzyme, the B-factors for the flavin ring were significantly higher
than for the enzyme-substrate complex, probably because the position of flavin ring is no
longer restricted by the presence of the aromatic substrate(analog).
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Fig 1. Ramachandran plots: A) enzyme-substrate complex with spacegroup €2221; B)
substrate-free PHBH with spacegroup P21212;.
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Substrate-free PHBH. The crystal structure of the substrate-free enzyme was refined
at 2.5 A using NCS, because of the presence of two monomers in the asymmetric unit in
space group P21212]. The structural changes with respect to the enzyme-substrate
complex are limited to the C-terminus and in the active site region. For the first time the
three flexible residues Glu392, Tle 393 and Glu394 of the C-terminus could be build into
the electron density maps. Furthermore, no water molecules were visible in the substrate
binding pocket of the enzyme, probably due to disorder of the waters or the limited
resolution (Fig.2a). From the active site residues 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 the Arg214 side chain is tightly fixed by the substrate, with side chain B-values
below 20 A2 (Schrender, 1989; van Berkel, 1992). From another essential active site
residue, Tyr222, a shift in the aromatic side chain is observed (Fig.2b) together with an
significant increase in temperature factor from 12.0 A2 10 28.0 A2 in relation to the
enzyme-substrate complex. Mutagenesis studies of Tyr222 revealed that this residue is
indeed important for substrate binding (Gatti, 1994; van der Bolt, 1996). The other active
site residues, such as Tyr201, Ser212, Pro293 and Tyr385 have similar or very marginally
shifted positions (Fig.2b} and B-factors comparable to wild-type enzyme. The absence of
the substrate increases the flexibility of the isoalloxazine ring and the flavin ring shifts
11° (Table 5) towards the protein surface. This movement of the isoalloxazine ring breaks
both interactions between O2 FAD with N Leu299 and of N3 FAD with O Val47 (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
substrate entrance, product release and efficient reduction by NADPH.
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Fig 2. Structure of substrate-free PHBH. A) 2F,-F. map, contoured at 2¢, 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). WATI is also present in the enzyme-substrate complex, whereas
WAT?Z is only present in substrate-free enzyme. 4hydroxybenzoate (POHB).

Table 3a. Atomic contacts (d<3.2A) between PHBH and substrate(analog).

Substrate atom Zenzyme-substrate enzyme-benzoate

complex complex
04 (2.6) OH Tyr201
(2.9) O Pro293
(3.0) O Thr294
Or* (2.8) OG Ser212 (2.7} OG Ser2i2
(2.3) NH2 Arp2i4 (2.9)NH2 Arg214
0O2* (2.6) OH Tyr222 (2.6) OH Tyr222

(3.1) NH2 Arg214

(3.0) NH2 Arg214

denzyme-substrate complex (Schrender, 1989).
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Table 3b. Atomic contacts (d<3.2A) between PHBH and the flavin ring of FAD in
the different complexes.

FAD atom  protein %enzyme-benzoate  enzyme-benzoate  subsirate-free
complex complex enzyme
N1 N Leu299 31 31
O Wat216 31
02 N Leu299 3.0 29 30
N Asn300 3.1 3.1
ND2 Asn300 3.1 3.0
N3 O Val47 29 3.0
04 N Gly46 3.1 3.0
N Val47 3.1

sgnzyme-substrate complex (Schreuder, 1989).

Benzoate Complex. The 2.0 A crystal structure of the enzyme-benzoate complex
indicated only a few but clear differences with the 4-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 a consequence, the hydrogen bonds between the substrate analog
and the residues Tyr201, Pro293 and Thr294 (Table 3a) are lost. In spite of this, the
position of the benzoate, the flavin and the active site residues do not change with respect
to the structure of the enzyme-substrate complex (Fig.3a). The B-factors for benzoate and
the active site residues are as low as with the enzyme-substrate complex indicating that
the benzoate is tightly fixed. Another interesting feature, also observed in complexes with
4-aminobenzoate analogs (Schreuder, 1994; Gatti, 1996) and substrate-free enzyme, is
the presence of an extra water molecule (WAT2) next to Tyr385 (Fig.3b; Table 4). As a
result, a hydrogen bonding network is created which extends from Tyr201 and Tyr385
via WAT?2 and WATI towards His72 at the protein surface (Schreuder, 1994; Gatti,
1996). This WAT?2 is firmly held in position since its temperature factor of 18 A2 for the
BZT complex and 28 A2 for substrate-free enzyme, is as low as the average B factors of

the protein.
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Table 4, 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

(BZTY); substrate-free enzyme (HOLO).

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

Hydrogen bond “PHBH bPAB BZT HOLO
04/N4-OH Tyr201 2.7 3.1 - -

OH Tyr201-OH Tyr385 2.8 29 29 32
OH Tyr385-WAT2 - 2.8 29 3.0
WAT2-WATI1 - 3.0 2.8 2.7
WATI1-NDI1 His72 25 2.8 2.7 2.7

3gnzyme-substrate complex (Schreuder, 1989)

Benzyme-4-aminobenzoate complex (Schreuder, 1994)

B Tyrd85s

AD

‘,':\-n, f ZT/POHE
i{ -
rg214

Fig 3: Structure of PHBH in complex with benzoate. A} 2F ;,-F, omit map, contoured

at 2a, of the active site region with the same residues as in free enzyme (¢f. 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 C2221 crystals are very small and crack
easily in ammonium sulfate, whereas in the presence of PEG4000 and 2'-AMP larger and
more rigid P212[2 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 homoditmer of the enzyme-substrate
complex (Scheuder, 1989) in spacegroup C222; onto the substrate-free enzyme in
spacegroup P212[2{ 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 a 4 A shift in the flexible loop region between the B-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-frec PHBH with spacegroup P2;2121 onto the
enzyme-substrate complex with spacegroup €222]. 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 (in dark). The loop region between B-sheets C3 and C4 important

for crystal contacts is white colored in the substrate-free enzyme.

Flavin ring conformations. 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 is the first FAD atom which is not significantly shifted in position
when the flavin moves from “in” to “out” and located in plane with the N5 of FAD, 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 that in the absence of substrate the highly flexible flavin ring adopts
an intermediate position.

Fig 5: Superpositioning of the flavin conformers in PHBH. The isoalloxazine ring of
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” (grey bonds) for substrate-free PHBH.
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Table S, Positional differences of the flavin ring in various crystal structures of
PHBH. Angle between N3 (reference)—C3 ribose—-NS (sample) atoms of FAD. Reference
is enzyme-substrate complex.

Crystal Structure N5(reference}-C3 ribose-N5({sample}
(deg)

PHBH/4-hydroxybenzoate? -

PHBH/3,4-dihydroxybenzoateb 04

PHBH/4-aminobenzoate® 0.8

PHBH/2-hydroxy-4-aminobenzoate 16.8
PHBH/2,4-dihydroxybenzoate 17.1
PHBH (substrate-free) 11.0
PHBH/4-hydroxybenzoate (+ aFAD) d 15.5
Tyr222Ala/2-hydroxy-4-aminobenzoate? 16.9
Tyr222Phe/4-hydroxybenzoate® 16.8

aSchreuder et al., 1989; bSchreuder et al., 1988; ¢Schreuder et al., 1994; 4Van Berkel et
al., 1994; eGatti et al., 1994,

Discussion

In this paper, a detailed analysis of the crystal structures of PHBH without substrate
and in complex with the non-substrate effector benzoate is presented. Preliminary low
resolution data of substrate-free PHBH with and without chloride ions were presented by
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 P2y2121, a
spacegroup which has not been described before for PHBH. This allowed us to collect
diffraction data at low temperature to a resolution of 2.5 A.

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
was suggested that substrate binding induces a large protein 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 upen 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; Gaiti, 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 confermational change responsibie 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 (WAT?2) 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
WAT?2 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 in or near the active site. Kinetic studies of mutant His72Asn showed that
deprotonation of substrate is required for a rapid flavin reduction by NADPH (Palfey,
1999), and indicated that the flavin ring must move to the “out” conformation in order to
react (Palfey, 1999). In line with this, the failure of the active site mutants Tyr201Phe and
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 nonicnizable ligands or proton-transfer mutants the phenolate and phenolic
forms of the substrate are unable to equilibrate rapidly. However, caution should be taken
with these conclusions, because rapid reduction studies of the slowly reducing Tyr385Phe
mutant were performed at high (non-physiological} pH and mutant Tyr201Phe was
omitted from the experiments (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 ring binds at the re-side {Manstein, 1986), one can envision that a change in
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 is interesting to note that in the free enzyme, the side chain of Pro293 bends 20°

over its Cf and Cy atoms, 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

be elucidated.
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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,
During these processes proteins play an important role. The building blocks of proteins are
amino acids, of which twenty are known. With these building blocks at hand it 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 are known in a protein, a cylindrical ¢-helix and an elongated B-

strand (Fig.1a). A number of these c-helices and/or B-strands connected by loop regions

form a protein domain (Fig.1b) and a protein is built up of one or more domains (Fig.1c).
Furthermore, proteins can contain certain motifs (folds), structural conserved patterns. A
large group of proteins with similar function and/or structure are called a protein family.

Fig.1a: a-helix + B-strand Fig.1b: protein domain Fig.1¢c: protein

A specta) group of proteins, called enzymes or biocatalysts, are able to increase the rate of a
chemical reaction by lowering the activation energy of that reaction. Enzymes are highly
specific, because they influence the reactivity of the substrate in such a way that the substrate
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is quickly and efficiently converted into a product. Moreover, flexible/dynamic movements
in enzymes may play an important role during catalysis, because enzymes are not always
rigid bodies. To control the reaction, enzymes often need cofactors. Some examples are the
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), discovered by Michael Rossmann in 1974.

The NAD(P)H cofactor binds to the enzyme, electron transfer takes place and finally, the

oxidized cofactor is released. In some proteins, the mode of NADPH binding is unknown.
One example is p-hydroxybenzoate hydroxylase (PHBH), a flavoprotein monooxygenase
that belongs to the family of FAD-dependent aromatic hydroxylases.

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, steroids and terpenes. During this century, the natural pool of aromatic compounds
has been extended with products of industrial origin. Many of these synthetic compounds
(pesticides, herbicides, fungicides and detergents) place a heavy burden on the environment
and accumulate in soil and sludge. Microbial FAD-dependent aromatic hydroxylases catalyze
the conversion of natural and synthetic aromatic substrates into products that can be further
degraded to carbon 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
Graduate School of Environmental Chemistry-& Toxicology.

p-Hydroxybenzoate Hydroxylase

p-Hydroxybenzoate hydroxylase is isolated from the soit 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 acrobic degradation of plant material. After ring
cleavage of DOHB and further degradation, the final products acetyl coenzyme A and
succinate are fed into the citric acid cycle to provide energy for the cell.
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Co0" 00"
+ NADPH + H* + 0 —» + NADP* + H20
OH
OH

OH

Fig.2 Overall reaction of PHBH

p-Hydroxybenzoate hydroxylase has been subject to detailed kinetic and structural studies,
The three-dimensional structure of PHBH is built up of three domains (Chapter 1). The first
domain is the FAD-binding domatn 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
PHBH exists as a dimer.

The structure of the enzyme-substrate complex is known in alomic 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

takes place. Related questions are:

- Which amino acids play a role in cofactor binding?

- Is there a particular sequence motif for cofactor binding?

- Which amino acids are responsible for the coenzyme specificity and involved in
binding of the 2’-phosphate moiety of NADPH?

Another very important question concerns the effector role of the 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 are pootly understood. In this thesis we
have tricd to shed more light on the coenzyme recognition by PHBH.
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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 reconstimted 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 that the flavin ring attains the “open” conformation. In the
native enzyme-substrate complex the flavin ring is located 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 the enzyme/substrate complex.

Amine 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,
Argd4, His162 and Arg269 are invelved in NADPH binding. Figure 3 shows the location of
these amino acid residues in the PHBIH structure,

Fig.3: PHBH with the important residues for NADPH binding
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Structural motif for NADPH binding

PHBH contains two conserved sequence motifs, both involved in FAD binding. Chapter 5
describes a pew 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 the binding 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 modeiling 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 PHRH
enzyme was constructed, which is more 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 a large conformational change or merely due to subtle rearrangements in the active
site. Chapter 10 describes the crystal structure of the substrate-free enzyme. This study
shows that no large conformational 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 of FAD 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 die zich afspelen in een levend wezen, Eiwitten spelen hierbij
een belangrijke rol. De bouwstenen van eiwitten zijn aminozuren wadrvan er in totaal twintig
ziin. Door deze aminozuren in allerlei combinatics aaneen te rijgen kunnen zeer veel
verschillende eiwitien worden gemaakt. Elk eiwit heeft vaak zijn eigen specifieke taak. Een
eiwit is niet een langgerekte keten, maar is vaak opgevouwen tot een zeer goed gedefinicerde
drie-dimensionale structuur. In deze eiwitstructuur komen twee substructuren voor, een

cylindervormige o-helix en een meer vlakke B-strand (Fig.1a). Een aantal van deze o-helices

enfof (-sheets tesamen, verbonden via loop structuren, vormen een domein (Fig.1b), en

meestal bestaat het eiwit vit meerdere domeinen (Fig.1c). Veelal kunnen eiwittep ook één of
meerdere structurele motieven (folds) bevatten, Dit zijn geconserveerde vouwingspatronen
die in verschillende eiwitten voorkomen en vaak een vergelijkbare functic hebben. Wanneer
er sprake is van een grote groep eiwitien met een zelfde soort functie en/of structuur, dan
spreken we van een eiwitfamilie.

Fig.1a: o-helix + B-strand Fig.1b: protein domain Fig.1c: protein

Een speciale klasse van eiwitten zijn de enzymen. Dit zijn biokatalysatoren, eiwitten die
chemische reacties kunnen versnelien. Enzymen zijn over het algemeen zcer specifick, en
hebben het vermogen om de reaktiviteit van het substraat (de stof die veranderd moet
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worden) zodanig te beinvloeden dat het substraat snel en efficient omgezet kan worden tot
ecn bepaald produkt. Fiexibele/dynamische bewegingen in enzymen kunnen hierbij een grote
rol spelen, daar enzymen niet altijd rigide structuren zijn. Vaak hebben enzymen hulpstoffen
{cofactoren} nodig om de reaktie goed te laten verlopen. Voorbeelden van deze hulpstoffen
zijn de in de inleiding genoemde dinucleotiden NAD(P)H en FAD die vaak een rol spelen bij
reacties waarbij electronen worden overgedragen (redox reacties). Deze cofactoren binden
niet willekeurig aan het eiwit maar vaak heel specifiek. Een zeer bekend en veel voorkomend
motief dat in verschillende enzymfamilies bij de binding van zowel FAD als NAD(PYH
betrokken is, is de Rossmann fold (Hoofdstuk 1); genoemd naar zijn ontdekker Michael
Rossmann in 1974,

NAD(P)H is een co-enzym, ecn stof die bij een enzym slechts even op bezoek komt om z'n
werk te doen. NAD(P)H bindt vaak via een Rossmann fold, maar in een aantal gevallen is de
manier van binding niet bekend. Dit komt 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 FAD-
afhankelijke aromatische hydroxylasen.

FAD-afhankelijke Aromatische Hydroxylasen

FAD-afhankelijke aromatische hydroxylasen zijn enzymen die betrokken zijn bij de afbraak
van aromatische verbindingen. Deze verbindingen komen in de natuur voor in plant
polymeren (lignine) alsook in eiwitten, sterotden 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 milien. FAD-athankelijk
aromatische hydroxylasen zijn in staat om zowel patuurlijke 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
aromatische hydroxylasen bekend die betrokken zijn bij de biosynthese van steroiden, plant
hormonen en antibiotica.

Omdat PHBH model staat voor vele FAD-afhankelijke aromatische hydroxylasen, is het in
dit proefschrift beschreven werk uitgevoerd binnen de Wageningse onderzoeksschool
Milienchemie & Toxicologie.
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p-Hydroxybenzoaat Hydroxylase

p-Hydroxybenzoaat hydroxylase (PHBH) is cen enzym, geisoleerd 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 34-dihydroxybenzoaat {DOHB) in aanwezigheid van NADPH en zuurstof
(Fig.2). DOHB is een belangrijk intermediair in de acrobe afbraak van aromatisch
plantenmateriaal. Via het openbreken van de aromatische ring van DOHB ontstaan
uiteindelijk acetylcoénzym A en succinaat die in de citroenzuurcyclus gebrnikt worden voor
de essentiéle energievoorziening van de cel.

coo” Co0"
+ NADPH + H' + 02 — + NADP* + Ha0
OH
OH OH
Fig.2 De PHBH reactie

p-Hydroxybenzoaat hydroxylase is uitvoerig bestudeerd qua functie en structuur. De drie-
dimensionale structuur van PHBH is opgebouwd uit 3 domeinen (Hoofdstuk 1). Het eerste
domein is het FAD-bindend domein met de specificke Rossmann fold voor de binding van
FAD. Het tweede domein is het 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
interactic met een tweede PHBH enzym molecuul, omdat PHBH 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 de flavine ring is niet alleen van belang voor de binding van het substraat maar
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ook voor het vertrekken van het produkt. Onbekend is echter hoe NADPH bindt en waar de

reaktie van NADPH met FAD plaatsvindt. Vragen hieraan gerelateerd zijn o.a.;

- Welke aminozuren spelen een rol bij de binding van de cofactor?

- Is er een structureel motief voor cofactor binding?

- Welke aminozuren zijn verantwoordelijk voor de co-enzymspecificiteit en betrokken
bij de binding van de 2'-fosfaatgroep van NADPH?

Een ander belangrijk aspect in relatic tot de NADPH binding betreft de effector rol van het

subsiraat. In aanwezigheid van het substraat wordt de electronenoverdracht van NADPH

naar FAD een factor 105 versneld, echter niet duidelijk is hoe dit precies gebeurt. Het

vermoeden bestaat dat de mobiliteit van de flavinering een belangrijke rol speelt in dit proces.

In dit proefschrift is getracht meer inzicht in deze vraagstukken te verkrijgen.

Mobiliteit flavinering

In hoofdstuk 2 is het FAD in PHBH vervangen door een FAD analoog (arabino-FAD) dat
normaal gesproken voorkomt in het enzym alcohol oxidase uit gist. Gevonden werd dat in de
kristalstructuur van het gereconstitueerde enzym-substraat complex de flavine ring zich in de
"oper:" conformatie bevindt. In het natieve enzym-substraat complex bevindt de flavine zich
in de “gesloten™ positie. Omdat de electronen 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 efficiénte reductie van het enzym-substraat

complex.

Aminozuren betrokken bij NADPH binding

(Om het bindingsgebied van NADPH in het eiwit te localiseren zijn verschillende aminozuren
vervangen via plaatsgerichte mutagenese. Op basis van eerdere chemische medificatie, 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
dat Arg33, Tyr38, Argd2, Arg44, His162 en Arg269 betrokken zijn bij de NADPH binding.

Figuur 3 laat zien waar deze aminozuren zijn gelokaliseerd.
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Fig.3: PHBH met de belangrijke aminozuren voor NADPH binding

Structureel motief NADPH binding

PHBEH bevat twee geconserveerde sequentiemotieven die betrokken 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 cen zoektocht te
verrichten in de verschillende ciwitsequentie 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 structuree!
bewaard is gebleven. Verder is in hoofdstuk 6 en 7 aangetoond dat alleen His162 van dit
moticf direct betrokken is bij de binding van NADPH.

Co-enzym-specificiteit

It hoofdstuk 8 wordt de klonering, zuivering en karakterisering beschreven van PHBH uit
Pseudomonas species CBS3. Dit is het cerste PHBH enzym met bekende sequentie dat ook
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actief is met NADH. Op basis van sequentie vergelijkingen en het bouwen van een eiwit
homologie model blijkt dat het gebied rond helix H2 belangrijk is voor de binding van de 2°-
fosfaat groep in NADPH. Deze gegevens zijn in hoofdstuk 9 gebruikt om de co-enzym-
specificiteit van PHBH uit Pseudomonas fluorescens te veranderen. Uit deze studies kan
geconcludeerd worden dat Arg33 en Tyr38 het meest belangrijk zijn voor de co-enzym-
specificiteit.

Effector-specificiteit

Substraat binding is essentieel voor een snelle reductie van het enzym waardoor reaktic met
zuurstof mogelijk wordt. De vraag is of de stimulerende rol van het substraat vercorzaakt
wordt door grote conformationele veranderingen of alleen door subticle veranderingen in het
aclieve centrum.,

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. De stimulerende werking van het substraat wordt waarschijnlijk veroorzaakt door
een combinatie van een aantal 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 het NADPH en de isoalloxazine ring van het FAD optimaal worden
gepositioneerd voor efficiénte electronenoverdracht,

161



Curriculum vitae

Michel Hendrikus Maria Eppink werd geboren op 21 juli 1964 te Denekamp. In 1980
behaalde hij het diploma MAVO (R.K. San Salvator Mavo te Denekamp). In datzelfde jaar
begon hij aan de MBO opleiding veor Klinische Chemie/Hematologie aan de School voor
Laboratoriumpersoneel ¢ Hengelo. De stage werd uitgevoerd op het Klinisch Chemisch
Laboratorium van het Streckziekenhuis te Oldenzaal (Dr. P. Dingjan). Vervolgens werd in
1983 begonnen met de HLO-opleiding voor Klinische Chemie/Hematologie/Biochemie aan
de Hogeschool voor Techniek en Gezondheidszorg te Hengelo. De stage werd uvitgevoerd op
het Klinisch Chemisch Laboratorium van het Ziekenhuis Ziekenzorg te Enschede (Drs. P.
Smit), en de afstudecropdracht werd gevolgd bij de vakgroep Biochemie van de
Landbouwhogeschool te Wageningen (Dr. A.JW.G. Visser, Dhr. ].S. Santema). Van juli
1987 tot september 1988 werd de militaire dienstplicht vervuld als medisch analist op de
Korporaal van Oudheusden kazerne bij Hilversum en de Luitenant Kolonel Tonnet kazemne
in 't Harde. Daarna heeft hij van november 1988 tot juni 1989 als medisch analist gewerkt in
het Ziekenhuis Velp te Velp (Dr. W.G.M. van den Brock, Drs. F.L.A. Willekens) en het
Sint Anna Zickenhuis te Oss (Dr. A.G.M. Gribnau, Dr. F.P.A M.N. Peters). Per 1 juli
1989 is hij in dienst getreden als biochemisch analist bij de vakgroep Biochemie van de
Landbouwuniversiteit te Wageningen (Prof. Dr. C. Veeger, Dr. W.J.H. van Berkel). In
1990 werd naast zijn werkzaamheden in Wageningen begonnen met de studie Biologie (in
deeltijd) aan de Rijksuniversiteit te Utrecht. Een 10-maands afstudeervak werd gevolgd bi
de vakgroep Biochemie van de Landbouwuniversiteit te Wageningen (Prof. Dr. W.P.M.
Hoekstra, Dr. W.JLH. van Berkel). Verder werd de cursus Stralingshygiéne
{deskundigheidsniveau 3) gevolgd bij het Interfacultair Reactor Instituut van de Technische
Universiteit te Delft (Dr. C.E. Rasmussen). In 1993 studeerde hij af als Bioloog.

In 1994 werd als bicchemisch onderzoeker (in vast dienstverband) gestart met het hier
beschreven promotie-onderzoek. Dit onderzoek werd nitgevoerd naast de reguliere
onderwijs- en beheers-taken. Samen met Dr. W.IH. van Berkel werden ook diverse
samenwerkingsverbanden onderhouden in binnen- en buitenland. Van 1996 tot 1998 werd
jaarlijks een cursus verzorgd in eiwit homologie modelling tijdens de FEBS-EFS Advanced
Course "Chemistry of Metals in Biological Systems” aan de Universiteit van Louvain La
Neuve te Belgié (Prof. Dr. R.R. Crichton, Prof. Dr. C. Veeger). Vanaf 1998 is meegewerkt
aan het opzetten van een nieuw multidisciplinair werkcollege: " An Integrated Course in
Bioinformation Technology (BIT)".

Per | juni 1999 begint hij als Trainee bij de afdeling R&D Biotechnologie van Diosynth B. V.
(Akzo Nobel) in Oss.

163



List of publications

WIH van Berkel, AH Westphal, K Eschrich, MHM Eppink & A de Kok (1992)
Substitution of Arg214 at the substrate-binding site of p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens. Eur J Biochem 210: 411-419.

WIH van Berkel, MHM Eppink, W] Middelhoven, ] Vervoort & IMCM Rietjens (1994)
Catabolism of 4-hydroxybenzoate in Canrdide parapsilosis proceeds through initial oxidative
decarboxylation by a FAD-dependent 4-hydroxybenzoate 1-hydroxylase. FEMS Microbiol
Lett 121: 207-216.

FIT van der Bolt, MC Drijfhout, MHM Eppink, WR Hagen & WJH van Berkel (1994)
Selective cysteine -> serine replacements in p-hydroxybenzoate hydroxylase from
Pseudomonas fluorescens allow the unambiguous assignment of Cys211 as the site of
modification by spin-labeled p-chleromercuribenzoate. Profein Engng 7: 801-804.

WIJH van Berkel, FIT van der Bolt, MHM Eppink, A de Kok, IMCM Rietjens, C Veeger &
T Vervoort (1994) Substrate and effector specificity of two active-site mutants of
p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens. In: Flavins and
flavoproteins X1, Nagoya 1993, Ed. K. Yagi, Walter de Gruyter, Berlin, pp. 231-234.

WIH van Berkel, MHM Eppink & HA Schreuder (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: 2243-
2253

MHM Eppink, HA Schreuder & WJIH van Berkel (1995) Structure and function of mutant
ArgddLys of 4-hydroxybenzoate hydroxylase: implications for NADPH binding. Eur J
Biochem 231: 157-165.

B Seibold, M Matthes, MHM Eppink, F Lingens, WJH van Berkel & R Miiller (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 Biochern 239: 469-478.

WIH van Berkel, MHM Eppink, FIT van der Bolt, J Vervoort, IMCM Rietjens & HA
Schreuder (1997} p-Hydroxybenzoate hydroxylase: mutants and mechanism. In: Flavins and

165



flavoproteins XII, Calgary 1996, Ed. KJ Stevenson, V Massey & CH Williams, JIr.
University of Calgary Press, Calgary, pp. 305-314.

WIH van Berkel, E Cammaert, MHM Eppink & J Vervoort (1997) Purification and
properties of phenol hydroxylase from the ascomycetous yeast Candida parapsilosis. In:
Flavins and flavoproteins XII, Calgary 1996, Ed. KJ Stevenson, V Massey & CH Williams,
Ir. University of Calgary Press, Calgary, pp. 341-344.

WIH van Berkel, K de Ruiter, MHM Eppink & J Vervoort (1997) Substrate specificity of
4-hydroxybenzoate 1-hydroxylase from Candida parapsilosis. In: Flavins and flavoproteins
XII, Calgary 1996, Ed. KJ Stevenson, V Massey & CH Williams, Jr. University of Calgary
Press, Calgary, pp. 399-402.

MHM Eppink, DA Jacobs and WIH van Berkel (1997) Involvement of His162 in NADPH
binding of p-hydroxybenzoate hydroxylase. In: Flavins and flavoproteins XII, Calgary 1996,
Ed. KJ Stevenson, V Massey & CH Williams, Ir. University of Calgary Press, Calgary, pp.
315-318.

MHM Eppink, HA Schreuder & WJH van Berkel (1997) Identification of a novel
conserved sequence motif in flavoprotein hydroxylases with a putative dual function in

FAD/NAD(P)H binding. Protein Sci 6: 2454-2458.

M van lersel, MHM Eppink, WJH van Berkel, FM Rombouts & J Abee (1997) Purification

and characterization of a novel NADP-dependent branched-chain alcohol dehydrogenase

from Saccharomyces cerevisiae. Appl Environ Microbiol 63:4079-4082.

MHM Eppink, HA Schrender & WIH van Berkel {(1997) Interdomain binding of NADPH
in p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens. Prot Sci 6 suppl. 113104,

MHM Eppink, SA Boeren, J Vervoort & WIH van Berkel (1997) Purification and
préperties of 4-hydroxybenzoate 1-hydroxylase {decarboxylating), a novel flavin adenine
dinucleotide-dependent monooxygenase from Candida parapsilosis CBS604, J Bacteriol
179:6680-6687.

MHM Eppink, HA Schrender & WJH van Berkel (1998) Lys42 and Ser 42 variants of

p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens reveal that Arg42 is
essential for NADPH binding. Eur J Biochem 253: 194-201.

166



MHM Eppink, HA Schreuder & WJH van Berkel (1998) Interdomain binding of NADPH
in p-hydroxybenzoate hydroxylase as suggested by kinetic, crystallographic and modelling
studies of histidine 162 and arginine 269 variants. J Biol Chem 273: 21031-21039.

MHM Eppink, C Bunthof, HA Schreuder & WJH van Berkel (1999) Phel61 and Arg166
variants of p-hydroxybenzoate hydroxylase. Implications for NADPH recognition and
structural stability. FEBS Lert 443:251-255.

WIH van Berkel, JA Benen, MHM Eppink & MW Fraaije (1999) Flavoprotein kinetics.
Methods of Mol Biol (in press).

M7 van der Werf, C van der Ven, F Barbirato, MHM Eppink, JAM de Bont & WJH van
Berkel (1999) Stereoselective carveol dehydrogenase from Rhodococcus erythropolis
DCL14. J Biol Chem (in press).

MHM Eppink, KM Overkamp, HA Schreuder & WJIH van Berkel (1999) Switch of
coenzyme specificity of p-hydroxybenzoate hydroxylase. J Mol Biol (submitted).

JHW Leusen, C Meischl, MHM Eppink, PM Hilarius, M de Boer, RS Weening, A Ahlin, L
Sanders, Id Goldblatt, H Skopczynska, E Bernatowska-Matuszkiewicz, J Palmblad, AT
Verhoeven, WIH van Berkel & D Roos (1999) Four novel mutations in the gene encoding
gp91-phox of human NADPH oxidase: consequences for oxidase assembly. Blood
(submitted).

M Hink, R Griep, A van Hoek, MHM Eppink, A Schots & ATWG Visser (1999) Structural
dynamics of green flucrescent protein fused with a single chain Fv protein. Nat Struct Biol
(submitted).

MHM Eppink, WJH van Berkel, A Tepliakov & HA Schreuder (1999) “Unactivated”
p-hydroxybenzoate hydroxylase: Crystal structures of the free enzyme and the
enzyme-benzoate complex. J Mol Bio! (in preparation).

MHM Eppink, E Cammaart, J Vervoort, D van Wassenaar, W] Middelhoven & WJH van
Berkel (1999) Purification and properties of hydroquinone hydroxylase, a flavin adenine
dinucleotide-dependent monocoxygenase involved in the catabolism of 4-hydroxybenzoaie in
Candida parapsilosis CBS604. J Bacteriol (in preparation).

167



