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ABSTRACT. Quinaldine 4-oxidase (Qox), which catalyzes the hydroxylation of quinaldineHet-1
oxoquinaldine, is a heterotrimeric (LMSinolybdo-iron/sulfur flavoprotein belonging to the xanthine
oxidase family. Variants of Qox were generated by site-directed mutagenesis. Replacement in the large
subunit at E736, which is presumed to be located close to the molybdenum, by aspartate7@Bax3

resulted in a marked decreasekia: appfor quinaldine, whileK, appwas largely unaffected. Although a

minor reduction of the glutamine substituted variant (®%36Q by quinaldine occurred, its activity was

below detection, indicating that the carboxylate group of E736 is crucial for catalysis. Replacement of
cysteine ligands C40, C45, or C60 (FeSll) and of the C120 or C154 ligands to FeSlI in the small subunit
of Qox by serine led to decreased iron contents of the protein preparations. Substitutions C40S and C45S
(Fel of FeSll) suppressed the characteristic FeSll EPR signals and significantly reduced catalytic activity.
In QoxsC154S (Fel of FeSl), thggefactor components of FeSI were drastically changed. In contrast, Qox
proteins with substitutions of C48 and C60 (Fe2 of FeSll), and of the C120 ligand at Fe2 of FeSl, retained
considerable activity and showed less pronounced changes in their EPR parameters. Taken together, the
properties of the Qox variants suggest that Fel of both FeSl and FeSlI are the reducible iron sites, whereas
the Fe2 ions remain in the ferric state. The location of the reducible iron sites of FeSl and FeSlII appears
to be conserved in enzymes of the xanthine oxidase family.

The soil bacteriunArthrobacter nitroguajacolicuRu6la Qox belongs to the xanthine oxidase (XO) family of
(formerly assigned to the specigs ilicis (1)) utilizes mononuclear molybdenum enzymes, which catalyze the
quinaldine (2-methylquinoline) as sole source of carbon and incorporation of an oxygen atom, derived from a water
energy R, for a review, see re8). The ability to grow on ~ molecule, into a &H bond of anN-heteroaromatic com-
quinaldine is conferred by the linear conjugative plasmid pound or an aldehyde. Oxidative hydroxylation takes place
pAL1, which seems to be widespread within the genus at the molybdenum center. Like most other bacterial mo-
Arthrobacter (1). The degradation pathway starts with a lybdenum enzymes involved in the degradation Nf
hydroxylation of quinaldine in position 4, catalyzed by the heteroaromatic substrates, Qox shows an (LMsjunit
inducible enzyme quinaldine 4-oxidase (Q&Qox shows

exceptionally broad substrate specificity for various quinoline ! Abbreviations: AOR, aldehyde oxidoreductase; bXOR, bovine
derivatives and benzodiazines and even catalyzes the oxidaxanthine oxidoreductase (from cow’s milk); CO-DH, carbon monoxide

: - - dehydrogenase; DCPIP, 2,6-dichlorophenol indopheDdAOR, al-
tion of aromatic aldehydes4). Remarkably, it converts dehyde oxidoreductase fromesulfaibrio desulfuricans DgAOR,

quinoline and some derivatives as well as isoquinoline, aldehyde oxidoreductase fromesulfoibrio gigas EPR, electron
quinazoline, and cinnoline with a significantly higher rate p%rarrlagtnftic Ir_esonﬁlrw_ed: FL'%Di flavin abdetr;]in't\eACdlijnuck?ott)ictjlle;t INT,
; ; : : ; iodonitrotetrazolium chloride; LB, lysogeny broth; , molybdopterin

than quma!dme' s.ugge'stlng imperfect adaptation of the cytosine dinucleotide; NAD, nigotir?am)i/de adenine dinl)J/cIeoFt)ide,
enzyme to its physiological substrate. oxidized form; NBT, nitroblue tetrazolium chlorid®cCO-DH, carbon
monoxide dehydrogenase frodligotropha carboxideorans PAGE,
polyacrylamide gel electrophoresis; PCR, polymerase chain reaction;
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Ficure 1: Topology of redox centers of quinoline 2-oxidoreductase (Q8rpé a model for Qox. The numbers in brackets refer to the
corresponding amino acid positions in Qox. By convention, for FeSllI the iron ion Fel is ligated by cysteines with the lower, Fe2 with the
higher residue sequence numbers. Because of the unique fold of the FeSlI-center, iron ion Fel is bound by the cysteine with the lowest
sequence number and Fe2 by the cysteine next in sequence. MCD, molybdopterin cytosine dinucleotide; FAD, flavin adenine dinucleotide.
Sulfur atoms are shown as gray, iron as black filled spheres.

structure and contains the molybdopterin cytosine dinucle- Recently, we have constructedeudomonas putid&l 2440
otide form of the molybdenum cofactor (MMCD), two pKP1, which synthesizes Qox in catalytically fully competent
distinct [2Fe-2S] clusters FeSI and FeSll, as well as FAD form (19). With this heterologous expression system, the
(4). A catalytically relevant glutamate residue, which in goxLMSgenes are accessible to mutagenesis approaches.
molybdenum hydroxylases of known structure is located Substitution of a cysteine residue ligated to a [2Fe-2S]-cluster
close to the molybdenum centeb<10), seems to be  with serine replaces a sulfhydryl with a hydroxyl group,
conserved in Qox (E736 of the large subunit QoXEPR which should result in a serinate ligand to the iron, provided
redox titrations of Qox revealed widely separated midpoint that the energetic difference between the generation of
potentials (versus standard hydrogen electrode)2850 mV cysteinate and serinate is not a critical factor and the cluster
for FeSl and—70 mV for FeSll (1). The two iron-sulfur is still assembled20, 21). Effects of individual cysteine-
clusters and FAD are part of the electron-transfer pathway to-serine replacements on the cluster properties should be
from the molybdenum center to the protein surfatk (2). attributable to one of the two iron sites. In this study, site-
This set of redox-active centers provides the enzyme with directed mutagenesis was used to construct variants of Qox
the capacity for holding a maximum of 12 electrons per with replacements of positions C40, C45, C48, C60, C120,
native (LMS)} enzyme. Qox functions as an oxidase, and C154 of Qox by serine, to assess which iron ions of
generating HO; (4). FeSl and FeSll are likely to be involved in intramolecular

The two [2Fe-2S] centers of molybdenum hydroxylases electron transfer between thg molybdenum center and flavin.
can be distinguished by their different EPR propertigs ( Moreover,_the conserved residue E736 of_ Qoas replaced _
tensor principal values). By convention, the center with less by glutamine and aspartate to assess its potential role in
anisotropicg-factors is named FeSl, the other FeSIl. A catalysis.
general assignment qf the FeSl .and FeSll EPR signals tOEXPERIMENTAL PROCEDURES
the FeS-cluster proximal and distal to the molybdenum
cofactor, respectively, was derived from the analysis of Bacterial Strains and PlasmidBacterial strains and
dipolar interactions between these redox centers in bovineplasmids used are listed in TableF.. putidaKT2440 22,
xanthine oxidoreductase (bXOR), isoquinoline 1-oxidoreduc- 23) was used as a host for pKP19j and its derivatives. In
tase of Brevundimonas diminuta7, and aldehyde oxi- the pKP1 plasmids, transcription gbxLMSgenes, inserted
doreductases (AOR) d@esulfaibrio gigasandD. alaskensis into the expression vector pJB65%, is under the control
(12—17). Whereas the FeSlI center resembles the plant-typeof the Pm promotor and is activated by the XyIS protein in
[2Fe-2S] ferredoxins in its coordination motif, FeSl is the presence of (alkyl)benzoate. Plasmids pUC2.5 and
characterized by a unique protein fold with an unusual amino pUCBamHI were constructed by subcloning a 2547 bp
acid motif and is found exclusively in enzymes of the EcoRI-Smad fragment and a 2248 bpanHl fragment of
xanthine oxidase family. Sequence-specific assignment of pKP1 into theEcdRIl-Sma sites andBanH| site, respectively,
FeSl and FeSll to the C-terminal and N-terminal four- of pUC18 @5). Escherichia coliDH5a (26) was used as a
cysteine-motif, respectively, was established by mutagenesishost for puC2.5 and pUCBamHI and their derivatives.
of rat xanthine oxidoreductase (rXOR)8). Comparative Media and Growth ConditionsAll E. coli strains were
amino acid sequence analyses suggested that in Qox, FeSgrown at 37°C in lysogeny broth (LB)27) containing 100
is coordinated by the cysteine residues of MBHEGXCX;;- ug/mL ampicillin. For plasmid preparations?. putida
CXC?' of the small subunit (Qag, whereas motif°CX;- KT2440 harboring pKP1 or derivatives of pKP1 was grown
CGXCX11C8 of Qoxs binds FeSlIl 19). Fel of FeSl is at 29°C in LB containing ampicillin. To generate biomass
thought to be linked to C117 and C154, and C120 and C152 for protein purificationP. putidakT2440 pKP1 clones were
should ligate the Fe2 ion. In the FeSlI cluster, residues C40grown in a 6 L bioreactor in mineral salt mediun2§),
and C45 are the presumed ligands of Fel, while C48 andsupplemented with 1 g/L (NHLSQ,, and in the presence of
C60 should bind Fe2. This is illustrated in Figure 1, using ampicillin (500u«g/mL). Sodium benzoate (8 mM) was added
the structure of quinoline 2-oxidoreductase (Qor) for com- repeatedly as a source of carbon and energy, and as XylS
parison b). effector. As additional XylIS effector, 2-methylbenzoate (2



Protein Variants of Quinaldine 4-Oxidase Biochemistry, Vol. 45, No. 49, 20064855

Table 1: Bacterial Strains and Plasmids

bacterial strains and plasmids description source or reference

A. nitroguajacolicuRi61a wild-type strain utilizing quinaldine as sole source of carbon, nitrogen, and energy 1) (

E. coliDH5a endAl hsdR1{rk~ mk™) supE44 thi-1 recAl gyrA96 relAl deoR (26)
A(lacZYA-argh-U169¢80dacZAM15

P. putidaKT2440 I~ derivative ofP. putidamt-2 (22,23

puC18 ColElacZ Ap" (25

pKP1 qoxLMS(PCR amplificate) inserted iBcoRl andSmd sites of pJB653 19

pucC2.5 2.5 kkEcaRI/Sma fragment of pKP1 irEcaRl andSmalsites of pUC18 this work

pUCBamHI 2.3 kbkBanH| fragment of pKP1 irBarHI site of pUC18 this work

pKP1E736D, pKP1E736Q pKP1 carrying mutatiorgioxL for the production of QaxE736D and this work
Qox E736Q, respectively

pKP1C40S, pKP1C45S, pKP1 carrying a mutation igoxSfor the production of QoyC40S, QoxC45S, this work

pKP1C48S, pKP1C60S, QoxsC48S, QoxC60S, QoxC120S, and QaxC154, respectively

pKP1C120S, pKP1C154S

Table 2: Primer Pairs Used for Site-Directed MutagenesigoafGenes

amino acid replacement mutagenic primer pair

QoxL: E736D 5TGCAGGAGACACGGCAACAGG-3
5-GTTGCCGTGTCTCCTGCACCC-3

QoxL: E736Q 5TTCCAAGGGTGCAGGACAGACGGCAACAGG-3
5-ACCTGTTGCCGTCTGTCCTGCACCCTTGG-3

QoxS: C40S 5CGGGACCAAAGCCGGTLCCTTGAAGC-3
5-GCGCTTCAAGGEGAACCGGCTTTGG-3

QoxS: C45S 5TGAAGCGCGGTCTGGCAGTTGCAGC-3
5-GCAACTGCCAGACCGCGCTTCAAGG-3

QoxS: C48S 5TGTGGCAGTTCCAGCGTCCATGTC-3
5-ACATGGACGCTGGAACTGCCACACC-3

QoxS: C60S 5ATCAAGGCCTCCAACGTACTAGC-3
5-TGATACGTTGGAGGCCTTGATGAGC-3

QoxS: C120S 5TGTGGCTACTCCACGCCGGGTATGC-3
5-ACCCGGCGTGAGTAGCCACACTGC-3

QoxS: C154S S5CTGTGCAGGTCCACCGGCTATCAGACC-3

5-GATAGCCGGTGSACCTGCACAGATTGC-3
aBold and underlined letters indicate the mutagenic nucleotides.

mM) was added at an optical density (600 nm) of-0182. performed as described previoushg). The activity of Qox
At an optical density (600 nm) of about 4, cells were proteins was measured spectrophotometrically by following
harvested by centrifugation at 14@d€br 15 min at 4°C. the quinaldine-dependent reduction of the artificial electron
For the preparation of electrocompetent cdliscoli DH5a acceptor INT (iodonitrotetrazolium chloridegsfs nm= 19.3
andP. putidaK T2440 were cultured in TBZ7). mM~1 cm™%; 29). Determinations of apparefit;, and K.y

Recombinant DNA Techniqud3NA restriction, dephos-  values of electrophoretically pure Qox proteins were carried
phorylation and ligation reactions, and agarose gel electro-out in triplicate. To determine the apparent kinetic constants
phoresis was performed by standard proced@&®és Plasmid of the enzyme for one substrate, saturating concentrations
DNA was prepared using the E.Z.N.A. Plasmid Miniprep of the other substrate were used. Appaiéptvalues were
kit I (PegLab, Erlangen, Germany). DNA fragments were deduced from Hanes plots. The activity of Qox and Qox
purified from gel slices using the Nucleo Spin Extraction variants with dioxygen as electron acceptor was determined

kit of Macherey-Nagel (Dren, Germany)E. coli DH5a and in air-saturated buffer by measuring formation dfi-4-
P. putidaKT2440 host cells were transformed by electropo- oxoquinaldine at 325 nmefos nm = 8.4 MM cm™%; 4).
ration. Enzyme activity with other electron acceptors was investi-

Site-Directed MutagenesiSite-directed mutagenesis of gated under anoxic conditions. The assay mixture, containing
gox genes was performed according to the protocol of the 77 mM Tris/HCI, pH 8.5, 5.6 mM quinaldine, and electron
QuikChange site-directed mutagenesis kit (Stratagene, Heidel-acceptor solution, was placed in an anaerobic cuvette and
berg, Germany) using pUC2.5 and pUCBamHI as templates, gently bubbled with oxygen-free nitrogen for more than 10
andPfu polymerase for amplification. The mutagenic primer min. The enzyme solution (0.32.8 U/mg) in the sidearm
pairs are listed in Table 2. All pUC2.5 and pUCBamHI was treated in the same way, and the reaction was started in
derivatives were subcloned i&. coli DH5a, and each  the closed cuvette by addition of the enzyme solution out of
mutation was verified by DNA sequencing (MWG Biotech, the sidearm into the main compartment. Saturating concen-
Ebersberg, Germany). ThEcoRI-Smad and the BanHl trations of each oxidizing substrate were as follows: 187
fragments carrying the respective mutations were gel purified uM of ferricyanide, 1,4-benzoquinone, 1,2-naphthoquinone,
and ligated into pKPA(EcadRI-Sma-fragment) and pKPA- or methylene blue; 98M of DCPIP; 1.87 mM of INT; 467
(BanHI-fragment), respectively. In each case, correct inser- uM (93.4 uM for QoxsC40S and Qo3C60S) of PMS; 93
tion of the fragment was verified by restriction and sequence uM (46.5 uM for QoxsC40S) of thionine; 93(M of NBT,;
analysis. 187 uM (561 uM for Qox) of Meldola blue. Reduction of

Purification of Qox and Qox Variants and Enzyme Assays. electron acceptors was measured photometrically in the case
Preparation of cell extracts and protein purification were of Kg[Fe(CN)] (€420 nm = 1.02 mM cm™%; 30), DCPIP
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(6600 m= 21.0 mM1 Cmﬁl; 31), PMS @333 m= 22 mM—1
cmt; 32), NBT (es66 nm = 28.6 mMt cm™%; 33), and
Meldola blue éseg nm= 13.9 mM* cm™% 34). In the assays

with 1,4-benzoquinone, 1,2-naphthoquinone, thionine, me-

thylene blue, indigotetrasulfonate, indigotrisulfonate, indigo-
carmine, alloxazine, anthraquinone, NARnd methylviol-
ogen as potential electron acceptors, formation ldf4t
oxoquinaldine was monitored at 325 nm. Specific activity
of Qox proteins was defined as micromoles of product

Kappl et al.

completely by a 20-fold molar excess of dithionite and
measured at temperatures between 10 and 80 K. The
magnetic field and the microwave frequency were determined
with a NMR gaussmeter and a microwave counter, respec-
tively. The modulation amplitude for spectra recording
generally was 0.5 millitesla (mT). For measurements below
80 K, spectra were recorded at variable microwave powers
(2.0—20.0 mW) to avoid saturation broadening. The conver-
sion time and time constant were 50 ms. Because the lowest

formed, or micromoles of electron acceptor reduced, per absolute amount of enzyme in the sample was only 3.5 nmol

minute and per milligram of protein. In the case of the one-
electron acceptor §Fe(CNs)], Qox specific activity was
defined as two micromoles of Fe(CNs)] reduced per
minute and per milligram of protein. Protein concentrations
were estimated by the method of Lowry et é@5) using
bovine serum albumin as standard protein.

Reductie Titration of Qox Proteins with Sodium Dithion-
ite. Reduction of Qox proteins by dithionite were carried
out under anoxic conditions. Solutions of enzyme and
reductant (in 100 mM Tris/HCI, pH 8.5) were gently bubbled
with oxygen-free nitrogen for more than 10 min and
incubated for 30 min in an anaerobic glove box in an
atmosphere of 95% N5% H.. In the glove box, the enzyme

(i.e., 7 nmol of each type of center), spectra had to be
accumulated up to 150 times under optimized EPR settings
and baseline corrected.

To obtain a quantitative estimate of the relative iron
content within the [2Fe-2S] centers, the corrected spectra of
the dithionite reduced protein variants, recorded under
standardized EPR conditions (2 mW microwave power, 20
K), were doubly integrated (XeprView and WIinEPR, Bruker
BioSpin). The resulting values were then compared to that
of recombinant Qox, which was prepared in the same way
as the variant proteins, and normalized for the amount of
protein in each sample, and, if necessary, for different width
of field sweep and number of spectra additions. The error

solution was put in an anaerobic cuvette and overlaid with of the integration procedure was found to be—P%%

argon; a gastight syringe was filled with dithionite solution

depending on the signal-to-noise ratio and the quality of the

and inserted into the septum of the anaerobic cuvette.background subtraction.

Aliquots of dithionite solution were injected, and UV/vis

The relative proportion of the two [2Fe-2S] centers was

absorption spectra were recorded with a Jasco V-550 UV/ estimated by reconstruction of the experimental spectra of
vis spectrophotometer after each addition of dithionite. For the dithionite reduced samples. For that purpose, each cluster

calibration, a solution of FAD of known concentration was
titrated with sodium dithionite.

Anaerobic Reduction of Qox Proteins with Quinaldiire
the anaerobic glove box, protein solution (in 200 mM Tris/
HCI, pH 8.5) was filled into the main compartment of an

of the various proteins was simulated separately, and the
resulting spectra were normalized to give the same double
integral value. The experimental pattern was then recon-
structed by a weighted addition of the normalized simulated
spectra focusing on a close fit of the-@nd the resolved

anaerobic cuvette, and a 20-fold molar excess of quinaldinegs-components. The sum of the relative contributions was
dissolved in isopropanol was put in the side arm. The reaction normalized to one, so that a ratio for I/Il of 0.5/0.5 indicates
was started by mixing the two solutions, and absorbance an equal population of both cluster sites. A shift in the ratio

spectra were recorded repeatedly.

Polyacrylamide Gel Electrophoresis (PAEENondena-
turing PAGE was carried out in 8% T, 2.6% C resolving
gels using the system described by Laem8B#) put omitting

to, say, 0.4/0.6 then means that the population (or occupation)
of the FeSI component is only 40% and that a maximal
fraction of 20.4 = 0.8 (80%) of the protein portion loaded
with FeS-iron (i.e., the relative iron content) can have both

SDS from the gels. Proteins were stained with Coomassie FeS-sites occupied. Therefore, multiplying this value with

blue R-250 (0.1% [w/v] in 50% [w/V] trichloroacetic acid).
For activity staining of Qox proteins, nondenaturing PA gels

the relative iron content yields an estimate of fully active
molecules, which is finally used to normalize th&: app

were immersed in the same assay mixture as used for thevalues. With this procedure, two essential effects of the
spectrophotometric assay; gel slices incubated in buffer andamino acid substitution in Qox proteins, the loss of iron and

INT, without quinaldine, were used as controls.
EPR Spectroscop¥PR spectra were recorded at X-band

an unbalanced population of the FeS-centers, are taken into
account for the determination of the kinetic constants. In this

frequencies (9.5 GHz) on Bruker ESP300 and Bruker simplified model, the difference between the values of ratio
ESP300E spectrometers equipped with an Oxford ESR 9001/1l, e.g., a fraction of 0.2 in the above example, then
liquid helium flow cryostat. In all cases, samples were frozen represents singly occupied FeS-sites. The approach implicitly

in liquid nitrogen in 4-mm quartz EPR tubes (Wilmad).

assumes that for the FeS-center with the lower value in the

Because of the limited amounts of sample material, the ratio I/1l, the site of the other FeS-center is always occupied,
experiments were performed in consecutive steps. First, theand thus gives an estimate of the maximum population of
sample “as isolated” was measured to monitor the presenceully occupied enzyme molecules. In cases for which the

of “background” signals or of known inactive forms such

spectral contribution of FeS-centers | and Il could not be

as the resting Mo(V)-species, usually present in preparationsclearly separated or unassignable lines appeared, the relative
in small amounts. Then, under anaerobic conditions, theiron content alone was used to obtain an upper estimate of
samples were reacted with the substrate quinaldine in a 20-the normalized<.: appValue. Because some of the experi-
fold molar excess inside the EPR tube. If no signals were mental spectra are governed by strapgtrain effects, the
detected the molar excess was increased to 60-fold or eversimulations were not perfect in such cases. The error margins
100-fold. In a third step, these samples were reducedwere estimated from the differences of possible multiplication
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Ficure 2: Nondenaturing polyacrylamide gel of purified Qox
proteins, stained with Coomassie Blue. Lane 1: recombinant Qox
from P. putidaKT2440 pKP1; 2: QoxE736D; 3: QoxE736Q;

4: QoxC40S; 5: QoxC48S; 6: QoxC60S; 7: QoxC120S.

factors in the range of 0.05 and+ 0.1 depending on the
quality of the fit to experimental patterns.

RESULTS AND DISCUSSION

Purification of Recombinant Qox and Qox Variants.
Recombinant Qox and Qox variants were isolated from the
soluble fraction of cell extracts of the respecti®eputida
KT2440 pKP1 clones. The system for heterologous expres-
sion of theqoxLMSgenes does not result in overexpression,
and the yield of the four-step purification procedure is only
approximately 5-10% (19), so the limited availability of
protein constrained quantitative studies. In nondenaturing
PAGE (Figure 2) and in gel filtration, the mobility of the
protein variants corresponded to that of recombinant Qox,
indicating that each protein was correctly assembled to form
the (LMS), multimer. In case of QaC45S and QoxC154S,
which could not be obtained as pure proteins using the
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highly similar or identical redox behavior and local environ-
ments of the centers. When recombinant Qox, prepared in
the same way as the variant enzymes, was reduced under
anoxic conditions with a 20-fold molar excess of its substrate
quinaldine, a reduction level of 91% of the initial absorbance
at 450 nm was reached immediately after substrate addition.
A second, much slower phase of reduction took about 90
min to reach the endpoint (Figure 3A). Such biphasic reaction
was already observed by Leirftker et al. 6) for reduction

of ReXDH by xanthine. The authors suggested that the fast
phase constitutes the population of fully active enzyme
molecules, whereas the population of protein that is reduced
in the second, much slower phase consists of catalytically
inactive enzyme which is reduced by intermolecular electron
transfer from the reduced functional proteins. On the basis
of this hypothesis, the kinetics of reduction of Qox by
quinaldine suggests that more than 90% of the enzyme is
fully active.

The corresponding EPR spectra of the recombinant Qox
protein are shown in Figure 4a. In the presence of the organic
substrate quinaldine, the Mo(V) very rapid species and a
weak signal of FAD semiquinone can be observed together
with the characteristic signal of FeSll and a small amount
of FeSI at low temperatures (spectra A and B). After
reduction with dithionite the FAD signal and the very rapid
species are hardly visible, but both [2Fe-2S] cluster signals
are present (spectrum C). Their spectral reconstruction yields
a ratio I/1l (Table 4) characteristic for an equal population
of the FeS-center sites within error limits. The temperature
dependence shown in Figure 4b is identical to that found
for Qox from the wild-type strainA. nitroguajacolicus

established protocol, activity staining of the protein prepara- RU61a, with the FeSlI signal typically vanishing above 35
tions separated in nondenaturing PAGE confirmed that they K. It can be inferred from the EPR spectra obtained after
migrate like wild-type Qox (data not shown). Enrichment reduction with substrate that electrons are mainly residing
of the QoxC154S protein by hydrophobic interaction ©0n the catalytic intermediary Mo(V)-species and the FeSll
chromatography and gel filtration resulted in an about 1.3- center, and to a smaller extent at FAD and FeSlI. The degree
and 2.5-fold reduction of specific activity, respectively, of FeSllI reduction in the presence of substrate is about 0.7
despite removal of contaminating proteins as evident from as derived from a comparison of signal intensity of the
PAGE. The QoxC45S protein also was less stable than Qox, dithionite reduced sample. As with xanthine oxidase, electron
as indicated by a decrease in activity with time. These distribution on the redox-active centers in Qox is assumed

observations suggest conformational instability of @ox
C154S and QoC45S, or a loss of redox centers, or both.
Despite some changes in the UV/vis absorption features of
Qox proteins carrying cysteine-to-serine substitutions, the
optical spectra of the purified Qox variants were still
characteristic for molybdo-iron/sulfur flavoproteins (Figure
3).

EPR and UVJis-Spectral Properties of Recombinant Qox.
In a preceding study1@), the recombinant Qox protein
produced by the expression cloRe putidaKT2440 pKP1
was characterized biochemically and spectroscopically and
compared to Qox from the wild-type stral nitroguaja-

colicusRiU61a. The results demonstrated the presence and

integrity of the redox centers in recombinant Qox, and similar
kinetic properties of wild-type and recombinant Qox. In the

EPR spectra, only minor differences for the axial FeSl signal,
unique for all Qox species, have been observed, indicating

2The subscript L or S after Qox indicates that the numbering of the
following residue refers to the sequence of the small and large subunit,
respectively.

to be directed by the relative redox potential of the centers
(37).

The anoxic reductive titration of recombinant Qox (15
nmol, corresponding to 30 nmol of each redox center) with
sodium dithionite was followed by UV/vis spectroscopy at
450 and 550 nm and compared to the reduction behavior of
an FAD solution (30 nmol in the same buffer as the protein,
anoxic conditions) (Figure 5). For the solution of free FAD,
the Ao value was lowered to 50% with respect to the
endpoint of titration upon addition of 75 nmol of dithionite,
which corresponds to 1 mol of reducing equivalent per mol
FAD. In contrast, for Qox half of the maxima#lAsso value
(difference of extinction in non-reduced and fully reduced
state) was already reached after addition of 45 nmol
dithionite, whereas thaAsse dropped to 50% for 75 nmol
dithionite added. At this stage, th6A450 value was reduced
to about 20% of initial absorbance. Because Qox was
previously shown to generate the anionic (red) semiquinone
species upon reductiorll), the absorption at 550 nm is
mainly due to the FeS-centers. This allows one to estimate
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Ficure 3: UV/vis absorption spectra of Qox and Qox variants upon reduction with quinaldine under anoxic conditions. (A) recombinant
Qox (16.1uM); (B) Qox E736D (10.54M); (C) Qox E736Q (23.7uM); (D) QoxsC40S (14.2uM); (E) QoxsC48S (22uM); (F) Qoxs-

C60S (8.6uM); (G) QoxsC120S (9.8«M) in 100 mM Tris/HCI, pH 8.5. Proteins as isolated-)(and after 15 s (---), 90 min

(— -+ —), and 110 min £ — —) of incubation with a 20-fold molar excess of quinaldine.

the values of FAD reduction at 450 nm assuming that about in the oxidized state. These findings indicate that the redox
50% of the total absorption at this wavelength is caused by potential of FAD in Qox is clearly more positive than that
FAD or FeS-centers, respectively. From that it is estimated of the free FAD (200 to —300 mV). They qualitatively
that the FAD in Qox is half reduced at 40 nmol of dithionite also agree with the redox potentials of the [2Fe-2S] centers
added. After addition of 75 nmol of dithionite, when the FeS- in Qox (FeSll : —70 mV, FeSl: —250 mV) (11). With 75
centers are reduced by about 50%, only 5% of FAD is left nmol of dithionite added, the FeSlI centers should be nearly
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Ficure 4: EPR spectra of recombinant Qox frdP putidaKT2440 pKP1 reduced under anoxic conditions. Panel a shows the spectra
obtained after reduction with an excess of quinaldine at 80 K (trace A) and 20 K (trace B), and with dithionite at 20 K (trace C). Panel b

illustrates the temperature behavior of the [2Fe-2S] centers after dithionite reduction. The assignment of redox-active centers is indicated
(vr: very rapid species; FAD: FAD semiquinone radical; Il and I: iron sulfur centers | and Il, indices indicagee¢hsor components).

reducing equivalent/ mol FAD is the corresponding conserved glutamate residue of Qox. If
0 1 2 3 4 5 this residue acts as the catalytic base of Qox, its replacement
1'0&0 should drastically affect the substrate turnover rate. The
° EN catalytic activity of the QoxE736Q protein indeed was
g 0.8 2 below the detection limit of the spectrophotometric standard
S 0.6 Rl assay. After incubation of QekE736Q with quinaldine for
8 % up to 14 h under oxic conditions (i.e., with,@s electron
g 0.4 % 4 acceptor), formation of the organic produti-Z-oxoquinal-
2 0.2 % oo dine was not detectable spectrophotometrically. However,
y 04‘; 888 ¢ o prolonged actiyity staining of protein preparations separated
: : : in nondenaturing polyacrylamide gels revealed a red band
0 100 200 300 400 due to formation of INTH, indicating that quinaldine-
nmol sodium dithionite dependent reduction of the protein and electron transfer to

lr:é(ég?nEbiSr;arﬁegg;tHes trintrﬁicﬂpgir?;ez’)l-\\?\/itﬁgo%m%; cflﬂﬁirl)gr:ﬁ:)u%%r its artificial electron acceptor still occurred. Remarkably,
anoxic conditions. The point,s are measured absorbance values fron{eplacerm':‘nt of E736 by aspgrtate, which r?tams the func-
spectra taken after each addition of dithionite; filled and open tional group (but should result in an altered distance between
symbols indicate normalized (norm) absorbance at 450 and 550carboxylate group and molybdenum center), yielded a Qox
PT,df?Spefrt]iveW- Thtt% r;urggeé g_fﬁrledutdn_lq eqUi\(/jalentS was Cfllcti- protein with a lower but still significant residual activity of
ated from the amount or adae Ithionite. 1'wo reaucing equivalents

were defined as the amount of dithionite requiredgfog the full 0'0.16 U_/mg (§tan(_iard assay) and an appagnvalue for
reduction of 1 FAD to FADH. qumaldme'qwte S|m|lgr to that of Qox (Table 3).

The optical absorption spectra of the QEX36D and
completely reduced, so that the residual absorption shouldQox E736Q proteins (as isolated) resemble that of Qox
mainly arise from FeSl-centers. (Figure 3, Table 4). Anoxic reduction by quinaldine was slow

Properties of Qox Variants Substituted at E736 of QoxL and reached the endpoint after 90 (©%36D) and 110 min

All enzymes of the XO family studied to date contain a (Qox E736Q); in both proteins, the extent of reduction by
strictly conserved glutamate residue, which in the structures quinaldine was significantly lower than observed for Qox
of ReXDH, bXOR, OcCO-DH, DgAOR, DJAOR, and Qor (Figure 3B,C). This UV/vis spectroscopic evidence of an
is located at about-34 A from the molybdenum5—10, impeded reduction by quinaldine is supported by EPR
38). On the basis of the crystal structure of bXOR with a observations for the quinaldine-reduced enzyme. Different
slow substrate, Okamoto et aB9) recently proposed that from Qox, no very rapid Mo(V) species could be detected
this conserved glutamate initiates catalysis by acting as ain Qox E736Q or QoxE736D after reduction with substrate,

general base that abstracts a proton from [Mo(VI)-OH]. but a weak signal, presumably of FAD semiquinone, was
Comparison of amino acid sequences suggested that E73@resent at 80 K. At lower temperatures mainly the FeSll
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Table 3: Apparent Kinetic Constants of Purified Qox Proteins
normalized
Km app Keat app Keat app Km app normalized
(quinaldine) (quinaldine)  (quinaldine) (INT) Keat app Keat app
Qox protein M [s7Y [s7Y [M] (INT) [s™Y] (INT) [s™Y]
Qox fromP. putida 3.8x 10°°(+£0.2x 107  19.3 &0.7) 19.3 7.6x 10°°(+£1.7x 105  12.7 &0.7) 12.7
KT2440 pKP1
Qox E736D 2.7x1075(+0.4x 10%  0.11 0.004) 0.4 5.0x 105(+£0.9x 10% 0.5 #0.04) 5.1
QoxsC40S 3.8x 10°°5(£0.2x 10%  1.1(£0.01) 2.7 4.3x 10°(+£0.8x 10 0.6 (-0.03) 15
QoxsC48S 5.2x 10°5(+£0.7x 105  10.6 -0.4) 17.7 5.4x 10°5(+0.5x 10 7.2 (+0.06) 12
QoxsC60S 2.9x 10°5(£0.9x 105 3.2(x0.3) 10.0 4.2 10°(£0.9x 10 3.1 (*0.2) 9.7
QoxsC120S 3.1x 10°5(+0.2x 105 2.9 (+0.05) 9.5 3.4x 10°5(+0.3x 105 2.2 (+:0.04) 7.5

a Because of negligible activity and/or instability, it was not possible to determine the kinetic constants B7Q8Q, QoxC45S, and QoC1548S.
b Assuming that the relative iron content of a protein preparation together with the fraction of molecules with both FeS-cluster sites occupied (Table
4) reflects the population of fully active moleculdss values were normalized to the corresponding fraction of protein. For Qox ang020S8,
however, the relative iron contents of 1 and 0.41, respectively, were used for normalizakign.gf

a b
|A A rdkak ; . m
M"‘V\/‘M‘M
B
_c_:‘_—“———/\’——/\/—_—.'
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Il
3 i1 ]
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||1 | 4 ||2 |2
|3
) T 1 T 1 1 Ll 1 1 T
320 330 340 350 360 320 330 340 350 360
B [mT] B [mT]

Ficure 6: EPR spectra of QeE736D (panel a) and Qpk736Q (panel b) reduced anaerobically with quinaldine (spectra A and B in both
panels) and fully reduced with dithionite (C an8).O’he spectra A were recorded at 80 K, spectrunv&s recorded at 50 K, and the other
ones were obtained at 20 K.

signal pattern was observed. Subsequent reduction with For both enzyme variants, fully reduced with dithionite,
dithionite produced the typical [2Fe-2S] cluster patterns for double integration of the EPR spectra was used to estimate
which resolved rhombic distortions of the axial component the relative iron content with respect to recombinant Qox
of FeSI become apparent (Figure 6 a,b, compare to Figure 4dyielding about 34% for Q@E736D and 50% for Qax
signal b3, Table 4). The corresponding ratios of FeSllI signal E736Q (Table 4). These values are indicative for a desta-
intensity were 0.25 for Q@E736D and 0.075 for Q@x bilization of the iron clusters during holoenzyme assembly
E736Q, again indicating a rather restrained reduction of the and/or protein preparation, producing considerable loss of
proteins by quinaldine. The absence of any Mo(V)-species iron in both variants. From a reconstruction of the individual

(very rapid, rapid) in QoxE736D and QoxE736Q requires
that the Mo-MCD cofactor is either fully oxidized or reduced
(Mo(VI) or Mo(lV)), both states being EPR silent. The
protein variants show a significantly smaller activity as
inferred from the ratios of the FeSlI signals upon quinaldine
addition in comparison to Qox, but they are still active. This
implies that the catalytic Mo(V) intermediate (very rapid

FeS-center contributions (see Experimental Procedures), a
small but significant lowering of the FeSI portion vs FeSlI

is observed (ratio I/l in Table 4) in comparison to recom-
binant Qox, indicating that the remote substitution at E736
affects the occupation of the FeSl site slightly stronger than
the FeSll site. This implies that only a fraction of protein
molecules can have the complete set of FeS-centers. In case

signal) is formed in much lower amounts and is less stable of Qox E736D, this fraction corresponds to twice the

than in the wild type, so that no EPR intensity is built up
under the conditions applied.

occupation value for FeSl, i.e., 0.86. This value together with
the relative iron content of 0.34 (Table 4) is used to normalize
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Table 4: Relative Iron Content, EPR Parameters of the [2Fe-2S] Centers, and UV/vis Absorbance Ratios of Qox and Qox Variants

ratio of reconstructed
relative iron FeS signals /11 FesS| Fesli

Qox protein content (error margin) g o Os 01 o)) O3 AogonrdAasonm  Ausonnd Assonm
Qox (recombinant) 1 0.53/0.44-0.05) 2.021 1937 1937 2.072 1975 1.877 51 3
Qox E736D 0.34 0.43/0.5+0.05) 2.021 1936 1916 2.067 1971 1.874 5.3 3.1
Qox E736Q 0.50 0.44/0.5640.05) 2.024 1937 1923 2.070 1976 1.869 5.4 3.2
QoxsC40S 0.41 [1/07 2.021 1.939 1.923 6.2 25
QoxsC453 (0.05-0.097 n.dd 2.010 1935 1.935 2.038 1910 1.895 n.d. n.d.
QoxsC48S 1 [0.3/0.7(£0.1) 2.021 1934 1934 2.028 1.934 1881 7.8 3.4
QoxsC60S 0.38 0.58/0.4210.1) 2.018 1.935 1927 2.072 1967 1.831 7.0 3.1
QoxsC120S 0.47 0.69/0.31{0.1) 2.006 1938 1915 2.071 1975 1.881 8.3 2.5
QoxsC1543 (0.10-0.30% 0.83/0.1740.1) 2.009 1909 1.760 2.066 1.977 1.875 n.d. 25

a Preparations contain contaminating protefhgentative assignment, see texf clear identification of the individual cluster in the EPR spectra
was not feasible, see textn.d., not determined.

the apparenk.y value, yielding 0.38 s, which is consider-  for the substitution at FeSl. In case of FeSll, each of the
ably smaller than the value determined for the recombinant four cysteine ligands of FeSll was individually replaced by
protein (Table 3). It is evident from the marked decrease in serine, since two of the replacements at FeSll (C45 and C40)
keat appfor quinaldine (Table 3) that the replacement affected appeared to disturb the integrity of the FeS center(s).
turnover of the heterocyclic substrate. The catalytic properties Substitution of cysteine ligands in [2Fe-2S] ferredoxins by
of Qox E736D generally resembled those of the correspond- serine was reported to conserve the cluster in many cases,
ing variant of Qor, QaiE743D 6). In contrast, protein  but the replacement may change the optical spectra as well
variants ofReXDH carrying E730A, E730Q, E730R, and as the EPR-signatures of the proteins, and affect their redox
E730D replacements were inactiv@.( properties 18, 20, 21, 43—45). It was found that all Qox
The observation of some reduction of the redox centers variants, except Qec48S, showed a significantly lower iron
of the Qox E736Q protein by quinaldine suggests that either content, a variable occupation of the FeS-centers and partially
nucleophilic attack on quinaldine by the catalytic [Mo(VI)- drastic spectral changes compared to Qox. Therefore, the
OH] and concomitant hydride transfer from substrate to [Mo- Spectra integration and reconstruction (see Experimental
(V1)=S] to form [Mo(IV)-SH] very slowly occur even in  Procedures) was also applied to analyze the kinetic properties
the absence of glutamate-catalyzed proton abstraction fromof the Qox variants with cysteine to serine substitutions. The
the [Mo(VI)-OH] group, or residues other than E736 can relevant values for an estimate of the apparent kinetic
activate the hydroxy group to some extent. Since formation constants (Table 3) are listed in Table 4.
of the organic productH-4-oxoquinaldine by Q@E736Q UV/vis Spectra and Catalytic Aciities. The absorption
was not detected, we may suggest that a Mo(IV)-O- spectra of the purified Qox variants carrying cysteine-to-
quinaldine intermediate is formed but remains coordinated serine replacements clearly showed some differences com-
to the molybdenum center. pared to the UV/vis spectrum of Qox (Figure 3, Table 4).
It is noted that the change of the side chain length and of Spectra of QoxC40S, QoxC48S, QoxC60S, and Qox
the side chain polarity introduced by the substitution of E736 C120S were characterized by high®ko n/Asso nm absor-
by aspartate and glutamine close to the molybdenum centerbance ratios, which probably indicate a lower content of
also affects the stereochemical environment of the FeSlchromophores. However, bandshifts in the 450 nm region
center. This is manifested by an increase of the rhombicity due to replacement of a sulfur by an oxygen ligand may
of the signals 4, Is observed for QaXE736Q and more  contribute to the observed spectral changes. Hypsochromic
pronounced for QQXE736D compared to recombinant Qox shifts of about 20 nm in the 466600 nm region, as
(Figure 6a and b, spectra C). The alteration is transmitted compared to the spectrum of wild-type protein, have been
over a distance of presumably-245 A (using the structure  reported previously for [2Fe-2S] ferredoxins with noncys-
of Qor for comparison), probably via modulation of the teinyl ligands 43, 44). For native molybdenum hydroxylases,
backbone and H-bonds in the vicinity of the Mo- and FeSI- a ratio Assonn{Assonm Of @about 3 was proposed to indicate
center. In the case of QpE736D, the shorter side chain stoichiometric amounts of FAD:Fe:S of 1:4:46]. For
might additionally affect the relative arrangement of the FeSI- bXOR, the absorbance in the 450 nm region is approximately
center and the molybdenum pyranopterin cofactor, which 50% due to flavin, and 50% due to FeS, whereas absorbance
may directly contact a cysteine ligand of FeSl via its amino at wavelengths- 530 nm is due only to FeS}(). Most of
substituent (as inferred from the structures@fCO-DH, the Qox proteins carrying replacements of cysteine ligands
DgAOR, DdAOR; bXOR, andRcXDH (8—10, 40—-42). Such by serine showed modifieBusonn{Assonm ratios (Table 4),
changes can modify the electron-transfer rates and the locawhich may well reflect some loss of cofactor, or differences
redox potentials (which have not been determined yet).  in ligand coordination to the respective FeS cluster, or both.
Qox Variants Carrying Cysteine to Serine Replacements. All the Qox variants that were amenable to purification
Cysteine residues proposed to be ligands to the iron ions ofand analysis showed appardgt values for quinaldine and
FeSl and FeSllI of Qox were individually replaced by serine INT similar to those of recombinant Qox, suggesting that
to examine the effect on the properties of the cluster by UV/ the replacements did not significantly affect binding of these
vis and EPR spectroscopy. Residues C154 and C120, asubstrates (Table 3). The specific activities of recombinant
presumed ligands of Fel and Fe2, respectively, were choserQox and the variants C40S, C48S, C60S, and C120S with a
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Table 5: Specific Activities of Qox and Qox Variants (as Isolated) with Oxidizing Substrates

specific activity (U mg?)

electron acceptor standard redox poteriHalmV) Qox (rec.) QoxC40S Qo0xC48S Qo0xC60S Q0xC120S
K3[Fe(CN)] +360 1.03 0.045 0.50 0.11 0.38
0, +295 3.14 0.060 1.16 0.45 1.14
1,4-benzoquinone +286° 1.72 0.030 0.66 0.20 0.47
DCPIP +217 141 0.029 0.55 0.08 0.52
1,2-naphthoquinone +143 1.47 0.037 0.48 0.19 0.43
INT +9C° 0.76 0.021 0.35 0.11 0.33
PMS +80» 0.74 0.048 0.30 0.42 0.22
thionine +644 0.46 0.017 0.15 0.11 0.16
NBT +50° 0.22 0.019 0.17 0.10 0.12
methylene blue +11d 0.94 0.035 0.33 0.16 0.22
Meldola blue —8d 1.12 0.113 0.94 0.11 0.70

2 Ref 49. P Ref 48. ¢ Ref 14. ¢ Ref 50. ¢ Ref 51

series of electron acceptors are listed in Table 5. All these contained contaminating proteins, were 0.031 U/mg and
protein variants in principle support electron transfer from <0.001 U/mg, respectively.

quinaldine to dioxygen, and to a number of artificial electron  Taken together, the data on oxidase activity and on activity
acceptors48, 49). Like wild-type Qox @), mediators with  toward artificial electron acceptors indicate that substitutions
standard potentialk; equal and above-8 mV were used  at C48, C60, and C120, i.e., at Fe2 of each cluster, do not
as oxidizing substrates. Indigotetrasulfonate, indigotrisul- result in major loss of activity, whereas replacements of the
fonate, indigocarmine, alloxazine, anthraquinone, NA&nd C40 and C154 ligands, i.e., at the Fel ions, drastically impede
methylviologen, withg, of —47, —81, —125,—-175,—225, Qox activity.

and—450 mV, respectively49—51), were not accepted by Substitutions at Fel of FeSll: Properties of QO%#0S

the Qox variants. Most of the artificial electron acceptors of 54 QoxC45S.Consistent with the low overall activity of
Qox probably interact with the iron-sulfur centers, as (oxC40S observed with all electron acceptors tested, a
previously suggested for electron transfer from XOR to NBT, gypstantial decrease in the apparent turnover numbers for
K3[Fe(CN)}], methylene blue, and PM3§, 52, 53). Meldola both quinaldine and INT was observed for this protein (Table
blue and INT might also accept electrons from FAD, as 3). The UV/vis absorption spectrum of Q©G40S as isolated
shown for the flavoprotein 2,4-pentadienoyl-CoA reductase gng its absorbance ratios (Table 4) suggest a loss in
(54). DCPIP reduction was previously proposed to occur ghsorbance in the range420 nm. Addition of an excess of

preferentially at the molybdenum site of XOR§ 53, 55).  quinaldine to Qo¥C40S resulted in only slight bleaching
DCPIP, measured under anoxic conditions, was reduced with(Figure 3D).

2.1-2.2-fold lower activity than dioxygen by most of the

Qox proteins Iiste'd. in Taple 5 (Qex60S: 5.6-fold de- rapid Mo(V) species and of FAD were detected by EPR
crease). The specific activity of Qe®48S and QueC120S o troscopy after reduction of QB40S with quinaldine
with most oxidizing substrates tested was between 27 and(Figure 7a, trace A): however, no [2Fe-2%juster signals

49% of the activity of Qox with the respective mediator,
but NBT and Meldola blue were reduced with higher relative
activity. The preparation of Qe€40S, which probably has

lost the FeSlI cluster (see below), showed lowest activities

In line with the UV/vis data, only weak signals of the very

were found at any temperature down to 10 K. Usually, in
wild-type Qox as well as in the other Qox proteins discussed,
the FeSlI signal is always present at low temperatures after

. e ' reduction with substrate. Reduction with dithionite yielded
with 1.9% (Q) - 10% (Meldola blue) of Qox activity. Even 5 gpactrum with a typical pattern of FeSI, but again no

when the specific activities of Qex40S are normalized 10 o aracteristic FeSll signal could be seen (Figure 7a, trace
its relative iron content (Table 4), its relative activities are B). In the case of QC45S, the reaction with substrate
only 5-24% of those of Qox. This suggests that FeSIl of ,oq,ces very small amounts of the very rapid species and
Qox_ls the preferred interaction site for most, if not all, he FAD radical (Figure 7b, trace A) corresponding to its
mediators. low oxidase activity. No clear indication of an intact FeSlI
Reoxidation of the reduced enzyme by dioxygen occurs cluster signal is observed, but some rather broad and distorted
through the flavin cofactor, so low oxidase activity of Qox features (marked with asterisks in Figure 7b, trace B) are
proteins carrying cysteine-to-serine substitutions at the [2Fe-found. These have to be taken with some caution, because
28] centers may reflect a bottleneck of electron transfer atthe background correction procedures of highly accumulated
the respective iron of each cluster. When normalizing the spectra with signals close to the noise level may cause such
specific oxidase activity to the estimated maximal fraction broad features. However, after reduction with dithionite
of protein fully occupied with FeS, Q@€60S, QoxC120S, several EPR signals are recorded, two of which are found
and QoxC48S would show specific oxidase activities of close to theg-factors of the unperturbed FeSil cluster (Figure
1.41, 3.91, and 1.93 U/mg, respectively, which correspond 7b, trace C marked with arrows). The typical FeSllI-signals
to 45, 124, and 61% of Qox oxidase activity (3.14 U/mg). are obviously missing, but additional lines, numbered with
Notably, QoxC40S exhibits only 0.15 U per mg of active increasing field, are present. With the available data their
protein (normalized to its relative iron content of 0.41), i.e., assignment is only tentative: Lines 2 and 4 show the same
4.7% of Qox oxidase activity (Table 5). Oxidase activities symmetry as the FeSl-signals, but the rather weak shoulder
of QoxsC45S and QoyC154S preparations, which however (numbered 5) may also belong to the pattern. Together they
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Ficure 7: EPR spectra of QeK40S (panel a) in the quinaldine- (A, 80 K) and dithionite-reduced (B, 20 K) form. Spectrum C gives the
region aroundy = 4 with a Fé"-signal of the “as isolated” form at 20 K. EPR spectra of go45S (panel b) after reduction with substrate

at 80 K (A) and 20 K (B) and the dithionite reduced form (20 K, C). The asterisks (in B) mark possible residuals of the subtraction
procedure, and the lines with numbers and arrows (in C) are mentioned in the text. Spectrum D (20 K) showsign&kvisible in the

“as isolated” enzyme.

might represent a strongly modified FeSlII center with slight sulfur flavoprotein hydroxylases, the spatial arrangement of
rhombic symmetry (adopted in Table 4). On the other hand, the redox centers is highly similar. The distances between
line 2 and 4 could arise from a modified FeSI center with the closest iron atoms of the two FeS-clusters vary only
shifted g-factors, resulting from the substitution of the between 12.3 and 12.6 A. The closest ligating cysteines of
cysteine residue C45 that, by analogy to Qor (Figure 1), is FeSll and FeSl, which in Qox should correspond to C45
located close to residue C152 of FeSl. Finally, the weak lines and C152 (cfFigure 1), approach each other to 55.9 A;
1, 3, and possibly 5 may arise from quite small amounts of in Qor, the distance between C53 of FeSll and C142 of FeSI
a residual, slightly modified FeSllI center. The relative iron is 5.85 A. In that respect it is not surprising that the
content of QoxC40S amounts to about 41% of that of Qox substitution of C45 in Qoxdrastically affected both FeS
and is even more reduced in Q®@45S. This observationis  clusters. Additional experiments and application of other
accompanied by the presence of a signal in the low field techniques are necessary to clarify the status of the [2Fe-
region of the EPR spectrum around 160 mT, which is a 2S] centers in the Q@L40S and QoyC45S variants.
common feature not only of Qex40S and QoyC45S Substitutions at Fe2 of FeSll: Properties of QO®A8S
(Figure 7, panel a, trace C and panel b, trace D, “as isolated”and QoxC60S.The iron content of the cluster signals differs
samples) but also of other variants described below. Typi- drastically between Qe<€48S and QosC60S (Table 4). The
cally, this line is not present in recombinant Qox prepared former shows a value close to 1, whereas the latter contains
in the same way. Thig = 4.3 EPR-signal is characteristic only about 38% of iron relative to Qox, indicating that the
of mononuclealS = 5/2 Fé" in a low-symmetry environ-  C60S substitution destabilizes the [2Fe-2S] clusters. The UV/
ment and may indicate loss of iron from the clusters in the vis absorption spectrum of Qg&48S clearly differed from
course of preparation. that of Qox, suggesting a perturbation of the iron-sulfur
For QoxC40S the FeSll signal seems to be absent, so center(s) in the “as isolated” enzyme (Figure 3E). However,
that the ratio I/ll from reconstruction is 1/0 (Table 4). compared with the replacement of C40 at Fel of FeSll, the
However, it is possible that there are spectral contributions effect of the C60S or C48S substitutions in Q@ the
of low intensity underneath the FeSl-signal, so that FeSll is apparenik., values of the enzyme for quinaldine and INT
remaining indistinguishable. In this case, the relative iron is much less pronounced (Table 3).
content was used as a gross estimate of active enzyme for In comparison to Qo¥C40S or QoxC45S, a different
normalization of the correspondin@a: app picture is obtained for the Qe&48S and QoC60S variants
These findings show that the serine substitutions at C40 considering their EPR spectra. Reduction of the §u#8S
and C45 massively destabilize the FeS-clusters and lead tgorotein with quinaldine resulted in the formation of the very
drastic spectral changes. In particular, the FeSl cluster israpid Mo(V) species, the FAD-signal and small contributions
severely affected by the replacement of C45 at Fel of the of a rapid species visible at high temperature (80 K, Figure
FeSll cluster. In the available structures of molybdo-iron/ 8a, A). At low temperatures (20 K, Figure 8a, trace B) three
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20 330 340 350 360 370 310 320 330 340 350 360 370
B [mT] B [mT]
FicUrRe 8: EPR spectra of Qe48S (panel a) and QgexXC60S (panel b) reduced under anoxic conditions with a 20-fold excess of quinaldine
(A, B recorded at 80 and 20 K, respectively) and fully reduced with dithionite (C, 20 K). The simulation of the reduced FeSl and FeSl|
centers of QoxC48S is represented in spectrum & panel a. The asterisks in panel b indicate the very broad resonance of-the g
component of FeSlI. Spectra D were recorded at 60 K.

signals of a rhombic [2Fe-2S] center appear whoge g massively affects the electronic structure of the FeSll-center,
component is distorted but corresponds to that of the FeSll-which becomes apparent via the drastic change of EPR
cluster of Qox. Full reduction with dithionite abolished the parameters and its relaxation behavior. Because after reduc-
FAD and Mo(V)-signals revealing a shoulder on thg g tion with quinaldine the new FeSll-signal represents the

component of the [2Fe-2S] signals. This spectrum can be dominant FeS-species, it is concluded that its redox potential
simulated with two components, an axial FeSl-signal very remains clearly higher than that of FeSI as found in the wild-

similar to the wild-type and a strongly modified rhombic type enzyme. Also the electrons are distributed to all centers

FeSlI contribution. For the latter, @pproaches the FeSI-  (maybe except or with very low concentration to FeSl)
signal and goverlaps with the axial signal of FeSI whereas showing a behavior similar to Qox.

gz is similar to that observed in Qox (Figure 8a, traces C Addition of qui : , .
; - . quinaldine to the Q@C60S variant readily
and C, Table 4). A dipolar splitting of the,gsignal can be produces the very rapid Mo(V) and FAD EPR signals (Figure

excluded by simulations, since the line intensities would .
show the reversed order (first lower, then higher intensity) 8b, trace A). In contrast to Qox and %@'g 8S, here 5'9”"?"?
of both clusters, FeSll and FeSl, are simultaneously visible

with increasing magnetic field. This new FeSlI-signal with at low temperature (20 K, Figure 8b, trace B). The EPR

a much smallerg-anisotropy also shows a completely SR .
different relaxation behavior with increasing temperature. In Spectrum of the dithionite reduced QE60S yields a pattern

Qox, the more rhombic FeSll-signal vanishes above 35 K, that is clo_sely related to the Qox spectrum except foofy .
but here it is visible up to more than 60 K and is also in this F€S!!, which shows a very broad resonance (marked with
respect more similar to the behavior of FeSI (Figure 8a, trace 21 asterisk) and is shifted to lowgivalues (1.831 vs 1.877)

D). The ratio of FeS-signals I/l from spectral reconstruction @S Shown in Figure 8b, trace C. Apart from that, both [2Fe-
yields a lowered content of FeSI contribution (Table 4). 2S] centers show a relaxation behavior comparable to
However, this ratio should be interpreted cautiously becauser€combinant Qox with FeSlI vanishing above 35 K (Figure
the spectral contribution of FeSl in the dithionite reduced 8. trace D). The ratio I/Il from spectra reconconstruction
protein (Figure 8a, trace C) is not really resolved. Hence, shows some decrease in the FeSll contribution yielding a
other scenarios for spectra simulation, such as a contributionnormalizedkea app@pproximately half the size of Qox (Table

of FeSl to the g.component, cannot be excluded. Using the 3)- A comparison of signal intensities of both clusters for
relative iron content of QaC48S alone41) and with the substrate vs dithionite reduced form yields a factor of about
occupation value (2 0.3), a range for normalizekia: app 0.3, which is in line with these data. The simultaneous
between 10.6 and 17.7%is estimated (Table 3). Thisrange appearance of both FeS-signals in the presence of substrate
of the kinetic constant is consistent with the ratio of 0.55 of can be related to a decreased difference in redox potentials
the FeSll signal intensity in the dithionite and quinaldine of the [2Fe-2S] clusters in this variant, probably with the
reduced sample as compared to Qox (for which a value of FeSll-potential shifted toward that of FeSlI (i.e., fron70

0.7 was determined). The C48 replacement with serine mV closer to—250 mV).
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Ficure 9: EPR signals of QaC120S (panel a) and QeR154S (panel b) observed after anaerobic reduction with quinaldine (A, B) and

with dithionite (C). Spectra (A) were recorded at 80 K, spectra (B) and (C) at 20 K. The asterisks mark possible residuals of the background
subtraction. The arrow indicates the position of the unperturbed axial FeSl-signal of recombinant Qox.

As shown by EPR spectroscopy and supported by the UV/ variants, the behavior of Qe®120S upon reduction with
vis data, electron transfer from the molybdenum center via the organic substrate closely resembled that of recombinant
the [2Fe-2S] centers to FAD (and to the external acceptor Qox. A biphasic kinetic was observed, with about 70% of
dioxygen) is still taking place to a considerable amount in the enzyme undergoing immediate reduction (considering %
the variants Qo3C48S and QoyC60S. In contrast, serine  of initial absorption at 450 nm), and a second slow phase to
substitutions at C40 and C45 suppress the characteristicreach the endpoint of quinaldine reduction (Figure 3G).
FeSll-signals and nearly abolish catalytic activity. On the  The EPR data show that the [2Fe-2S] centers are as-
whole, the kinetic and spectral properties of the proteins sembled in each of the two protein variants; however, a
carrying serine substitutions of FeSll cluster ligands may pronounced deviation from axiality typical for the unper-
indicate that Fel, ligated to C40 and C45, is the redox active turbed FeSl centers is obvious in their corresponding EPR
iron site. spectra (Figure 9 a,b spectra C). Tgiactor components

Substitutions at FeSl: Properties of Q@20S and of FeSl, particularly g of QoxsC154S, are drastically
QoxC154S Crystal structures of several molybdenum hy- different with respect to Qox, but those of FeSllI are only
droxylases showed that the Fel ion of FeSl is the iron closestslightly modified (Table 4). The relative iron content for the
to the molybdenum pyranopterin cofactor@eCO-DH and dithionite reduced variants amounts to 0.47 for g@k20S
RcXDH, for example, it is 5.5 and 5.4 A from the amino and to about 0.10 to 0.30 for Qe®154S, indicating a
substituent of the pyranopterin ring, respectiveiy, (42). pronounced destabilization of clusters for the latter variant.
Direct contacts between the amino substituent of pyranopterinReduction of Qo¥C120S with excess of substrate yields a
and S of the cysteine ligand which in Qox would correspond spectrum constituted of the very rapid species, the flavin
to C154 were reported for AORS,(9, 40), bXOR (10), semiquinone signal, the signal of the FeSlI cluster (Figure
RcXDH (41), and OcCO-DH (42). QoxsC154S could not  9a, traces A and B) and a small contribution of a Mo(V)
be prepared to purity (see above); however, the low specific resting species already present in the “as isolated” form (not
activity of 0.09 U/mg of the enriched protein (standard INT shown). The ggcomponent of the FeSlI-center is very broad.
assay) and especially its negligible oxidase activit9 001 Similar to Qox, electrons mainly reside on FeSll, FAD and
U/mg) indicate a severe decrease in the catalytic efficiency the Mo(V)-cofactor. The ratio of the FeSll signal intensities
of this enzyme. of substrate- and dithionite-reduced protein amounts to

Residue C120 of Qaxpresumably is a ligand to Fe2 of maximally 0.6, showing that this variant has retained
FeSI (Figure 1). For Qa120S the UV/vis spectrum considerable activity (the value cannot be determined
suggested a decreased absorbance in the 320 nm region precisely because the signal in the quinaldine reduced protein
compared to Qox (Figure 3G; Table 4). Although some loss is rather distorted). In contrast, when @G454S is reduced
of [2Fe-2S] is evident from the EPR data (Table 4), the with quinaldine only extremely weak features of the very
changes in absorption properties may also be governed byrapid and FAD signals were detected without any clear
effects of the serine substitution on the electronic environ- indication of the FeSl or FeSll signals (Figure 9b, traces A
ment of the [2Fe-2S] center. In contrast to most other Qox and B). The broad lines marked with asterisks may be
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residuals of the subtraction procedure since they are alsoThe replacement of the cysteine-sulfur by serine-oxygen
present in trace A recorded at 80 K. It is also noted that in generally caused specific changes of the spectral EPR pattern
the dithionite reduced form a peak marked with an arrow is usually in both FeS-clusters for the variant proteins, but the
located exactly in the position of the originally axial FeSI most drastic changes were observed for substitutions at the
signal (Figure 9 b, trace C), which could arise from a second Fel-iron of the clusters. Finally, the presented results in
minority species of FeSl in the QgR154S variant. These  combination with structural considerations, spectral data on
EPR results clearly show that for the substitutions at FeSl protein variants of rXORF6), and the analysis of intercenter
the clusters are once more destabilized in both cases but inspin—spin interactions in the molybdo-iron/sulfur protein

a more drastic way for the Qe®154S variant. For a  DgAOR (57), support the hypothesis that the location of the
semiquantitative estimate of the spectral contribution of the reducible iron sites of FeSl and FeSllI is conserved in proteins
individual cluster types the spectra were reconstructed, theirof the XO family.

ratios are given in Table 4. It is evident that the serine
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