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ABSTRACT: Quercetinase (QueD) of Streptomyces sp. FLA is an enzyme of the monocupin family and
catalyzes the 2,4-dioxygenolytic cleavage of the flavonol quercetin. After expression of the queD gene in
Escherichia coli, high specific QueD activity was found in crude cell extracts when the growth medium
was supplemented with NiCl2 or CoCl2, but not when Mn2+, Fe2+, Cu2+, or Zn2+ was added. The metal
occupancy of Ni- and Co-QueD purified from these cells was e50%, presumably due to strong
overproduction of QueD in E. coli. Circular dichroism spectroscopy indicated the same folded structure
with a high content of �-sheet for the Ni and Co protein. The apparent kinetic constants for quercetin of
Ni-QueD (kcat ) 40.1 s-1, and Km ) 5.75 µM) and Co-QueD (kcat ) 7.6 s-1, and Km ) 0.96 µM) indicate
similar catalytic efficiencies; however, the ∼5-fold lower apparent Km value of Ni-QueD for dioxygen
suggests that the nickel enzyme performs better under physiological conditions. The pH dependence of
kcat,app indicates that an ionizable group with a pKa near 6.8 has to be deprotonated for catalysis. Electron
paramagnetic resonance spectra of resting Co-QueD are indicative of a high-spin (S ) 3/2) Co2+ species
in a tetrahedral or trigonal-bipyramidal coordination geometry. Anoxic binding of quercetin to QueD
drastically altered the hyperfine pattern at g ≈ 6 without changing the valence state of the Co(II) center
and elicited a hypsochromic shift of UV-vis absorption band I of quercetin. On the basis of spectroscopic
data, and considering the organic chemistry of flavonols, a nonredox role of the metal center in catalysis
is discussed.

Flavonols like quercetin (3,5,7,3′,4′-pentahydroxyfla-
vone) are polyphenolic substances produced by a wide
range of vascular plants (1). Quercetin, which exhibits
antioxidant and antibacterial properties (2, 3), is present
in many edible fruits and vegetables and thus is a major
bioflavonoid in the human diet. Due to the release of
quercetin and other flavonoids from decomposing plant
material and from root and leaf exudates (4-6), soil
microorganisms are also exposed to these compounds. It
is therefore not surprising that anaerobic and aerobic
bacteria as well as fungi have evolved the ability to
detoxify and degrade flavonols (7-10).

In the aerobic microbial metabolism of quercetin, the
initial oxidative attack is catalyzed by quercetinase (EC
1.13.11.24), which, in a 2,4-dioxygenolytic ring cleavage
reaction, forms carbon monoxide and the depside 2-pro-
tocatechuoylphloroglucinolcarboxylic acid (11-17) (Fig-

ure 1). Quercetinases from Aspergillus japonicus and
Bacillus subtilis are metal-dependent enzymes belonging
to the cupin superfamily (13, 18). The cupin domain
consists of a characteristic �-barrel fold which comprises
two conserved amino acid motifs, G(X)5HXH(X)3,4E(X)6G
and G(X)5PXG(X)2H(X)3N, separated by an intermotif
region that varies in length from 11 to >100 amino acid
residues (19). The glutamate and the two histidine residues
of motif 1 together with the conserved histidine of motif
2 can ligate different divalent metal ions. Fungal quer-
cetinases contain a mononuclear Cu(II) center (11, 12, 17, 20),
whereas the enzyme from B. subtilis, at least when
produced in Escherichia coli, is able to incorporate
different metal ions while retaining some quercetinase
activity, being most active with Mn(II) (21).
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FIGURE 1: Reaction catalyzed by quercetinase (flavonol 2,4-
dioxygenase).
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Aci-reductone dioxygenase (ARD)1 from Klebsiella
oxytoca (formerly classified as Klebsiella pneumoniae) is
another example for the promiscuity of the metal binding
region of individual cupins. It is noteworthy that, depend-
ing on the cation in its active site, the ARD protein
catalyzes two different reactions (22). Fe-ARD converts
1,2-dihydroxy-3-oxo-5-(methylthio)pent-1-ene, an inter-
mediate of the methionine salvage pathway, to formate
and 2-oxo-4-(methylthio)butyrate, the R-keto acid precur-
sor of methionine. The same reaction is catalyzed by the
Mg2+-substituted enzyme. In contrast, Ni-ARD and the
Co2+- or Mn2+-substituted forms in an off-pathway
reaction catalyze the 1,3-dioxygenolytic cleavage of the
same aci-reductone substrate to 3-(methylthio)propionate,
carbon monoxide, and formate (22-24).

The quercetinases from B. subtilis and A. japonicus have a
bicupin scaffold, each subunit consisting of 337 and 350 amino
acids, respectively, which form two cupin domains (13, 18). In
Bacillus quercetinase, each of these domains contains an active
site metal ion (14, 18), whereas in the enzyme of A. japonicus,
only the N-terminal domain of the bicupin subunit coordinates a
Cu2+ ion (13). Recently, we identified the quercetinase gene queD
of Streptomyces sp. strain FLA, which encodes a small protein of
186 amino acids that is 35.9 and 29.0% identical in sequence to
the C-terminal and N-terminal cupin domains of B. subtilis
quercetinase, respectively. The presence of two motifs matching
the consensus sequences of the cupin superfamily as well as
secondary structure predictions supported the hypothesis that QueD
is a single-domain cupin (16).

To gain insight into the catalytic reaction and to
contribute to a comparative analysis of different querceti-
nases, we set out to characterize the QueD protein of
Streptomyces sp. FLA, especially with respect to its metal
cofactor. In contrast to the enzymes from B. subtilis,
Aspergillus spp., and Penicillium olsonii, this quercetinase
is most active with Ni2+ ions as the cofactor, followed by
Co2+. QueD thus can be considered as the second Ni-
dependent dioxygenase described so far, besides Ni-ARD.
On the basis of spectroscopic data, a nonredox role of
the metal center in catalysis is discussed for Ni- and Co-
QueD.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Culture Conditions. E.
coli BL21(DE3) (pLysS, pET23a-queD) (16) was grown at
37 °C in Luria-Bertani medium [LB (25)] containing
ampicillin (100 µg/mL) and chloramphenicol (34 µg/mL),
or in M9 minimal medium as specified below. Streptomyces
sp. FLA (DSM 41951) (16) was grown at 30 °C in Standard
I medium (Merck, Darmstadt, Germany).

Site-Directed Mutagenesis. Site-directed mutagenesis of
the queD gene (GenBank accession number AM234612) was
performed according to the protocol of the Phusion site-
directed mutagenesis kit (Finnzymes, Espoo, Finland) using

pET23a-queD as the template, Phusion Hot Start High-
Fidelity DNA Polymerase (Finnzymes) for amplification, and
the following primers: 5′-GACACCTACGCGGTCTTC-
TAC-3′ and 5′-CGCGTGCGAGTGGGCGGG-3′ (the mis-
match for generating the E76A replacement is underlined).
Sequencing of both strands of the insert and flanking regions
of the mutant plasmid was performed by MWG Biotech
(Ebersberg, Germany).

Metal Dependence of QueD ActiVity in E. coli and
Streptomyces sp. FLA. E. coli BL21(DE3) (pLysS, pET23a-
queD) was grown in M9 minimal medium (25) at 37 °C to
an optical density at 600 nm of 0.5. Subsequently, metal salts
(MnCl2, FeCl2, CoCl2, NiCl2, CuCl2, and ZnCl2) were added
to the cultures to a final concentration of 10 µM, and queD
expression was induced with 1 mM isopropyl �-D-thioga-
lactopyranoside (IPTG). The cultivation temperature was
reduced to 25 °C for 5 h and then shifted to 20 °C for an
additional 15 h. Cells were harvested by centrifugation and
stored at -80 °C. For the preparation of crude extracts
containing the soluble proteins, cell pellets were resuspended
in 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM MgCl2

and lysed with pLysS-encoded endogenous lysozyme. After
DNA digestion for 1.5 h at 4 °C using 25 units of Benzonase
(Novagen) per milliliter, the extract was centrifuged at
20000g for 30 min at 4 °C. Quercetinase activity was
measured in the supernatant using the standard assay.

Streptomyces sp. FLA was grown at 30 °C for 1.5 days in
Standard I medium. Cells were harvested by centrifugation,
washed in sterile saline (0.5% NaCl and 0.012%
MgSO4 ·7H2O), resuspended in 200 mL of mineral salt
medium (26) with a reduced NH4Fe(III)citrate concentration
of 1 µM, and supplemented with an SL6 trace element
solution (100 µL/L) (27) and 1% glucose. After an additional
1.5 days of growth, cells were again harvested, washed, and
used to inoculate 50 mL cultures of mineral salt medium
(supplemented with an SL6 trace element solution and
glucose) without NH4Fe(III) citrate. These cultures were
incubated for an additional day and subsequently supplied
with 10 µM MnCl2, FeCl2, CoCl2, NiCl2, CuCl2, or ZnCl2

and with 2 mM quercetin to induce QueD synthesis. After
induction for 24 h, cells were harvested and stored at -20
°C. For the preparation of crude extracts, cells resuspended
in 50 mM Tris-HCl (pH 7) were disrupted by sonication.
The extract was centrifuged at 20000g for 30 min at 4 °C,
and supernatants were assayed for quercetinase activity.

Purification of Recombinant Hexahistidine-Tagged Ni- and
Co-QueD. E. coli BL21(DE3) (pLysS, pET23a-queD) was
grown in M9 medium as described above. For production
of Ni- or Co-QueD, NiCl2 or CoCl2 was added to a final
concentration of 10 µM, respectively, at the time of IPTG
induction. For analysis of the composition of QueD synthe-
sized in the presence of an excess supply of both metal ions,
10 µM NiCl2 and 10 µM CoCl2 were added simultaneously
with IPTG. Preparation of crude cell extracts containing
soluble proteins and purification of recombinant His6-tagged
proteins by metal chelate affinity chromatography were
performed as described previously for recombinant QueDHis6

from LB-grown cultures (16). Fractions exhibiting querceti-
nase activity were pooled, washed with 50 mM Tris-HCl
(pH 8), concentrated by ultrafiltration, frozen in liquid
nitrogen, and stored at -80 °C.

1 Abbreviations: ARD, aci-reductone dioxygenase; CD, circular
dichroism; EDTA, ethylenediaminetetraacetate; EPR, electron para-
magnetic resonance; IPTG, isopropyl �-D-thiogalactopyranoside; LB,
Luria-Bertani (lysogeny broth); PAGE, polyacrylamide gel electro-
phoresis; PCR, polymerase chain reaction; QueD, quercetinase (quer-
cetin 2,4-dioxygenase); SDS, sodium dodecyl sulfate; Tris, tris(hy-
droxymethyl)aminomethane.
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Protein Analysis. Protein concentrations were estimated
using the Bradford method as modified by Zor and Selinger
(28). Concentrations of electrophoretically pure QueD protein
were deduced from the theoretical molar extinction coef-
ficient (ε280 ) 15993 M-1 cm-1) calculated using the method
of Pace et al. (29). Denaturing (sodium dodecyl sulfate)
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed as described by Laemmli (30), using an overall
acrylamide concentration of 12.5% and a cross-linker
concentration of 2.6% in the separating gels. Gel filtration
of QueD proteins was performed on a Superdex 75 column
(GE Healthcare, Freiburg, Germany) in 50 mM Tris-HCl
buffer (pH 8) containing 150 mM NaCl; the gel filtration
LMW calibration kit (GE Healthcare) was used as molecular
mass standard. Covalent cross-linking of QueD with bis-
(sulfosuccinimidyl)suberate (BS3; Pierce, Rockford, IL) was
performed in 20 mM HEPES-NaOH (pH 8) according to
the manufacturer’s instructions. Molar ratios of protein to
BS3 were varied from 1:2.5 to 1:10.

Metal Analysis. Metal contents of purified QueD proteins
were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) on a Thermo Jarrell-Ash
Enviro 36 ICAP instrument by the Chemical Analysis
Laboratory, Center for Applied Isotope Studies, University
of Georgia (Athens, GA).

Enzyme Assays and Determination of Kinetic Parameters.
QueD activity was determined spectrophotometrically by
measuring quercetin consumption. The standard assay in a
total volume of 1 mL contained 50 µL of 1.2 mM quercetin
dissolved in dimethyl sulfoxide (DMSO) and appropriate
amounts of protein in 50 mM Tris-HCl buffer (pH 8.0). One
unit was defined as the amount of enzyme that converts 1
µmol of quercetin per minute at 22 °C (ε367,pH 8 ) 14850
M-1 cm-1).

Assays for the determination of apparent steady-state
kinetic parameters for quercetin were performed in air-
saturated buffer [50 mM Tris-HCl (pH 8.0)] at 22 °C. The
substrate concentrations were varied between 1.75 and 60
µM for Co-QueD and between 1.75 and 100 µM for Ni-
QueD. Three independent series of measurements were
performed for each protein, and each assay within a series
was conducted in at least triplicate. For the determination
of kinetic constants for dioxygen, reaction buffer [50 mM
Tris-HCl (pH 8.0)] was brought to a temperature of 22 °C,
saturated with O2, air, or N2, to obtain stock solutions with
defined O2 concentrations (1.27, 0.267, or 0 mM, respec-
tively), and kept under the same atmosphere. The concentra-
tion of O2 in dioxygen-saturated buffer was calculated on
the basis of the solubility of oxygen in air-saturated water
at 22 °C. Quercetin (1 mM in DMSO) and enzyme solutions
were saturated with and kept under argon during the assays.
A cuvette with a septum was flushed with argon prior to
each measurement. Different O2 concentrations (0.05-1.17
mM) were adjusted by mixing buffer stock solutions in the
anoxic cuvette using gastight syringes, and substrate and
enzyme solutions were added with syringes to start the
reaction. For each QueD form, data from eight separate
experiments were used to deduce the apparent kinetic
constants for dioxygen. Apparent Km and kcat values of Ni-
and Co-QueD for quercetin and of Ni-QueD for dioxygen
were deduced from Hanes plots; the values for Co-QueD
for O2 were calculated using the Hill equation (31). For both

Ni-QueD and Co-QueD, a single protein preparation was
used for determination of apparent kinetic parameters, metal
analysis, and EPR spectroscopy.

The pH dependence of Ni-QueD was determined in 50
mM MES-Tris buffer between pH 6 and 9 (ε367,pH 6 ) 19580
M-1 cm-1; ε367,pH 7 ) 18650 M-1 cm-1; ε367,pH 8 ) 14660
M-1 cm-1; ε367,pH 9 ) 12380 M-1 cm-1). For each pH value,
three independent series of measurements were performed,
and each assay within a series was conducted in triplicate.
Using Origin (OriginLab Corp., Northhampton, MA), the
profile of log(kcat) as a function of pH was fitted with the
following equation, which describes a curve with one rate-
increasing pKa value:

log(kcat)) log(kcat,max)- log(1+ 10pKa-pH) (1)

The profile of log(kcat/Km) was fitted with eq 2, which
describes a bell-shaped curve with one increasing and one
decreasing pKa value:

log(kcat⁄Km)) log(kcat⁄Km)max -

log(1+ 10pKa1-pH + 10pH-pKa2) (2)

The activity of Ni- and Co-QueD toward different flavonols
was determined by measuring oxygen consumption with a
Clark-type oxygen electrode (Digital Model 10, Rank Broth-
ers Ltd., Cambridge, England) as described previously (16).
These assays were performed at pH 7 because myricetin
rapidly decomposes at pH 8.

Identification of Products Formed from Quercetin. For
detection of quercetinase-catalyzed carbon monoxide forma-
tion, the standard assay was carried out in a 1.5 mL reaction
tube, with a filter paper soaked with a PdCl2 solution (1:
500, w/v) placed in the lid. The CO released in the enzyme-
catalyzed reaction reduces Pd2+ to elemental palladium,
which precipitates as a black solid.

To identify the organic product of the QueD-catalyzed
reaction, 500 µg of quercetin was completely converted by
the enzyme; the reaction was performed at pH 7 to prevent
possible alkali-catalyzed hydrolysis. The organic product of
the reaction was purified by combined anion exchange
reversed-phase chromatography using the OASIS MAX
sorbent (Waters, Milford, MA), according to the protocol
of the manufacturer; the product was eluted from the column
with 2% formic acid in methanol. The preparation was
diluted in methanol and ammonium acetate and subjected
to electrospray mass spectrometry, performed on a QUAT-
TRO LCZ instrument (Waters-Micromass, Manchester, U.K.)
at the Institute of Organic Chemistry, University of Münster.

To assess whether cleavage of quercetin possibly involves
a 2,3-dioxygenolytic reaction resulting in formation of an
R-keto acid, or side reactions to other keto compounds, the
product of the enzyme-catalyzed conversion (performed at
pH 7 and 8) was directly reacted with 2,4-dinitrophenylhy-
drazine (32). For the reaction at pH 7, for example, 6 µmol
of quercetin was incubated for 1.5 h with 0.7 nmol of Ni-
QueD or 3.5 nmol of Co-QueD in 5 mL of assay buffer.
Subsequently, 2,4-dinitrophenylhydrazine (dissolved in 2 M
HCl) was added to a final concentration of 0.017% (w/v),
and the samples were incubated for 5 min. Alkaline condi-
tions were adjusted by addition of NaOH, and 2,4-dinitro-
phenylhydrazones were detected spectrophotometrically at
440 nm. In a control reaction, the same amount of quercetin
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was incubated in buffer in the absence of QueD and treated
the same way. Each assay was performed in triplicate, and
pyruvate was used as a reference R-keto acid for calibration.
The detection limit was ∼5 µM pyruvate.

UV-Vis Spectroscopy. UV-vis spectra for solutions of
quercetin (30 µM), quercetin (30 µM) plus NiCl2 or CoCl2

(45 µM), and of anoxic mixtures of QueD proteins and
quercetin were recorded in 50 mM MES-Tris buffer on a
JASCO model V-550 spectrophotometer. For the estimation
of molar concentrations of holoenzymes, we assumed that
the total of Ni (0.55 atom per subunit) and Co (0.33 atom
per subunit) is located in the active site of Ni- and Co-QueD,
respectively. To adjust a 1.5-fold molar excess of holoen-
zyme over quercetin, the solution contained 82 µM Ni-QueD
or 137 µM Co-QueD and 30 µM quercetin. Prior to being
mixed in an anaerobic cuvette using gastight syringes, all
solutions were repeatedly flushed with and kept under argon.

Circular Dichroism (CD) Spectroscopy. CD was measured
with a JASCO J600A CD spectrometer equipped with a PTC
348 Peltier element. The CD spectra in the far-UV region
were measured at a protein concentration of 5 µM in 10 mM
potassium phosphate (pH 7.0) in 1 mm cells at a scan rate
of 20 nm/min and a bandwidth of 1 nm. Spectra were
measured 10 times and averaged. A secondary structure
analysis was performed with K2D (33).

Electron Paramagnetic Resonance (EPR) Spectroscopy.
Samples (150 µL) of Ni- or Co-QueD in 50 mM Tris-HCl
(pH 8.0) were flushed with argon in an anaerobic glovebox,
transferred in EPR quartz tubes (Wilmad), and directly frozen
in liquid nitrogen. The concentration in the samples of 0.53
mM Ni-QueD and 1.13 mM Co-QueD corresponded to 0.3
mM Ni holoenzyme and 0.37 mM Co holoenzyme, based
on Ni and Co contents of 0.55 and 0.33 atom per subunit,
respectively, provided that the total of Ni and Co is in the
active site. EPR spectra were recorded at X-band frequency
(9.5 GHz) on a Bruker ESP300e spectrometer equipped with
an Oxford ESR 900 helium flow cryostat and an ITC 4
temperature controller (Oxford Instruments). After (oxic as
well as anoxic) measurement of the protein samples “as
isolated”, quercetin was added under anoxic conditions in
an equimolar ratio, and in a 3-fold molar excess to the
holoenzyme, and EPR spectra were recorded again. A third
and fourth series of measurements were performed after the
samples were exposed to air for 10 s and 5 min, respectively,
in the EPR tube to allow QueD-catalyzed conversion of
quercetin. The spectra were recorded for identical spectrom-
eter settings: modulation amplitude of 0.7 mT, modulation
frequency of 100 kHz, and microwave powers of 20 and
6.3 mW. The microwave frequency was measured with an
HP 5350B frequency counter. The temperature was varied
between 5 and 35 K; the presented spectra were obtained at
8 and 15 K, respectively. Spectra were accumulated for up
to 3800 s, and a baseline was recorded for each experiment.
The latter was used to remove the background signals of
the setup. Spectra are presented in normalized mode, i.e.,
for the same receiver gain and number of accumulations.
IntegrationwasperformedwithBrukerWinEprandXEPRView.

RESULTS

Quercetinase ActiVity in Cell Extract Supernatants of E.
coli BL21(DE3) (pLysS, pET23a-queD) and Streptomyces
sp. FLA as a Function of Metal Salts in the Growth Medium.

For the heterologous synthesis of recombinant cupin proteins
in E. coli, it has been described before that incorporation of
the metal cofactor into the protein is drastically influenced
bythedivalentmetal ionspresent in theculturemedium(21,22).
As the specific activity of QueD purified from LB-grown
recombinant E. coli was ∼25-fold lower compared to that
of “wild-type” QueD prepared from Streptomyces sp. FLA
(16), we assumed that the composition of the LB medium,
and the intracellular metal quotas of E. coli under these
growth conditions, are not optimal for synthesis of catalyti-
cally competent QueD. Therefore, the E. coli expression
clone was cultivated in minimal medium, and different metal
dichlorides were added to the cultures upon induction of
queD expression. The presence of Ni2+ and Co2+ in fact
resulted in 16- and 7.6-fold increases, respectively, in QueD
specific activity in cell extract supernatants (“crude extracts”),
compared to a control culture without added metal ions in
the medium. This increase in activity was specific for Ni2+

and Co2+; it was not observed when Mn2+, Fe2+, Cu2+, or
Zn2+ was added to the culture medium. When an analogous
experiment was performed with Streptomyces sp. FLA,
specific quercetinase activities in crude extracts of cells
grown in the presence of Mn2+, Fe2+, Cu2+, or Zn2+ largely
corresponded to those from cells grown without addition of
metal ions. Supplementing the cultures of strain FLA with
NiCl2 and CoCl2 resulted in 6.1- and 1.6-fold higher
quercetinase activities in crude extracts, respectively. Taken
together, the data suggest strongly that the QueD protein is
most active with nickel as the cofactor.

Subunit Composition, Metal Contents, and CD Spectra of
Recombinant QueD Proteins. The molecular mass of the
hexahistidine-tagged QueD monomer, calculated from the
amino acid sequence, is 23041 Da. On the basis of gel
permeation chromatography, the molecular masses of native
Ni- and Co-QueD were estimated to be 65.0 ( 0.4 and 65.1
( 0.8 kDa, respectively, suggesting a homotrimeric subunit
composition. After covalent cross-linking and analysis by
SDS-PAGE, both proteins exhibited a prominent band with
a molecular mass of 45 kDa, and weak bands of 66 kDa
and of higher molecular masses; such weak bands could have
resulted from intermolecular cross-linking. Thus, a dimeric
structure of native QueD proteins also seems possible, as an
elongated dimer might migrate with an apparent mass similar
to that of a spherical trimer in gel filtration. The crystal
structures of quercetinases of B. subtilis and A. japonicus
indicate a homodimeric structure of these proteins (13, 18);
however, their subunits are two-domain cupins, whereas the
monomer of Streptomyces QueD was proposed to have a
monocupin fold (16).

The recombinant hexahistidine-tagged QueD, purified from
the E. coli expression clone grown in LB medium (16),
contained 0.44 equiv of iron per monomer (Table 1). Iron
and zinc are in fact the most abundant intracellular transition
metal ions in E. coli, and cells of E. coli BW25113 cultivated
in LB actually contained >0.1 mM iron (34). Metal ion
concentrations in LB medium are >1 µM for Fe and Zn and
<0.1 µM for Mn, Co, Ni, and Cu (34).

ICP-OES metal analyses of two independent preparations
of QueD from cells grown in the presence of NiCl2 yielded
metal contents of ∼0.5 equiv of Ni per subunit; the
occupancy of Co-QueD preparations was similar (Table 1).
Interestingly, metal analysis of “Ni-Co-QueD” (Table 1)

12188 Biochemistry, Vol. 47, No. 46, 2008 Merkens et al.



suggested that in the recombinant E. coli strain, Co2+ is
incorporated preferentially into the cupin.

Ni-QueD and Co-QueD are well-folded proteins and have
identical secondary structures. This is indicated by their CD
spectra (Figure 2), which are virtually superimposable. The
spectra exhibit minima near 217 nm and maxima near 198
nm. This is typical for proteins with a high content of �-sheet
structure and a very low content of helices (35). The spectra
in Figure 2 were analyzed with K2D (33). It indicates that
both proteins consist of 5% R-helix and 48% �-sheet. These
values are in good agreement with the values of 5% R-helix
and 43% �-sheet, as calculated from the crystal structure of
quercetinase of B. subtilis (18). This suggests that QueD from
Streptomyces sp. FLA is similar in its structure to the
homologous C-terminal and N-terminal cupin domains of
the enzyme from B. subtilis, with which it is 35.9 and 29.0%
identical in sequence, respectively.

Products of Quercetin ConVersion Catalyzed by Ni-QueD
and Co-QueD. Reduction of PdCl2 by a gaseous product
formed from quercetin by Ni- and Co-QueD suggested that
both enzymes catalyze a 2,4-dioxygenolytic cleavage of the
heterocyclic ring with release of carbon monoxide, as shown
in Figure 1. The organic product from the enzymatic turnover
of quercetin by both Ni- and Co-QueD was extracted by
combined anion exchange reversed-phase chromatography
and analyzed by electrospray mass spectrometry, indicating
a compound with an ion at m/z 324.1 for [M + NH4]+. This
is consistent with the chemical composition ([C14H10O8 +
NH4]+) of the ammonium adduct of protocatechuoylphlo-
roglucinolcarboxylic acid, confirming that both QueD forms
catalyze 2,4-dioxygenolysis of the heterocyclic ring. There

was no evidence of the R-keto acid (C15H10O9), which would
result from 2,3-dioxygenolytic cleavage, being present in the
extract. To examine the possibility that a keto compound
might have been formed as side product, but lost during
extraction, the aqueous enzyme assays after complete
conversion of the substrate were directly reacted with 2,4-
dinitrophenylhydrazine. On the basis of calibration of the
assay with pyruvic acid hydrazone, the product from the
conversion of 6 µmol of quercetin, catalyzed by Ni- and Co-
QueD at pH 7, contained 0.039 ( 0.003 and 0.075 ( 0.011
µmol of a keto compound, respectively, corresponding to
∼0.7 and ∼1.3% of the side product, respectively. When
the Ni- and Co-QueD-catalyzed reaction was performed at
pH 8, ∼1.3% of the side product was detected in both assays.
However, besides the R-keto acid resulting from 2,3-
dioxygenolytic cleavage, products such as 2,5,7,3′,4′-pen-
tahydroxyflavan-3,4-dione, 2-(3,4-dihydroxybenzoyl)-2,4,6-
trihydroxybenzofuran-3(2H)-one, and hydroxylated phenyl-
glyoxylic acid, which have been observed to be formed in
nonenzymatic,metal-orbase-catalyzedoxidationofquercetin(36,37),
might also react to hydrazones. The side product was not
detected in control experiments, but we cannot exclude the
possibility that it is formed unspecifically, e.g., in an
oxidation reaction mediated by transition metal ions adsorbed
to the protein.

ActiVity and Steady-State Kinetic Parameters of QueD
Proteins. The activity of the purified QueD proteins depends
strongly on the nature of the metal ion cofactor. The specific
activities of Co-QueD and Ni-QueD were 28 and 144 units/
mg, respectively, whereas Fe-QueD, as purified from cells
grown in LB medium, exhibited a specific activity of only 4
units/mg. Addition of different metal dichlorides to 100- and
1000-fold molar excesses over recombinant quercetinase did
not increase enzymatic activity. Incubation of QueD at
elevated temperatures (50-60 °C) with chelating agents
(EDTA and o-phenanthroline), or with metal salt, also did
not significantly change the activity of QueD, compared to
protein samples incubated in the absence of effectors (data
not shown). Since these experiments suggested that in vitro
depletion and reconstitution of the metal cofactor of QueD
are difficult, if not impossible, kinetic and spectroscopic data
were collected for the QueD proteins as isolated from
recombinant E. coli.

Even though the occupancy of metal ions is different in
the three QueD forms (Table 1), the apparent kinetic
parameters of Fe-QueD clearly show that iron is a poor
cofactor (Table 2). Ni- and Co-QueD exhibit similar catalytic
efficiencies (kcat/Km) for quercetin when enzyme activity is

Table 1: Metal Contents of Individual Preparations of Recombinant Streptomyces QueD As Determined by ICP-OES

no. of metal atoms per subunit

metal Fe-QueDa Co-QueDb (two batches) Ni-QueDc (two batches) Ni-Co-QueDd QueD-E76Ac

Mn 0.023 0.002/0.001 0.003/0.002 0.001 0.002
Fe 0.435 0.038/nde 0.135/0.038 0.022 0.021
Co nde 0.476/0.326 0.005/0.001 0.293 0.022
Ni 0.020 0.034/0.017 0.474/0.552 0.063 0.048
Cu 0.005 0.026/0.008 0.048/0.024 0.017 0.037
Zn 0.087 0.025/0.006 0.055/0.049 0.009 0.014

a Purified from E. coli BL21(DE3) (pLysS, pET23a-queD) grown in LB. b Purified from E. coli BL21(DE3) (pLysS, pET23a-queD) grown in
minimal medium with 10 µM CoCl2. c Purified from E. coli BL21(DE3) (pLysS, pET23a-queD) grown in minimal medium with 10 µM NiCl2. d Purified
from E. coli BL21(DE3) (pLysS, pET23a-queD) grown in minimal medium with NiCl2 and CoCl2 (10 µM each); metal salts were added to the medium
upon induction of queD expression. e Not detected.

FIGURE 2: Far-UV CD spectra of (s) Co-QueD and (---) Ni-QueD
at 25 °C. The spectra were recorded with 5 µM protein in 10 mM
potassium phosphate (pH 7.0) with a path length of 1 mm and a
bandwidth of 1 nm.
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measured in air-saturated buffer. The Co form has a low
apparent Km value but also a relatively low turnover number,
whereas the high apparent kcat of Ni-QueD is counteracted
by a Km,app value that is 6-fold higher than that of Co-QueD
(Table 2).

The saturation curve of Co-QueD for dioxygen did not
follow Michaelis-Menten kinetics but was slightly sigmoi-
dal. The formally calculated Hill coefficient with its standard
deviation is 1.14 ( 0.07; however, this value is not
sufficiently significant to support strict cooperativity. The
Km,app of the Ni enzyme for dioxygen is ∼5-fold lower than
the K0.5 value (the substrate concentration at half-saturation
in the Hill equation) of Co-QueD (Table 2). Actually, the
value for Ni-QueD of 256 µM is similar to the concentration
of dioxygen dissolved in air-saturated water at ambient
temperature, whereas K0.5,app for dioxygen of Co-QueD is
close to the molar solubility of O2 in water at 1 atm (∼1.3
mM). Such a high K0.5,app should significantly restrain the
catalytic performance of Co-QueD in vivo, i.e., at physi-
ological O2 concentrations. The apparent kcat values for
dioxygen are similar for both enzyme forms.

Both Ni- and Co-QueD are most active at 40 °C and
exhibit an optimum of activity at pH 8. If the activities at
pH 8 are set to 100%, the relative activities of Ni-QueD and
Co-QueD at pH 6, 7, and 9 are 10 and 30%, 68 and 69%,
and 47 and 46%, respectively. In contrast, Cu-quercetinases
from Aspergillus spp. are most active at pH ∼6 (12, 20).
Both metal forms of Streptomyces QueD catalyze the
cleavage of flavonols (Table 3), whereas the 2,3-dihydrofla-
vonol taxifolin and the flavone luteolin are not converted,
confirming that the C2-C3 double bond and the 3-OH group
of the substrate are essential for catalysis. Among the
substrates tested, quercetin is preferred by all three metal
forms of QueD; however, the type of metal ion and/or subtle
conformational differences in the protein forms appear to
affect the relative activities toward flavonols that differ in
their hydroxylation pattern at the A- and B-rings (Table 3).

pH Dependence of Ni-QueD. The pH dependence of the
QueD-catalyzed reaction could be measured only between
pH 6.5 and 9, because the activity of QueD is very low at
pH <6.5, and because quercetin decomposes at pH >9. The
log(kcat)profile,whichreflectsionizationsoftheenzyme-substrate

(ES) complex, develops a plateau at pH >7 and decreases
toward low pH values (Figure 3). Under the assumption that
a single ionizable group is responsible for this pH depen-
dence, the data were fitted with eq 1, indicating a maximum
kcat,app of 47.4 ( 0.5 s-1 and a pKa value for the ionizable
group of 6.78 ( 0.03. This pKa of ∼6.8 could represent either
an amino acid residue of the enzyme which participates in
catalysis as an active site base or one of the hydroxyl groups
of quercetin which must be unprotonated for catalysis. On
the basis of spectrophotometric measurements, pKa values
for quercetin of 11.0, 9.9, 8.0, 7.1, and 5.7 were reported
(38).

Apparent Km values of QueD were small at low pH (∼2
µM at pH 6) and high at alkaline pH (∼76 µM at pH 9).
Because accurate determinations of Km values at low and
high pH would have required measurements at substrate
concentrations well below and above the photometrically
measurable range, respectively, the Km data have to be
interpreted with some caution. However, the plot of log(kcat/
Km) as a function of pH exhibited a bell-shaped profile (not
shown), indicating that an ionizable group with a lower pKa

has to be deprotonated and another group with a higher pKa

has to be protonated for optimal catalytic efficiency. Fitting
with eq 2 yielded a lower pKa between 5.8 and 6.5 and a
pKa in the range of 7.3-8.0, depending on the mode of
weighting the data errors (statistical or inverse squared).

Table 2: Apparent Kinetic Parameters for the Fe, Co, and Ni Forms of Recombinant QueD [in 50 mM Tris-HCl buffer (pH 8)] and Metal Occupancies
(atom per QueD subunit) of the Protein Preparationsa

metal
no. of atoms
per subunit

Km,app(quercetin)
(µM)

kcat,app(quercetin)
(s-1)

kcat,app/Km,app(quercetin)
(s-1 µM-1)

K0.5,app(O2)
(µM)

kcat,app(O2)
(s-1)

kcat,app/K0.5,app(O2)
(s-1 µM-1)

Fe 0.44 14.1 ( 0.7b 1.5 ( 0.1b 0.1b ndc ndc -
Co 0.33 0.96 ( 0.05 7.6 ( 0.5 7.9 1230(310d 12.5 ( 4.9 0.01
Ni 0.55 5.75 ( 0.12 40.1 ( 3.4 7.0 256 ( 45e 19.0 ( 3.5 0.07
a The same QueD preparations were used for EPR spectroscopy. b Data from ref 16. c Not determined. d Hill equation. e Michaelis-Menten equation.

Table 3: Relative Activities of QueD Proteins toward Flavonols (3-hydroxyflavones)a

relative activity (%)

substrate synonym Fe-QueDb Co-QueD Ni-QueD

quercetin 3,5,7,3′,4′-pentahydroxyflavone 100 100 100
kaempferol 3,5,7,4′-tetrahydroxyflavone 70 43 29
myricetin 3,5,7,3′,4′,5′-hexahydroxyflavone 49 77 46
galangin 3,5,7-trihydroxyflavone 28 13 16
fisetin 3,7,3′,4′-tetrahydroxyflavone 23 35 15
morin 3,5,7,2′,4′-pentahydroxyflavone 1.7 5.5 0.9

a The activities of Fe-, Co-, and Ni-QueD for quercetin, defined as 100%, were 4, 28, and 144 units/mg, respectively. b Data from ref 16.

FIGURE 3: Variation of the apparent kcat(quercetin) of Ni-QueD with
pH. The solid line was plotted using eq 1.
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However, it remains unclear whether the corresponding
ionizable groups reside on the free enzyme, the substrate,
or both.

Properties of the E76A Variant of Ni-QueD. Glu76 of
QueD is part of the strictly conserved cupin motif and thus
is assumed to be a ligand to the metal center. In one of the
two observed coordination geometries of A. japonicus
quercetinase, the corresponding E73 residue indeed coordi-
nates the Cu2+ cofactor. It also was proposed to act as the
general base which removes the proton from the C3 hydroxyl
of the flavonol and to modulate the redox potential of the
metal ion in the ES complex (13, 39, 40). ICP-OES analysis
of the QueD E76A protein, purified from cells grown in
minimal medium with NiCl2, indicated a metal content of
only 0.05 atom of Ni per subunit and small quantities of
other metals (Table 1), highlighting the essential role of this
residue in metal binding. QueD E76A exhibited marginal
quercetinase activity of 0.014 unit/mg, corresponding to a
more than 104-fold decrease in specific activity. Considering
that the QueD E76A protein contains ∼10-fold less Ni2+ than
Ni-QueD, the loss of catalytic activity is remarkably high.
It must, however, be interpreted with care, because we cannot
exclude the possibility that unspecific adsorption of Ni2+ to
the enzyme contributes to the measured nickel content.

UV-Vis Spectral Properties of Quercetin and of Anoxic
Complexes of Quercetin and Ni- and Co-QueD. Flavonols
have two absorption bands, termed band I (with a maximum
usually in the range of 350-380 nm) and band II (240-280
nm). Whereas quercetin has a band I absorption maximum
at 391 nm (at pH 8 in MES-Tris buffer), absorption of its
2,3-dihydro analogue (taxifolin) in the same buffer is
maximal at 325 nm (Figure 4A), indicating that the C2-C3
double bond of quercetin, which confers conjugation of the
B-ring and the C4 carbonyl function, is an important
determinant of the absorption near the visible range. The
UV-vis spectra of quercetin in MES-Tris buffer change as
a function of pH. The maximum at 391 nm (pH 8) shifts to
371 and 367 nm at pH 7 and 6, respectively. Band I of
quercetin in the presence of a 1.5-fold molar excess of CoCl2

and NiCl2 at pH 8 has a maximum at 404 and 408 nm,
respectively, which shifts to 372-373 nm at pH 7 and 367
nm at pH 6. Addition of CoCl2 or NiCl2 to quercetin at pH
8 moreover results in a broadening of band I (Figure 4).

Anoxic addition of a 1.5-fold molar excess of Ni- or Co-
QueD holoenzyme to quercetin changed the absorption
spectrum of the flavonol, indicating that formation of ES
complexes does not require the presence of dioxygen.
Remarkably, the quercetin absorption band I shifts to shorter
wavelengths in the presence of enzyme, resulting in maxima
at 385 nm (with Ni-QueD) and 378 nm (with Co-QueD) at
pH 8 (Figure 4). Band I additionally underwent narrowing
and, in the case of Co-QueD, splitting in two bands as
suggested by the shoulder at 392 nm (Figure 4B). As
mentioned above, the UV-vis absorption bands of quercetin
undergo hypsochromic shifts when the pH is lowered;
however, the spectra at pH 8 of quercetin in the presence of
QueD proteins differ from those of quercetin or of Co(II)-
and Ni(II)-quercetin complexes at pH 6-8, suggesting that
the effect of QueD protein on bound substrate is more
complex than a mere shift in the pKa of quercetin. The
hypsochromic shift of band I may indicate that the quercetin
chromophore is less conjugated when bound to the enzyme.

Interestingly, the methylation or glucosidation of 3-OH,
5-OH, or 4′-OH, but not 3′-OH or 7-OH, of quercetin also
causes a hypsochromic shift of band I (41), supporting the
notion that the shifts observed for anoxic quercetin-QueD
complexes may be due to “tethering” of distinct substituents
by the enzyme. Alternatively, or additionally, the “electronic
bridge” conferred by the C2-C3 double bond might be
affected upon binding of quercetin to the enzyme.

In marked contrast to the spectral changes observed when
quercetin interacts with Co- and Ni-QueD, anoxic binding
of flavonols to Cu-quercetinase of Aspergillus flaVus resulted
in a bathochromic shift of band I absorption (11). In case of
ARD, addition of the Ni or Fe form of the enzyme to anoxic
solutions of substrate analogues also elicited red shifts of
the absorption maxima (42). These shifts were proposed to
be due to formation of quercetin anion and aci-reductone
dianion, respectively, in the ES complexes. However, such
anion formation of quercetin in the ES complex cannot be
inferred from our UV-vis data.

EPR Spectral Analysis of QueD Proteins. To collect
spectroscopic information about the metal sites in Ni-QueD

FIGURE 4: UV-vis spectra of quercetin, quercetin and NiCl2 or
CoCl2, and quercetin and QueD under anoxic conditions at pH 8.
Panels A and B show the spectra of quercetin in buffer (s),
quercetin with NiCl2 (A) and CoCl2 (B) (---), and quercetin with
Ni-QueD (A) and quercetin with Co-QueD (B) under anoxic
conditions (---). The dotted-dashed line in panel A represents
the UV-vis spectrum of taxifolin, the 2,3-dihydro analogue of
quercetin, which illustrates the effect of the C2-C3 double bond
on the absorbency of quercetin. The UV-vis spectrum of 2-pro-
tocatechuoylphloroglucinol carboxylate, the product of the quer-
cetinase reaction, is represented by the dotted line in panel A. The
metal salts and the QueD forms were added at a 1.5-fold molar
excess over quercetin (in the case of QueD, the molar excess refers
to the amount of holoenzyme as estimated from the metal content
of the preparation). All spectra were recorded in 50 mM MES-
Tris buffer (pH 8).
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and Co-QueD, EPR experiments were performed. Ni-QueD
did not exhibit EPR signals indicative of a paramagnetic Ni
species under anoxic or oxic conditions and also not in the
presence or absence of substrate. Co-QueD samples produced
characteristic EPR spectra under all conditions, extending
in field from ∼50 to ∼350 mT (Figure 5). All spectra
contained minor g ≈ 2.05 and g ≈ 4.3 signals (marked with
asterisks in trace A of Figure 5), which presumably arise
from traces of Cu2+ and Fe3+ present in the preparation. The
main spectral signatures of Co2+ in QueD appear to be
grouped in three regions: a broad line at g ≈ 2.3, a line
around g ≈ 3.8, and a pattern with multiple lines in the region
around g ≈ 6 (indicated by dotted lines in Figure 5). The
spectrum of resting Co-QueD recorded at 8 K under anoxic
conditions (Figure 5A) is typical for a high-spin (S ) 3/2)
Co2+ species also showing barely resolved lines attributable
to Co2+-hyperfine (hf) interaction (nuclear spin I ) 7/2).
Comparable spectra have been observed in Co-quercetinase
from B. subtilis (21) and also in Co2+-substituted phospho-
lipase C (43). Addition of substrate (in a 3-fold molar excess)
leads to drastic changes in the hyperfine pattern at g ≈ 6, to
a shift of the line at g ≈ 3.8, and to a more pronounced
broad line at g ≈ 2.3 (Figure 5B). A short exposure to air
induces a partial decay of the hyperfine pattern as well as a
shift and broadening of the line around g ≈ 3.8; a more
prolonged exposure further changes the hyperfine lines
(Figure 5C,D).

For a more detailed analysis of the hyperfine patterns, the
region around g ≈ 6 was recorded at a higher field resolution
at 8 and 15 K (Figure 6a,b). For resting Co-QueD under
anaerobic conditions, six hf lines are clearly visible at both
temperatures, and the two low-field hf peaks remain unre-
solved in the left flank as indicated by the upper stick diagram
(S1). The peak distances are between 7.4 and 7.8 mT, and
the eight hf lines are then centered at g ) 6.165 ((0.005)
(Figure 6a,b, A traces). At the low-field side of the spectra,
there are three additional broad lines of low intensity visible,
arising from a second Co-hyperfine interaction. They are
separated by ∼9.5 mT as indicated by the interpolated

corresponding stick diagram (S2, dashed in Figure 6b, trace
A) which is centered at about g ) 7.16 ((0.01). It is noted
that identical spectra were obtained for resting Co-QueD in
the presence of oxygen (not shown).

In the presence of substrate, the pattern at 15 K (S3) shows
some significant changes (Figure 6b, trace B). The hf lines
with splitting (S1) identical to that in the resting state are
shifted to a higher apparent g value (6.23); the larger coupling
of 9.5 mT on the left flank (S2 in trace A) is hardly visible,
and on the right flank of the signal, some features are
modified as indicated by the arrows. These minor alterations
are also found in the spectrum at 8 K, but here, in addition,
a new hyperfine pattern of eight lines (S4) is present. Its hf
splitting is only 3.9 mT, consisting of lines characteristic of
an axial-type component (S4, stick diagram in Figure 6a,
trace B) with a corresponding g factor of 6.94. This hf pattern
is associated with a fast relaxing Co2+ species, because the
signal is completely lost above 12 K. A short exposure of
the thawed sample to air (for ca. 10 s) induces a decay of
the two well-resolved hf patterns (S3 and S4 in trace B),
leading to a rather unstructured signal (Figure 6a, trace C).
In the spectrum at 15 K, again the lines of axial-type signal
S4 with the small hf splitting are missing (Figure 6b, trace
C). On the right flank of the signal, an extension to higher
fields is noted (marked with asterisks). In the sample further
exposed to air (several minutes), signal S4 can no longer be
observed (Figure 6a, trace D). Instead, an eight-line hf pattern
(S5) is present which differs from signal S1 with respect to
the g factor (6.07) and the shape of the hf lines. Here, the
splitting is very similar to that in S1, but the central lines
exhibit a higher intensity as compared to the outer ones
typical for a more axial-type pattern. For both temperatures,
also a broad substructure (S6) is apparent in the D spectra
which, if associated with a Co2+-hf interaction, has the same
splitting as S2 but is shifted to a lower g value (6.43 for S6
vs 7.16).

From this sequence of experiments, several conclusions
can be drawn. The overall spectral shape (excluding the
hyperfine signals for the moment) in Figure 5 for different
states of Co-QueD is not changing drastically. This implies
that the spin state (S ) 3/2) of the metal ion is conserved.
The spectral modifications, such as the shift of the signal
near g ) 3.8 or the intensity change of the line at g ) 2.3,
can be associated with alterations of the zero-field splitting
parameters (and their variation) in the different states. With
respect to spectral intensity, an inspection of the normalized
spectra clearly indicates that no drastic loss of signal due to
a change in the valency of the Co2+ center is occurring.
Double integration of the spectra in Figure 5A-D was used
to quantitate the relative signal intensities. It was found that
the signals nonsystematically vary within (20% around the
average value. This large error is mainly caused by imperfect
baseline correction of the highly accumulated spectra. There
appears to be no evidence of a change of the valency of the
Co ion adopting a diamagnetic state by reduction during
substrate turnover.

The analysis of the hyperfine patterns has revealed the
presence of several distinct spectral species (S1-S6), which
can be associated with different structural and/or functional
species, placing the Co ions in slightly modified electronic
states. In the resting enzyme, two signal species, S1 and S2,
are prevailing with S2 having a lower intensity. At present,

FIGURE 5: EPR spectra of anoxic Co-QueD at 8 K in the resting
state (A), after addition of a 3-fold molar excess of quercetin (B),
and after being exposed to air for 10 s (C) and 5 min (D). The
dotted lines indicate the apparent g factors. The signals marked
with asterisks arise from small amounts of adventitious Cu2+ (g ≈
2.05) and Fe3+ (g ≈ 4.3) in the solution.
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it is not clear if S1 and S2 can be attributed to two Co species
sensing a different environment leading to the differences
in hyperfine splitting and apparent g factors. Attempts to
simulate the spectral pattern were not successful so far but
showed that, in principle, contributions of different g- and
A-tensor components associated with different zero-field
splitting may produce overlapping hyperfine lines. However,
it is evident that signals S3 and S4, appearing upon addition
of the substrate, can be associated with a substrate bound
within or close to the ligand sphere of the Co ion, obviously
affecting the g and hyperfine values as well as the zero-field
parameters and relaxation properties. The surprisingly small
hyperfine coupling of signal S4 (3.9 mT) may be indicative
of delocalization of spin population away from the Co ion
onto the substrate, which might then reflect a polarization
of the substrate bound to the Co ion. After the reaction was
started by allowing access of oxygen, the signal of the
substrate-bound species decays, and a new signal S5 (and
possibly S6) appears, which therefore can be related to a
product-bound state of the Co ion or to a state after release
of product, but not identical to the resting state. Trials to
remove product by repeated washing with buffer and to
recover the resting state (S1) unfortunately left the enzyme
in an undefined state. Cobalt signals very similar to S1 were
present, but a considerable portion of the metal ions produced
an unusual axial signal at g ) 3.4.

The interpretation of the high-spin Co2+ EPR spectra
regarding the symmetry of the ion (i.e., its coordination
sphere) is rather elusive due to the complexity introduced
by the zero-field parameters, but some comparison can be
made with model complexes of defined structure. From these
studies, we concluded mainly on the basis of hyperfine
couplings that values below ∼10 mT are indicative for

tetrahedral or trigonal bipyramidal complexes (44, 45).
Because the hyperfine values for Co-QueD are in a range
between 9.5 and 3.9 mT, it appears that a tetrahedral or
trigonal bipyramidal geometry of the Co ion is prevailing.
For comparison, the Cu2+ ion in A. japonicus quercetinase
exhibits two distinct geometries, a main, distorted tetrahedral
coordination by three histidine residues and a water ligand
and a minor, distorted trigonal bipyramidal conformation with
an additional glutamate ligand (13, 39). The Fe2+ in the
N-terminal active site of Bacillus quercetinase was assigned
to have a distorted trigonal bipyramidal coordination geom-
etry, whereas tetrahedral coordination was observed in the
C-terminal domain (18). The Mn2+ form of Bacillus quer-
cetinase exhibits an octahedral coordination (21). In both Fe-
and Ni-ARD, the metal ion is bound in a pseudo-octahedral
geometry with the same set of N/O ligands (24, 46).

DISCUSSION

Protein subunits of the functionally very diverse cupin
superfamily can consist of a single cupin domain or have a
bicupin or multicupin domain structure (19). Dioxygenases
are found in both the monocupin and bicupin subset. In the
bicupin scaffold of A. japonicus quercetinase, the linker
connecting the C- and N-terminal domains features a flexible
region, which gains order upon substrate binding (40). In
case of Bacillus quercetinase, the two cupin domains of each
subunit are joined by a flexible loop, which forms the lid of
the active site of the N-terminal domain (18). As an enzyme
composed of monocupin subunits, Streptomyces QueD may
lack an analogous structural element.

Among the plethora of oxygenases within the cupin
superfamily, most enzymes contain iron as the active site

FIGURE 6: EPR spectra of the low-field signal around g ) 6 of Co-QueD at 8 (a) and 15 K (b) in different states: anoxic resting enzyme
(A), after addition of a 3-fold molar excess of quercetin (B), and after being exposed to air for 10 s (C) and 5 min (D). The stick diagrams
identify various signals with different apparent g factors and hyperfine couplings. The arrows and asterisks are discussed in the text.
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metal (19). The quercetinases described so far contain copper
(Aspergillus) or are somewhat promiscuous with respect to
their metal cofactor (Bacillus). Streptomyces QueD is most
active with nickel ions and thus represents the second
example of a nickel-containing cupin besides Ni-ARD. It is
noteworthy that from a physiological point of view as well
as with respect to the protein fold (23), the iron form of ARD,
which is part of the methionine salvage pathway, seems to
represent the “default” enzyme whereas the biological
significance of Ni-ARD remains unclear.

The metal occupancy of Co- and Ni-QueD purified from
recombinant E. coli was in the range of 50%. Similarly, the
Co form of Bacillus quercetinase, purified from recombinant
E. coli, contained 0.65 metal atom per bicupin subunit,
although it can bind two metal ions per subunit (21). In both
cases, metal deficiency of the recombinant proteins could
be due to extensive protein overproduction by the expression
systems (15). Metal uptake by the cells and its incorporation
into the nascent QueD apoprotein are probably the limiting
factors for assembly of the native holoenzyme. Moreover,
metal homeostasis probably is tightly controlled in E. coli.
Outten and O’Halloran reported that intracellular Co and Ni
could not be detected in E. coli under normal growth
conditions, in contrast to Cu, Mn, Fe, and Zn, the latter two
being the most abundant metals in the E. coli cell (34).

The apparent Km values of recombinant Streptomyces
QueD for quercetin and for dioxygen depend on the nature
of the metal cofactor, suggesting that the metal ion or subtle
conformational changes induced by the metal ion affect
substrate binding. In contrast, the Km values of the Mn, Co,
and Fe forms of Bacillus quercetinase for quercetin were
similar and in the range of 4.0-7.5 µM (21). The kcat,app

values for quercetin of the Co forms of the Bacillus and
Streptomyces enzymes are almost identical (∼8 s-1), and
those of the respective Fe forms of the two proteins are also
similar. However, the two enzymes perform differently with
Ni2+, which is a poor cofactor of the Bacillus enzyme (21).
Considering the higher kcat values of the Ni form for quercetin
and its lower Km for dioxygen, Ni-QueD should be superior
to Co-QueD under physiological conditions, provided that
the concentration of the organic substrate is in the micromolar
range. It is interesting to note that in a tetrahedral ligand
field, the Lewis acidity of Co(II) is expected to be higher
than that of Ni(II) (47). An increased affinity of the Co(II)
center of Co-QueD for organic ligands might rationalize its
comparatively low Km for quercetin.

Oxygenases have to activate dioxygen, and/or their organic
substrate, for the reaction to occur. Molecular oxygen as a
consequence of its electronic structure is kinetically inert and
has a significant activation barrier to reaction. Its electronic
ground state has two unpaired electrons in the highest
occupied molecular orbitals (HOMO), contributing to an S
) 1 total spin. This results in an unfavorable potential for
the one-electron reduction of O2 to the superoxide anion
radical [-330 mV at pH 7 and unit pressure (48)], imparting
a “thermodynamic barrier”. Moreover, the direct reaction of
triplet oxygen with a singlet organic molecule (spin-paired,
S ) 0) to form singlet-state products would violate a
fundamental principle of physics, the conservation of angular
momentum, and thus imparts a “spin barrier”. For an organic
molecule to react with dioxygen, a catalyst has to overcome
or circumvent these barriers. In enzymes, this can be achieved

by orbital overlap with a suitable transition metal ion or by
electron transfer from a potent electron donor to form an
enzyme-bound reduced oxygen species.

The preference of QueD for Ni2+ or Co2+ is very unusual,
if not unique, for oxygenases, raising the question of whether
the metal ions in the expected ligand environment of QueD
have a redox role in dioxygen activation. For Ni-ARD, the
only other Ni-containing dioxygenase, a nonredox role for
the Ni(II) center has been discussed, because XAS studies
did not reveal evidence of a change in redox state upon
substrate binding and because the nickel ion in a N/O donor
ligand environment is not expected to have biochemically
accessible redox chemistry (49, 50). In this study, we
performed EPR studies on Co-QueD to probe its redox
behavior. The EPR spectrum of the resting enzyme was not
affected by the presence of dioxygen, clearly arguing against
a direct reaction of the Co(II) center with O2 to form a
Co(III)-superoxide complex. Interestingly, anoxic binding
of quercetin to Co-QueD has geometric effects on the metal
site and causes significant redistribution of electron density
in the ES complex (as also indicated by UV-vis spectros-
copy), but the cobalt ion maintains a formal Co(II) oxidation
state. This finding suggests that electron transfer reactions
between Co(II) and bound quercetin do not occur. In this
context, it is interesting to note that in trigonal bipyramidal
high-spin Co(II) complexes with a 3N,1O ligand environ-
ment, the Co(II) state is stabilized (51), supporting the notion
that the redox potential of the Co(III)/Co(II) pair is outside
the range required for donation of an electron to dioxygen,
or to the flavonol. For the reduction potentials of the
flavonoid radical of quercetin, values (vs SHE) of -37, 90,
and 330 mV were observed in aqueous solution at pH 13.5,
10.8, and 7.0, respectively (52). Even if reduction potentials
of metal centers as well as of bound substrates are usually
significantly influenced by the protein environment, a role
of the Co(II) center of QueD as the electron donor appears
unlikely. Dismissal of a possible role of Co(II) as an electron
donor raises the question of whether Co(II) contrariwise
could undergo reduction during catalysis. Even if the EPR
data clearly show that formation of a Co(I) state upon binding
of quercetin to Co-QueD does not occur, we cannot fully
exclude the possibility that electron transfer from the organic
substrate via the metal to dioxygen is triggered by dioxygen
binding. If such a transient change of the oxidation state of
the metal center were followed by a fast step in the catalytic
reaction, it would not be detected by conventional EPR but
would require pre-steady-state kinetic methods for analysis.

The organic chemistry of the reaction of flavonols with
dioxygen has been studied intensely, and the reaction
catalyzed by quercetinase actually can be mimicked by
different model reactions. In aprotic solvents, flavonolate
complexes with Cu(I) and Cu(II) (53) as well as cobalt
complexes (54, 55) proved to catalyze the oxygenation of
flavonolate to CO and the depside. Interestingly, however,
basic conditions and the presence of dioxygen are sufficient
for selective 2,4-dioxygenolysis of flavonols, demonstrating
that a metal catalyst is not necessarily required for the
reaction of flavonolate with dioxygen (37, 53, 56). Oxygen-
olysis is fast in aprotic solvents and slows in aqueous solution
(37). EPR analysis of the base-catalyzed dioxygenolysis of
flavonol in DMF showed the presence of a flavonoxyl radical,
which results from single-electron transfer from the flavono-
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late to dioxygen (53), indicating that the flavonolate anion
itself has the reducing power to donate an electron to
dioxygen.

Alternatively with respect to a radical mechanism via a
flavonoxy-superoxide radical pair, the hypothesis of an ionic
mechanism has been discussed for the chemical dioxygen-
olysis of flavonols, suggesting that due to the high energy
level of the HOMO orbital of the flavonolate, a direct
electrophilic attack of 3O2 on the flavonolate anion is
possible (53, 55). Whereas in the radical mechanism, the
spin restriction of the reaction of singlet substrate with 3O2

is overcome by spin inversion in the superoxide radical,
which allows radical recombination, the second route de-
pends on the high energy content of the flavonolate and
involves intersystem crossing between a triplet charge-
transfer complex and a singlet charge-transfer complex (55).

Remarkably, the dianion (pH 13) of an aci-reductone
model substrate of ARD also undergoes nonenzymatic
oxidation in the presence of O2 (42). In view of the chemical
reactivity of the aci-reductone dianion and of flavonolate
anions toward dioxygen, a crucial role of the enzyme catalyst
might be to abstract a proton from the substrate to form a
reactive enzyme-bound anion. In Aspergillus quercetinase,
glutamate residue E73, which also is a ligand to the copper
ion, was proposed to initiate catalysis by abstraction of a
proton from the 3-OH group of the flavonol (13, 39). A
corresponding glutamate residue (E76) is conserved in
Streptomyces quercetinase; however, the properties of the
E76A variant of QueD could not shed light on the potential
catalytic role of this residue. Interestingly, the possibility of
a histidine residue or a hydroxy ligand as a catalytic base
have been discussed for Ni-ARD (49). The pH dependence
of kcat,app of QueD tentatively suggested that in the ES
complex an ionizable group with a pKa of ∼6.8 has to be
deprotonated for catalysis to occur, but clear assignment to
a catalytic base is not possible based on these data.

Taken together, the biochemical and spectroscopic data
on QueD, considerations on single-electron redox potentials
of cobalt complexes, O2, and quercetin, and the chemical
mechanism of model reactions suggest the possibility of a
nonredox role of the metal cofactor of QueD. Construction
and structural and functional characterization of QueD forms
harboring a redox-inert metal ion such as Zn2+ could shed
light on this hypothesis. Interestingly, ring cleavage dioxy-
genases active toward 3-hydroxy-4(1H)-quinolones, which
like quercetinases catalyze a 2,4-dioxygenolytic ring cleavage
of their heterocyclic substrate with formation of carbon
monoxide, neither require nor contain a metal ion or an
organic cofactor for catalysis (57, 58). In general, different
cofactor-independent oxygenases seem to have in common
the fact that base-catalyzed abstraction of a proton from the
substrate is an initial step of the catalytic reaction (58-60).
Their substrates (in their anionic forms) are presumed to have
a high reducing power and are thought to directly transfer
an electron to dioxygen to form a substrate radical-superoxide
pair, but it should be emphasized that direct experimental
evidence of the presence of an enzyme-bound radical pair
in cofactor-independent oxygenases is lacking. However, a
common feature of the organic substrates of cofactor-less
oxygenases, shown in chemical model reactions, is their
ability to form resonance-stabilized radicals, which is a
prerequisite for the proposed mechanistic pathway. On the

basis of the chemical properties of quercetin discussed above,
and the presumed redox inertness of the metal center of Co-
QueD, an analogous reaction pathway, i.e., direct electron
transfer from the activated flavonol to dioxygen without the
need for redox cycling of the metal, may be envisaged for
the reaction catalyzed by Ni- and Co-QueD. The major role
of the divalent metal ion in the active site of QueD could be
to control the orientation of bound substrates, to contribute
to modulating the reduction potential of the bound flavonol,
and to provide electrostatic stabilization of anionic intermedi-
ates, rather than to participate directly in redox chemistry.
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