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Active Site Geometry and Substrate Recognition
of the Molybdenum Hydroxylase
Quinoline 2-Oxidoreductase

hydroxylated at the C2 atom of the heterocyclic nitro-
gen-containing ring. The incorporated oxygen derives
from water and the product of this reaction is the prevail-
ing tautomer 2-oxo-1,2-dihydroquinoline (Scheme 1)
(Bauder et al., 1990).
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Scheme 1: Catalytic Reaction of Qor48149 Münster
Qor consists of large (L) 85 kDa, medium (M) 30 kDa,Germany
and small (S) 20 kDa subunits, which build up a dimer3 Laboratorium für Proteinkristallographie
of heterotrimers with (LMS)2 substructure. The smallUniversität Bayreuth
subunit contains two [2Fe-2S] clusters, the medium sub-95440 Bayreuth
unit is a flavoprotein with a noncovalently bound FADGermany
cofactor, and the large subunit carries the molybdenum
cofactor (Moco), which forms the active site. The Moco
is a mononuclear complex of MCD (molybdopterin cyto-Summary
sine dinucleotide) and a molybdenum ion (Bläse et al.,
1995).The soil bacterium Pseudomonas putida 86 uses quin-

Qor belongs to the molybdenum hydroxylase enzymeoline as a sole source of carbon and energy. Quinoline
family (Hille, 1996). Other structurally characterized2-oxidoreductase (Qor) catalyzes the first metabolic
members are the aldehyde oxidoreductases from Desul-step converting quinoline to 2-oxo-1,2-dihydroqui-
fovibrio gigas (dgALO) (Romão et al., 1995; Rebelo etnoline. Qor is a member of the molybdenum hy-
al., 2001) and D. desulfuricans (ddALO) (Rebelo et al.,droxylases. The molybdenum ion is coordinated by
2000), the carbon monoxide dehydrogenases from Oli-two ene-dithiolate sulfur atoms, two oxo-ligands, and
gotropha carboxidovorans (ocCODH) (Dobbek et al.,a catalytically crucial sulfido-ligand, whose position in
1999, 2002) and Hydrogenophaga pseudoflava (hpCODH)the active site was controversial. The 1.8 Å resolution
(Hänzelmann et al., 2000), the xanthine oxidase/dehy-crystal structure of Qor indicates that the sulfido-
drogenase from Bos taurus milk (btXO/XDH) (Enroth etligand occupies the equatorial position at the molyb-
al., 2000), and the xanthine dehydrogenase from Rhodo-denum ion. The structural comparison of Qor with the
bacter capsulatus (rcXDH) (Truglio et al., 2002). DgALOallopurinol-inhibited xanthine dehydrogenase from
and ddALO are functional without the flavoprotein sub-Rhodobacter capsulatus allows direct insight into the
unit/domain usually found within this enzyme family.mechanism of substrate recognition and the identifi-

Cyanide inactivation and sulfide reactivation studiescation of putative catalytic residues. The active site
of molybdenum hydroxylases (Hille, 1996) indicated theprotein variants QorE743V and QorE743D were ana-
presence of a catalytically crucial active site sulfur atomlyzed to assess the catalytic role of E743.
whose true nature and function is the key to enzyme
behavior and function (Young, 1997). The high-resolu-Introduction
tion crystal structure of dgALO resulfurated at high pH
with very high sulfide concentration revealed apical sul-Each year approximately 15 � 106 tons of coal tars are
fido- and equatorial oxo- and water ligands at the activeproduced worldwide, which are a source for condensed
center (Huber et al., 1996). This configuration has subse-aromatics, and N-heteroaromatics such as quinoline (2,3-
quently been used to interpret the electron density ofbenzopyridine) (Fetzner, 1998). Under various redox condi-
the active sites of btXO/XDH (Enroth et al., 2000) andtions, microorganisms are able to metabolize naturally
rcXDH (Truglio et al., 2002). In contrast to the formeroccurring aromatic compounds and xenobiotics. Their
structures, an active site geometry with an equatorialability to biomineralize aromatic compounds may allow
sulfido-ligand has been identified in the true atomic res-the exploitation of these microorganisms in the biore-
olution structure of ocCODH (Dobbek et al., 2002) andmediation of polluted areas (Fetzner, 1998). The aerobic
in the high-resolution structure of as-isolated Qor (thissoil bacterium Pseudomonas putida 86 is a chemoorga-
work). OcCODH is an atypical molybdenum hydroxylasenoheterotrophic organism growing on quinoline. The
in which the sulfido-ligand bridges the two metals form-bacterial degradation process starts with an oxidative
ing a [CuSMo(�O)OH] cluster. Qor, as well as the otherstep catalyzed by the molybdo-iron-sulfur flavoprotein
characterized molybdenum hydroxylases, contains aquinoline 2-oxidoreductase (Qor). Quinoline becomes
terminal sulfido-ligand at the molybdenum ion. The posi-
tion of the sulfido-ligand has direct implications for the*Correspondence: holger.dobbek@uni-bayreuth.de
mechanism of substrate conversion and the enigmatic4Present address: Laboratorium für Proteinkristallographie, Uni-

versität Bayreuth, 95440 Bayreuth, Germany. functions of the sulfido- and oxo-ligands in the catalytic
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cycle. Direct insight into substrate recognition and the Table 1. Statistics on Data Processing and Structure
catalytic mechanism of Qor can be gained from its com- Refinement
parison with rcXDH and btXO/XDH (Truglio et al., 2002;

Data Collection
Enroth et al., 2000) as the three enzymes catalyze the

Beamline BW6/DESYconversion of similar substrates.
X-ray wavelength (Å) 1.0500Our results settle the controversy about the position-
Space group C2ing of the sulfido-ligand in the molybdenum hydroxylase
Unit cell parameters a, b, c (Å) 278.32, 72.10, 202.65

protein family. Furthermore, the structural analysis of � (�) 127.98
Qor will help the design of protein variants with rele- Resolution (Å) 1.80

Total/unique observations 853,819/290,508vance for biotransformation.
Redundancy 2.94
Completeness (%)a 99.0 (99.1)

Results and Discussion Mean I/�a,b 8.66 (3.56)
Rsym (%)a,c 7.6 (28.9)

Structure Determination and Quality of the Model
Refinement

Qor was purified to apparent homogeneity by an ammo-
Resolution (Å) 20.0–1.80nium sulfate fractionation followed by three chromato-
Rwork

d 0.186graphic steps as previously reported (Frerichs-Deeken
Rfree

d 0.207
et al., 2003). The protein crystallized in monoclinic space Contents per a.u.
group C2. The crystal structure was solved using Pat- Protein molecule 2
terson search techniques. The complete main chains of Protein atoms 18,482

Water oxygens 2,535both monomers and the vast majority of side chains,
Sulfate ions 7except for some surface-exposed flexible residues,
Glycerol molecules 9were completely enveloped in the final 2Fo � Fc electron

Mean B factor (Å2)
density map when contoured at 1�. The final model Protein 24.05
contained all residues of the protein, except the first six Water 38.18
N-terminal amino acids of the small subunit and the Sulfate 73.76

Glycerol 47.30three and two C-terminal amino acids of the medium
Rmsde from ideal geometryand large subunits, respectively. Table 1 displays statis-

Bond length (Å) 0.006tics for data collection, refinement, and stereochemistry
Bond angle (�) 1.38

deviations. Outliers in the Ramachandran plot show a Rmsd B factors (Å2)
well-defined electron density in both monomers. Main chain bonds 1.04

Main chain angles 1.52
Side chain bonds 1.79Overall Structure
Side chain angles 2.48

Qor is a dimer in solution and two monomers were found Ramachandran plot
in the asymmetric unit. The two monomers are part of Most preferred 0.903
two independent physiological dimers assembled by Preferred 0.089

Additional allowed 0.007the crystallographic 2-fold axis. The dimer has overall
Disallowed 0.001dimensions of 149 � 111 � 78 Å3 with an accessible

surface area of 77,240 Å2 (Figure 1). The dimer interface Cruickshanks DPI 0.1025
is formed by a head-to-head arrangement of the two

a Numbers in parentheses represent statistics in the highest resolu-
large subunits. The distance of roughly 53 Å (Figure tion shell (1.9–1.8 Å).
1) between the two molybdenum ions impairs possible b Mean I/� is the mean signal to noise ratio, where I is the intensity
cross-reaction between the two independent mono- of the reflection and � is the estimated error in the measurement.

c Rsym � �h�i|Ih,i � �Ih	|/�h�i |Ih,i, where I is the integrated intensitymeric catalytic units. A similar arrangement of subunits
of reflection h having i observations and �Ih	 is the mean intensityhas been found for all other molybdo-iron-sulfur flavo-
of reflection h over multiple recordings.proteins displaying a butterfly-shaped dimer with two
d Rwork � �||Fo| � |Fc||/�|Fo|, where Fo and Fc are the observed and

independent catalytic units. calculated structure factors. Rfree is calculated for 5% randomly cho-
The two monomers are basically identical with an rms sen reflections.

deviation of 0.22 Å for C
 atoms. Each monomer con- e Rmsd, root-mean-square deviation.
tains three types of redox components, the Moco, the
two [2Fe-2S] clusters, and the FAD. The cofactors are
lined up such that the distances between them are carrying one [2Fe-2S] cluster. According to EPR mea-
shorter then 15 Å (Figure 1), as frequently found for surements the clusters were termed type I and type II
redox enzymes (Page et al., 1999). The [2Fe-2S] clusters cluster (Tshisuaka et al., 1993; Canne et al., 1997). The
form the internal electron transfer pathway from Moco N-terminal domain (residues 7–82) is similar to plant-
to FAD (Figure 1). type [2Fe-2S]-cluster ferredoxins (Sticht and Rösch,

1998) and harbors the type II [2Fe-2S] cluster, which is
localized next to the flavoprotein at approximately 8.3 ÅStructure of the Three Subunits

The iron-sulfur protein or S subunit (QorS, 162 residues, to the closest atom (C7) of FAD. The C-terminal domain
(residues 83–168) contains the type I [2Fe-2S] cluster,yellow colored in Figure 1) is located between the M

and the L subunit. QorS has dimensions of 49 � 39 � which is buried approximately 11 Å from the protein
surface. The [2Fe-2S] cluster is located within the loop44 Å3 and can be divided in two domains, each of them
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Figure 1. Structure of Qor from Pseudomonas putida 86

Stereo ribbon plot representation of the Qor dimer and arrangement of its cofactors. The left monomer is colored according to the subunits.
The iron-sulfur containing subunit QorS is shown in yellow, the FAD-containing subunit QorM in pink and the Moco-containing subunit QorL
in light blue. Cofactors are displayed as balls-and-sticks and are colored: carbon, gray; oxygen, red; nitrogen, blue; sulfur, yellow; phosphorus,
magenta; iron, violet; and molybdenum, green. The right monomer is displayed in gray and rendered transparent. The shortest distances
between the cofactors are shown in white boxes, starting from the molybdenum ion via the proximal type I [2Fe-2S] cluster (14.7 Å distance
from the molybdenum ion to the closest iron atom) and the distal type II [2Fe-2S] cluster (12.5 Å distance between the closest iron atoms),
ending at the FAD (8.3 Å distance between C7 of FAD and the nearest iron atom).

region of a four-helix bundle with 2-fold symmetry as (Dobbek et al., 1999). Using the program DALI (Holm
and Sander, 1993), four proteins with similar fold to QorMfirst shown for dgALO (Romão et al., 1995). The QorS

structure has an additional C-terminal 
 helix, positioned were identified: UDP-N-acetylmuramate dehydroge-
nase from E. coli (PDB ID code: 2MBR), cholesterolopposite to the loop region enclosing the cluster and

that runs parallel to the first helix of the bundle. The oxidase from Brevibacterium sterolicum (PDB ID code:
1I19), D-lactate dehydrogenase from E. coli (PDB ID[2Fe-2S] cluster is at 14.7 Å from the molybdenum ion

and at 12.5 Å from the nearest iron of the type II [2Fe- code: 1F0X), and the vanillyl-alcohol oxidase from Peni-
cillium simplicissimum (PDB ID code: 1QLT). All have2S] cluster, thus mediating the electron transfer from

the Moco to the FAD (Figure 1). The sequence of QorS is been described as members of a novel family of structur-
ally related oxidoreductases (Fraaije et al., 1998). Thehomologous to the iron-sulfur proteins of molybdenum

hydroxylases with a sequence identity of 50% to four proteins show a comparable architecture for the
FAD binding domain and share the consensus glycinehpCODH, 49% to ocCODH, 41% to ddALO, 39% to

dgALO, 34% to rcXDH, and 31% to btXO/XDH. motifs ssGHs and shsG responsible for the binding of
the adenosine-5�-bisphosphate part (Fraaije et al., 1998).The M subunit (QorM, 285 residues, pink colored in

Figure 1) is the flavoprotein of Qor with dimensions of The isoalloxazine ring is the reactive part of FAD; it can
accept two electrons and two protons or take up one58 � 52 � 44 Å3. QorM binds FAD and can be divided

into three domains. The N-terminal domain (residues proton and one hydride ion (Ghisla and Massey, 1989). In
contrast to the adenosine-5�-bisphosphate-ribitol part,1–53) is composed of a three-stranded parallel � sheet

flanked by two 
 helices. This domain contains the first which is largely solvent accessible, the isoalloxazine
ring is relatively well shielded within the QorM subunit,FAD binding motif, 31AGGQS35, termed the glycine motif

(Schulz, 1992). Although present in all members of the particularly by residue Y190. This residue is located in
an extended loop of the C-terminal domain. Residualprotein family, this binding motif is not strictly con-

served. There is a single amino acid substitution (a histi- density indicates that the loop can move so that the
carbonyl oxygen of G188 would be at hydrogen-bondingdine in place of glutamate) in ocCODH (Dobbek et al.,

1999) and hpCODH (Hänzelmann et al., 2000), whereas distance to the N5 nitrogen of the isoalloxazine ring
resulting in the shield of the C4a and N5 atoms by Y190.rcXDH (Truglio et al., 2002) maintains the AGG sequence

and btXO/XDH (Enroth et al., 2000) has only one glycine. The L subunit (QorL, 786 residues, light blue in Figure
1) carries the active site with the Moco. The fold of QorLThe middle domain (residues 59–173) is composed of a

five-stranded antiparallel � sheet and six small 
 helices, can be described as heart-like with overall dimensions
of 91 � 76 � 62 Å3. The subunit can be divided in twowhich surround the adenosine-5�-bisphosphate-ribitol

part of FAD. The second glycine motif (Schulz, 1992), domains running almost perpendicularly to each other.
The N-terminal domain (residues 1–422) interacts with110TLGG113 in Qor, is located in the sixth helix and is well

preserved in the molybdenum hydroxylase family (TIGG both QorS and the QorM subunits and its fold is domi-
nated by four- and five-stranded mixed � sheets. Thisin ocCODH, hpCODH and rcXDH, and SLGG in btXO/

XDH). The C-terminal domain (174–285) is formed by a domain is mainly responsible for anchoring the Moco
and contributes to the dimer interface by interacting withthree-stranded antiparallel � sheet fused with a bundle

of three 
 helices. This domain is not involved in binding the QorL subunit of the other monomer. The C-terminal
domain (residues 426–786) can be further divided in twothe FAD. The sequence identity of QorM to the corre-

sponding FAD binding proteins is 33% to ocCODH, 30% subdomains. The first (residues 426–620) is character-
ized by a long central 
 helix (residues 551–575) thatto hpCODH, 23% to rcXDH, and 17% to btXO/XDH. The

residues interacting with the FAD moiety are conserved runs into a three-stranded � sheet. The second (residues
620–786) consists of three � strands parallel to two 
among the molybdenum hydroxylases and can be seen

as fingerprints in other families of FAD binding proteins helices with a third central 
 helix running across the �
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Figure 2. Phylogenetic Comparison of Mo-
lybdenum Hydroxylases

Sequence alignment of ten bacterial mem-
bers of the molybdenum hydroxylase family.
Numbering corresponds to the sequence of
QorL. The background of identical residues
is red, that of highly conserved amino acids
yellow, and that of residues with similar phys-
ico-chemical properties blue. Residues (Q224,
R371, and E743) involved in interactions with
the Moco, belonging to the apical ligand mo-
tif, the active site loop motif, and the Motif V
(Hänzelmann et al., 2000) are indicated by
gray, black, and light blue arrows, respec-
tively. Abbreviations: Pp QorL, Pseudomonas

putida 86 quinoline 2-oxidoreductase large subunit; An NdhC, Arthrobacter nicotinovorans nicotine dehydrogenase; Oc CoxL, Oligotropha
carboxidovorans carbon monoxide dehydrogenase large subunit; Hp CutL, Hydrogenophaga pseudoflava carbon monoxide dehydrogenase
large subunit; Ta HcrA, Thauera aromatica 4-hydroxybenzoyl-CoA reductase 
 subunit; Rp HbaC, Rhodopseudomonas palustris 4-hydroxyben-
zoyl-CoA reductase HbaC subunit; Ec XdHA, Escherichia coli xanthine dehydrogenase, molybdenum binding subunit; Ec XdHD, Escherichia
coli possible hypoxanthine oxidase xdhD; Bs XdhD, Bacillus subtilis probable xanthine dehydrogenase subunit D; Dg ALO, Desulfovibrio gigas
aldehyde oxidoreductase.

strands. This subdomain creates large parts of the dimer the corresponding residues are of similar size with the
exception of H875 in btXO/XDH (L334 in Qor). Residuecontact. The root-mean-square distances (rmsd) for a

pairwise comparison and 3D alignments of protein G470 in Qor lies on a coil region 4.6 Å apart from the
corresponding residue (phenylalanine) in rcXDH andstructures using Secondary Structure Matching (Krissi-

nel and Henrick, 2003) have been calculated running btXO/XDH, which results in a wider channel for Qor.
TEI-6720, a potent inhibitor of btXO/XDH, binds in thethe QorL structure against the whole PDB archive. The

lowest rmsd for C
 atoms values were obtained for the channel leading to the active site and it is stabilized
by several conserved neutral and hydrophobic residuesoptimal superposition to ocCODH and hpCODH struc-

tures (1.58 and 1.59 Å, respectively), followed by ddALO (Okamoto et al., 2003). The structurally corresponding
residues in Qor are threonine residues with the excep-and dgALO (1.69 and 1.76 Å, respectively) and the xan-

thine dehydrogenases rcXDH and btXO/XDH (1.78 and tion of W331 (L873 in btXO/XDH) and V373 (F914 in
btXO/XDH).1.97 Å, respectively). A multiple sequence alignment was

performed using the protein sequence of QorL. The high-
est sequence similarity was with the Arthrobacter nicoti- The Qor Active Site

Moco and the Ligands around the Molybdenum Ionnovorans nicotine dehydrogenase (Grether-Beck et al.,
1994) followed by CODHs. QorL is less similar to dgALO The Moco is composed of a molybdenum ion, which in

the air-oxidized form has the oxidation state �VI and a(Figure 2).
molybdopterin cytosine dinucleotide. The ligands around
the molybdenum ion can be described as having aThe Substrate Channel

The substrate quinoline can gain access to the active distorted square pyramidal geometry (Figure 4A). The
molybdenum ion is coordinated by two ene-dithiolatesite through a channel that is about 17 Å deep and 9 Å

wide (distances relative to the C� atoms). The entrance sulfurs which are positioned in the equatorial plane to-
gether with an oxo- and a sulfido-ligand. The apicalis located at the N-terminal domain of QorL near the

dimer interface and has been marked by an arrow in ligand was modeled as an oxo-group with a distance
to the molybdenum ion of 1.69 Å. Still controversial forFigure 3. The channel is build up by residues belonging

to both the N-terminal and C-terminal domains. Mostly molybdenum hydroxylases is the nature of the apical
ligand. In the two crystal structures of molybdenum hy-aromatic residues (e.g., F542, F228, W331, and Y370)

create a hydrophobic environment for the substrates droxylases in which independent evidence could be
gained for the position of the Mo-ligands (Qor and oc-two-ring system. Threonine residues (T90, T231, T469,

T481, and T482) situated near the entrance of the chan- CODH), the sulfido-ligand was found in the equatorial
position and an oxo-ligand was found in the apical posi-nel may contribute to the substrate entrance/product

release. tion. In contrast, the resulfurated dgALO structure (Huber
et al., 1996) reveals an equatorial sulfido-ligand and anThe channels of CODHs (Dobbek et al., 1999; Hänzel-

mann et al., 2000) have a diameter of 6 Å consistent apical oxo-ligand.
To avoid model bias the three molybdenum ligandswith the small dimensions of the respective substrate

carbon monoxide. In the case of dgALO it was sug- were treated from the beginning on as eight-electron
atoms, corresponding to a fully occupied oxo- or a 50%gested that residues F425, F494, L497, and L626 might

change their conformation to permit the different alde- occupied sulfido-ligand. Using this configuration, the B
value of the refined structure indicated a clearly lowerhyde substrates to gain access to the binding pocket

(Romão et al., 1995). The structurally corresponding resi- B value for one of the equatorial atoms (average BSR1:
19.7) compared to the other two oxo-ligands (BOM1: 26.4,dues in Qor are small amino acids like A259, T332, L334,

and G470 making the channel readily permeable to BOM2: 29.7). In addition to the lower B value positive
electron density around the equatorial ligand (differencelarger molecules like quinoline. In rcXDH and btXO/XDH
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Figure 3. Stereoview of the Electrostatic Surface of the Active Site Channel

The entrance of the channel is marked by a black arrow. The channel surface was created with a probe of 1.4 Å radius. It is colored according
to the electrostatic potential and rendered transparent. The side chains of residues W331 and Y545 were omitted from the calculation of the
molecular surface for the purpose of a better view into the binding pocket. The Moco is shown in a ball-and-stick representation and colored
like in Figure 1. The protein is represented in ribbon and rendered transparent.

Fourier map Fo � Fc map at a level of 2.5� remained of 2.18–2.19 Å (Thapper et al., 1999). After the equatorial
ligand has been defined as a fully occupied sulfido-visible) indicated a lack of electrons in treating this li-

gand as an oxygen atom. Furthermore, the bond length ligand the B values refined to 28.6 and no further residual
density in the final difference Fourier calculations aboveof this equatorial ligand refined to 2.13 Å (average dis-

tance in the two monomers, Figure 4A), which is similar a � level of 2.5 was detectable. The presence of a sulfido-
ligand for Qor was identified by cyanide inactivation andto the typical values of molybdenum sulfur double bonds

Figure 4. Stereoview of the Moco and Active Site Residues

Color code as in Figure 1.

(A) The distances from the molybdenum ion to the two oxo- and the sulfido-ligands are the average between the values observed in the two
monomers. The omit 2Fo � Fc electron density map is contoured at 1, 2, and 3� (colored gray, green, and red, respectively).
(B) The Moco neighboring residues (the cytosine dinucleotide part of the Moco was removed for clarity) are colored in orange and labeled.
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Figure 5. Stereoview of the Superposition of the Active Sites of Qor, ocCODH, and rcXDH

Residues of Qor are colored as in Figure 1, residues of ocCODH are colored in black, and residues of rcXDH in yellow. Labels correspond
to Qor.

sulphide reactivation of Qor and by EPR spectroscopy group and the N8 atom of the pyrazine ring). The back-
bone amide of R371 is at hydrogen-bonding distanceof cyanide-inactivated Qor (Tshisuaka et al., 1993). New

evidence in terms of a comparison between the btXO/ to the sulfido-ligand (distance of 3.1 Å). This residue is
conserved in the molybdenum hydroxylase family (blackXDH and sulfite oxidase by EPR spectroscopy were

recently published (Peariso et al., 2003). According to arrow in Figure 2) and is part of the active site loop
369AYR-GVG374 of Qor. Among the molybdenum hydroxy-the authors, the oxo-ligand occupies the apical position

in btXO/XDH during the enzymatic turnover, and the lases the consensus active site loop motif .AaR.sas (a:
aromatic [F, Y, W], s: small [G, A, S], and .: all aminolarge proton hyperfine coupling detected in the EPR

signal in the MoV state rapid type I could only be provided acids) seems to vary according to the specific substrate
(Hänzelmann et al., 2000). Interestingly, the three aminoby a sulfhydryl proton positioned in the equatorial plane

(Peariso et al., 2003). These results agree with our struc- acid residues Q224, R371, and E743 maintain the same
conformations in all the structures with the exceptiontural analysis of Qor and provide evidence for a con-

served position of the sulfido-ligand in the family of of dgALO/ddALO, where no equivalent of the glutamine
residue has been found (Figure 2).molybdenum hydroxylases. The atypical apical position

of the sulfido-ligand in dgALO may be an artifact of the Although not directly participating in catalysis, the
apical oxo-ligand may play an important role in the stabi-drastic resulfuration conditions at molar concentrations

of sulfide at very high pH or it may indicate a genuine lization of intermediate states of the catalytic cycle by
increasing the Mo�O bond strength by the so-calledmechanistic variation of bacterial aldehyde oxidoreduc-

tases. “spectator-oxo effect” (Rappe and Goddard, 1980). The
preservation of the structural environment of the molyb-The Catalytic Pocket

Several residues are responsible for the stabilization of denum ion suggests functional importance for the resi-
dues involved. It is remarkable that only dgALO andthe cofactor in the active site. The residues which are

involved in a direct interaction with the molybdenum ddALO lack the glutamine residue (Figures 2 and 6A).
The specific role of the highly conserved glutamine (Fig-site (distance closer than 3.3 Å) are represented in Figure

4B. Starting from the first coordination sphere, the apical ures 2 and 6B) appears to be the stabilization of the
oxo-ligand during catalysis and biogenesis to preventoxo-group (OM1) is at hydrogen-bonding distance to

the N
2 of Q224 (distance of 2.9 Å) and to the backbone its exchange against water or a sulfido-ligand by the
formation of a hydrogen bond. As dgALO lacks thisnitrogen of G256 (distance of 3.1 Å), both highly con-

served interactions. The equatorial oxo-ligand is at hy- stabilizing interaction for the apical oxo-ligand, replace-
ment of this ligand against a sulfido-ligand may be al-drogen-bonding distance to the backbone nitrogen of

A546 (distance of 2.3 Å). Another highly conserved resi- lowed in the presence of high concentration of sulfide.
due in Qor is F255 whose amide nitrogen is at hydrogen-
bonding distance to the carbonyl atom of the pterin Putative Substrate Binding Mode

The refined structure of Qor displayed positive densitymoiety (Figure 4B). The rings F255 and pterin are copla-
nar so that the pterin is stabilized by a �-� interaction. in the active site of one monomer into which a glycerol

molecule or a two-ring system could be modeled (FigureThe residue E743 occupies the same position as in
CODHs and rcXDH (Figure 5) but is further away from 7A). The presence of glycerol is not surprising since

12% of glycerol was used as a precipitating agent. Thethe molybdenum ion (distance of 4.1 Å for Qor, 3.1 Å
for ocCODH, and 2.7 Å for rcXDH). The side chain of two-ring system might represent the product of the reac-

tion (2-oxo-1,2-dihydroquinoline) or a similar compound,R371 adopts the same conformation in all structures
with its extended side chain close to the pyrazine ring originating from the enzyme purification. Other crystal

structures of molybdenum hydroxylases showed sub-of Moco (distances of 3.7 and 3.2 Å between the guanido
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to stabilize the �VI state of the molybdenum ion (Dobbek
et al., 2002). In Qor, E743 (O
2 atom) is at hydrogen-
bonding distance to the nitrogen atom N1 of the mod-
eled two-ring system (Figure 7A). Based on the struc-
ture, it would be reasonable that E743 contributes to
substrate orientation as no other side chains are found
at hydrogen-bonding distance to the N1 atom. The nu-
cleophilic attack of the equatorial oxo-group on the C2
atom is enabled by the short distance between the two
atoms (2.3 Å). Furthermore an interaction between the
C2 atom and the equatorial sulfido-ligand is likely as
they are 2.6 Å apart, enabling a hydride transfer between
them. All other interactions with the two-ring system
are of hydrophobic nature with W331 and V373 well
positioned to align the aromatic two-ring system in the
active site (Figures 5 and 7A). V373 is a unique feature
of Qor as other structurally characterized molybdenum
hydroxylases contain an aromatic residue (F/Y) at this
position (Figure 5), which serves as a stacking partner
for the aromatic substrate. W331 has no counterparts
in the other enzymes. It is a leucine in both btXO/XDH
and rcXDH (Figure 5) and a phenylalanine in dgALO. Its
interaction with the two-ring system can be described
as edge-on type comparable to the interaction of btXO/
XDH with the salicylate ring (Enroth et al., 2000).

Active Site Protein Variants
Production of Qor proteins by P. putida 86-1 �qor
pUF1m743a and P. putida 86-1 �qor pUF1m743b was
verified by PAGE and Western blot analysis (data not
shown). During purification, the Qor variants showed the
same elution behavior in the chromatographic steps as
wild-type Qor. In nondenaturating PAGE, the electro-
phoretic mobility of the purified Qor variants corre-
sponded to that of the wild-type protein. Both QorE743V
and QorE743D showed an about 2-fold increase in Km app

(for quinoline) compared to Qor, suggesting that the
replacements only slightly affect substrate affinity. In
QorE743V, kcat was drastically reduced (Table 2), indicat-Figure 6. Comparison of the Active Sites of Qor and dgALO
ing the catalytic relevance of E743. In contrast, the turn-(A) Qor active site with the conserved Q224 at hydrogen-bonding
over number of QorE743D was reduced only 155-folddistance to the apical oxo-ligand.

(B) DgALO active site with isopropanol (Ipp 3) in the putative sub- compared to Qor, suggesting that the carboxyl group
strate binding pocket. The O/S label indicates the oxo- to sulfido- of aspartate can—to a certain extent—take over the
substitution of the apical ligand after resulfuration (Huber et al., catalytic role of the functional group of glutamate. Struc-
1996). No stabilizing interactions are detected for the apical-ligand. turally this can be seen as an increased distance from

the negative charge created by the E/D residue toward
the counterpart molybdenum ion without significantlystrate or product analog bound in the active site. Exam-
altering the provided orientation. The mutagenesis stud-ples are alloxanthine in rcXDH (Truglio et al., 2002), sali-
ies confirm a catalytic role for E743, since its replace-cylate in btXO/XDH (Enroth et al., 2000), and isopropanol
ment by a valine or an aspartic acid severely affectsin dgALO (Huber et al., 1996). Alloxanthine was modeled
the catalytic efficiency. However, these studies do notin the active site of Qor by superposition with the rcXDH
support a crucial role of E743 in substrate binding asstructure (Figure 7B). The active site pockets of the two
QorE743V shows only small changes in Km app comparedenzymes have different hydrophilic properties. Whereas
to the wild-type enzyme.in Qor the two ligands are surrounded by V373 and

W331 (Figure 7A), in rcXDH alloxanthine is at hydrogen-
bonding distance to E232 (A259 in Qor) and R310 (V339 Outlook

In the present work, we unambiguously identified thein Qor) (Figures 5 and 7B). From the modeled two-ring
system important information can be gathered about equatorial position for the sulfido-ligand, which is in

contrast to the previous assignment to the apical posi-the functional role of residues involved in substrate bind-
ing and catalytic turnover. The catalytic E743 is at 4.1 Å tion in dgALO, btXO/XDH, and rcXDH. The currently

available spectroscopical and structural data suggestdistance to the molybdenum ion. As seen in the case
of ocCODH a likely role of a deprotonated glutamate is that a sulfido-ligand in the equatorial position is a con-



Structure
1432

Figure 7. Stereoview of the Observed Positive Density in the Active Site of Qor

(A) The Fo � Fc map contoured at 3� is colored green. Color code for side chains and glycerol as in Figure 5. The modeled two-ring system
is colored in light blue. Possible interacting residues with the two-ring system are labeled.
(B) Alloxanthine-inhibited rcXDH is superimposed to the Qor active site. Residues of Qor are colored as in Figure 1 and residues of rcXDH
are colored in yellow. Alloxanthine in colored carbon, gray; oxygen, red; nitrogen, blue.

1993). When both quinoline and 2-oxo-1,2-dihydroquinoline wereserved feature in the molybdenum hydroxylase family.
undetectable in the fermentation broth, further portions of 0.5 ml/lThe results presented here provide a new structural ba-
quinoline were added. P. putida 86-1 �qor pUF1m743a and P. putidasis toward a better understanding of the mechanism
86-1 �qor pUF1m743b were grown aerobically in an 8 liter bioreactor

of molybdenum hydroxylases. Furthermore, studies of at 30�C in mineral salts medium (Tshisuaka et al., 1993) supple-
substrate binding and -conversion by Qor will help to mented with 1 g/l ammonium sulfate and in the presence of 500

�g/ml ampicillin. Sodium benzoate (8 mM) was added repeatedlypredict the convertibility of other toxic organic com-
as source of carbon and energy. It also served as XylS effector forpounds.
the induction of qorMSL expression from the Pm promoter of the
pUF1 derivatives (Frerichs-Deeken et al., 2003). As an additionalExperimental Procedures
XylS effector, 2-methylbenzoate was added at an optical density
(600 nm) of 1, and again 4 hr before harvesting. At an optical densityBacterial Strains, Plasmids, and Growth Conditions
(600 nm) of about 4, the cells were harvested by centrifugation atThe bacterial strains and plasmids used are listed in Table 3. E. coli
14,000 � g for 15 min at 4�C.DH5
 and Pseudomonas putida 86-1 �qor were used as hosts for

pBL9 and pUF1 derivatives, respectively. E. coli DH5
 pBL9 clones
were grown in Luria-Bertani (LB) broth containing 100 �g/ml ampi- Recombinant DNA Techniques

DNA restriction, dephosphorylation, ligation, and agarose gel elec-cillin.
Pseudomonas putida 86 was cultured aerobically in 8 liter fer- trophoresis were carried out using standard procedures (Sambrook

et al., 1989). E. coli DH5
 and P. putida 86-1 �qor were transformedmentors at 30�C in a quinoline minimal medium (Tshisuaka et al.,

Table 2. Kinetic Parameters of Recombinant Qor and Qor Variants

Qor Protein Km app (Quinoline) (mM) kcat app (Quinoline) (s�1)

Qor (recombinant) 0.12a 85.4a

QorE743D 0.25 5.6 � 10�1

QorE743V 0.26 2.2 � 10�5

a Frerichs-Deeken et al., 2003
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Table 3. Bacterial Strains and Plasmids Used

Strain/Plasmid Genotype and/or Relevant Properties Reference or Source

Pseudomonas putida 86 Wild-type strain utilizing quinoline as sole source of carbon, nitrogen Schwarz et al., 1988
and energy

P. putida 86-1 �qor The two copies of qorMSL of P. putida 86-1 (Strr mutant of wild-type Frerichs-Deeken et al., 2003
strain) are replaced by nptII and aacC1; Strr, Kanr, Genr; Qor�

E. coli DH5
 supE44 �lacU169 (φ 80 lacZ�M15) hsdR17 recA1 endA1 gyrA96 Hanahan, 1983
thi-1 relA

pBluescript II SK(�) colE1, lacZ, Apr, T3/T7 promoters Stratagene
pUF1 qorMSL (3786 bp PCR amplificate from P. putida 86 DNA) inserted Frerichs-Deeken et al., 2003

into EcoRI-BamHI sites of pJB653 (Blatny et al., 1997)
pBL9 NotI-BamHI fragment (2307 bp) of qorL cloned into pBluescript II SK(�) this work
pUF1m734a pUF1 carrying a mutation in qorL for the production of QorE743V this work
pUF1m743b pUF1 carrying a mutation in qorL for the production of QorE743D this work

by electroporation (Frerichs-Deeken et al., 2003). Plasmid DNA was 8.0), and the proteins were eluted using a linear gradient from the
equilibration buffer to buffer containing 0.5 M NaCl. After each purifi-prepared using the E.Z.N.A. Plasmid Miniprep Kit I (Peqlab, Er-

langen, Germany) as specified by the supplier. For gel extraction of cation step, fractions containing Qor protein were identified by non-
denaturing polyacrylamide gel electrophoresis (PAGE); gels wereDNA fragments, the Nucleo Spin Extraction Kit of Macherey-Nagel

(Düren, Germany) was used. stained for Qor activity and/or protein. Qor preparations were con-
centrated to 10 mg/ml by ultrafiltration (membrane cut-off 50 kDa).
Both nondenaturing and SDS-PAGE were used to check the homo-Site-Directed Mutagenesis

Mutagenesis was performed according to the protocol of the Quik- geneity of the purified Qor proteins.
Change site-directed mutagenesis kit (Stratagene, Heidelberg, Ger-
many). PCR was performed with pBL9 as template, using Pfu poly- Assay for Qor Activity, and Estimation

of Protein Concentrationsmerase. The complementary mutagenic primers were as follows (the
altered nucleotides are underlined: E743V, 5�-AAG GGC ATG GGC The activity of Qor and Qor variants was determined spectrophoto-

metrically by measuring the quinoline-dependent reduction of theGTT TCC GCC ATG ATT TCC-3� and 5�-AAT CAT GGC GGA AAC
TCC CAT GCC CTT GAT GC-3�; E743D, 5�- AAG GGC ATG GGC artificial electron acceptor iodonitrotetrazolium chloride (INT) as de-

scribed previously (Tshisuaka et al., 1993). For the kinetic analysisGAT TCC GCC ATG ATT TCC-3� and 5�-AAT CAT GGC GGA ATC
TCC CAT GCC CTT GAT GC-3�. The pBL9 derivatives were propa- of QorE743V and QorE743D, quinoline concentrations were varied

in the range of 0.01 to 1 mM. For the determination of apparentgated in E. coli DH5
, and mutations were verified by sequencing
the DNA region encompassing the mutation. The NotI-BamHI frag- kinetic constants, initial velocities were fitted to the Michaelis Men-

ten equation. Apparent Km values were deduced from Hanes plots.ments of the pBL9 derivatives that carried the respective mutations
were extracted from agarose gels and inserted into pUF1�(NotI- Protein concentrations were estimated by the method of Bradford

as modified by Zor and Selinger (Zor and Selinger, 1996) usingBamHI), generating pUF1m743a and pUF1m743b (Table 3). Correct
insertion was verified by sequencing. bovine serum albumin as standard protein.

Polyacrylamide Gel ElectrophoresisPurification of Qor and Qor Variants
Cells were suspended in 100 mM Tris-HCl buffer, pH 8.5, containing SDS-PAGE (Laemmli, 1970) was performed using 12% acrylamide

in the resolving gels. Nondenaturating PAGE was performed using10 �M phenylmethanesulfonylfluoride and 0.05 �l/ml Benzon
nuclease (Merck, Darmstadt, Germany), and disrupted by sonifica- the same protocol, but omitting the SDS in the resolving and stack-

ing gels. Proteins were stained with Coomassie blue R-250 (0.1%tion at 4�C. Cell debris was removed by centrifugation (48,000 �

g, 45 min, 4�C). The supernatant was fractionated by a two-step [w/v] in 50% [w/v] aqueous trichloroacetic acid). For activity staining
of Qor in PA gels, gels were immersed in the same buffer as usedammonium sulfate precipitation (20% and 40% saturation, respec-

tively), and the pellet of the 40% fraction was resuspended in buffer in the spectrophotometric assay, containing INT and quinoline.
A (100 mM Tris-HCl [pH 8.5], 400 mM ammonium sulfate). The re-
sulting supernatant was applied into a Phenyl Sepharose CL-4B Crystallization and Data Collection

All crystallization experiments were done with the sitting drop vaporcolumn (Amersham-Pharmacia, Uppsala, Sweden) previously equili-
brated with the buffer A (flow rate 1.5 ml/min). The column was diffusion method with drop volumes between 2 and 4 �l and 500 and

1000 �l reservoirs. Crystallization conditions for Qor (10 mg/ml) werewashed with buffer B (100 mM Tris-HCl [pH 8.5], 200 mM ammonium
sulfate) and a linear gradient from 0% buffer B to 100% buffer C initially tested with a number of commercial and homemade incom-

plete factorial solutions at 20�C and 4�C. After refinement of pH and(20 mM Tris-HCl [pH 8.5], flow rate 1.0 ml/min, 150 ml) was applied.
After an isocratic flow of 75 ml of buffer C, the eluate was collected. precipitant concentrations, the optimized condition was found to

be 0.1 M Tris-HCl (pH 8.4), 1.4 M ammonium sulfate, 12% glycerolThe active pools were analyzed by native polyacrylamide gel electro-
phoresis and for Qor activity (see below); peak fractions were com- with protein to reservoir ratio 3:1. Crystals belonging to the space

group C2 had an optimal growing time of two weeks at 4�C. Thebined, concentrated (Ultrafree 50 kDa cut-off), and applied to a
DEAE-Sepharose column (BioRad Laboratories, München, Ger- crystals could be frozen in the cooling stream (100 K; Oxford Cryo-

systems, Oxford, UK) after transfer into reservoir solution supple-many), equilibrated with buffer D (200 mM Tris-HCl [pH 8.0]). The
protein was eluted at a flow rate of 1 ml/min with a linear gradient mented with 30% glycerol.
from 300 to 900 mM Tris-HCl [pH 8.0]. Active fractions were pooled
in three different batches and concentrated separately (Ultrafree 50 Structure Solution and Refinement

Data to 1.80 Å resolution were collected at beamline BW6 (DESY,kDa cut-off). The concentrated protein was loaded to a Superdex
G200 size exclusion column (Amersham-Pharmacia, Uppsala, Swe- Hamburg) using a marCCD detector (Table 1). Indexing, integration,

and reduction of the diffraction data were carried out with XDSden) and chromatographed with 150 ml buffer E (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl, and flow rate 2 ml/min). Qor variants were (Kabsch, 1993). The structure was solved by Patterson search meth-

ods as implemented in AMoRe (Navazza, 1994) using a monomericpurified as described (Frerichs-Deeken et al., 2003); however, as an
additional final step, anion exchange chromatography using an truncated poly-alanine model of ocCODH (PDB ID code: 1N5W).

Two monomers were located in the asymmetric unit. After a rigidUNO-Q1 column (BioRad Laboratories, München, Germany) was
performed. The column was equilibrated in 50 mM Tris-HCl (pH body and a positional refinement using CNS (Brunger et al., 1998),
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density modification by 2-fold averaging was applied as imple- Esnouf, R.M. (1997). An extensively modified version of MolScript
that includes greatly enhanced coloring capabilities. J. Mol. Graph.mented in RAVE (Jones, 1992). The initial 2Fo � Fc electron density

map allowed the stepwise building of side chains in MAIN (Turk, Model. 15, 132–134.
1996). Refinement proceeded with standard protocols (positional- Fetzner, S. (1998). Bacterial degradation of pyridine, indole, quino-
and B factor refinement) in CNS (Brunger et al., 1998) and the last line, and their derivatives under different redox conditions. Appl.
refinement steps were carried out without NCS restrains. PRO- Microbiol. Biotechnol. 49, 237–250.
CHECK was used for coordinate validation (Laskowski et al., 1993).

Fraaije, M.W., van Berkel, W.J.H., Benen, J.A.E., Visser, J., and
The atomic coordinates have been deposited in the Protein Data

Mattevi, A. (1998). A novel oxidoreductase family sharing a con-
Bank, www.rscb.org (PDB ID code: 1T3Q).

served FAD-binding domain. Trends Biochem. Sci. 23, 206–207.
Figures were prepared with MOLSCRIPT (Esnouf, 1997), PyMOL

Frerichs-Deeken, U., Goldenstedt, B., Gahl-Janßen, R., Kappl, R.,(DeLano, 2002), and GRASP (Nicholls et al., 1991) and rendered
Hüttermann, J., and Fetzner, S. (2003). Functional expression of theusing RASTER3D (Meritt and Bacon, 1997). The sequence alignment
quinoline 2-oxidoreductase genes (qorMSL) in Pseudomonas putidawas performed using ClustalW version 1.81 (Aiyar, 2000) and dis-
KT2440 pUF1 and P. putida 86–1 �qor pUF1 and analysis of theplayed with ALSCRIPT (Barton, 1993).
Qor proteins. Eur. J. Biochem. 270, 1567–1577.
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Note Added in Proof

While this manuscript was under review, K. Okamoto, K. Matsumoto,
R. Hille, B.T. Eger, E.F. Pai, and T. Nishino [Proc. Natl. Acad. Sci.
USA (2004), 101, 7931–7936] published a 1.94 Å crystal structure of
bovine xanthine oxidoreductase in complex with a slow substrate,
in which they identified the sulfido-ligand in the equatorial position.
This assignment is in agreement with the crystal structure of quino-
line oxidoreductase presented in this manuscript and together con-
firm a conserved Mo-site architecture for the molybdenum hydroxy-
lases.


