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Quercetin 2,4-Dioxygenase Activates Dioxygen in a Side-On O,-Ni

Complex
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Abstract: Quercetin  2,4-dioxygenase (quercetinase) from
Streptomyces uses nickel as the active-site cofactor to catalyze
oxidative cleavage of the flavonol quercetin. How this unusual
active-site metal supports catalysis and O, activation is under
debate. We present crystal structures of Ni-quercetinase in three
different states, thus providing direct insight into how quercetin
and O, are activated at the Ni** ion. The Ni** ion is coordinated
by three histidine residues and a glutamate residue (E) in all
three states. Upon binding, quercetin replaces one water ligand
at Ni and is stabilized by a short hydrogen bond through E”,
the carboxylate group of which rotates by 90°. This conforma-
tional change weakens the interaction between Ni and the
remaining water ligand, thereby preparing a coordination site
at Ni to bind O, O, binds side-on to the N* ion and is
perpendicular to the C2—C3 and C3—C4 bonds of quercetin,
which are cleaved in the following reaction steps.

Decomposing plant material and exudates of roots and
leaves liberate quercetin (3,5,7,3',4-pentahydroxyflavone,
QUE) and other flavonoids,!! which are catabolized or
detoxified by soil microorganisms, filamentous fungi, and
bacteria.”! Aerobic microbial degradation of QUE is initiated
by the 2,4-dioxygenolytic cleavage of QUE to generate 2-
protocatechuoylphloroglucinol carboxylic acid (a depside)
and carbon monoxide in a process catalysed by quercetin 2,4-
dioxygenases (quercetinase, QueD).

QueDs belong to the cupin superfamily, members of
which share a characteristic 3-barrel fold. A conserved 3-His-
1-Glu motif is used by QueDs to bind a metal ion, which is
essential for their function.”! While fungal QueD depends on
Cu, bacterial QueDs show different levels of activity depend-
ing on the type of promiscuously bound metal. The structures
of QueDs from Aspergillus japonicus (QueD™) and Bacillus
subtilis (QueD™) were determined in the presence and
absence of QUE and inhibitors.! However, how QueDs
activate dioxygen is still under debate: either dioxygen reacts
directly with QUE, and the metal ion just stabilizes the more
reactive anionic form of QUE, or dioxygen is activated by
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binding to the active-site metal ion.”*! Mechanisms without
direct binding of dioxygen to nickel are appealing for several
reasons: QUE can react spontaneously with O,, thus making
O, activation at a metal site dispensable;® inorganic model
catalysts that catalyze the breakdown of QUE with O, require
no open coordination site at the metal;”’ cofactor-independ-
ent dioxygenases®! can cleave heteroaromatic rings with
dioxygen in the absence of metal ions; and the presence of
different metal ions in the various QueDs suggests that the
individual properties of the metals are not essential for
catalysis.”!

We investigated QueD from Streptomyces sp. strain FLA
(QueD™*), which differs from the structurally characterized
bicupin QueDs by its monocupin fold and type of active-site
metal.”’! QueD"™* shows highest activity with Ni**, an unusual
cofactor for oxygenases, but other divalent d-block metals,
such as Co*!, Mn?", and Fe’" can replace Ni*", albeit with
poorer (Co**, Mn**) or no (Fe*") catalytic activity."'")

The purpose of our study was to define the catalytic role of
nickel in QueDs. By using a crystallographic cryotrapping
approach, we were able to show how binding of QUE primes
Ni*" to bind dioxygen side-on, ready to react with QUE.

We solved the crystal structure of QueD™* by Ni-SAD
phasing and refined the structures of three different states at
resolutions of 1.8 to 2.15 A (Table S1 in the Supporting
Information). QueD is dimeric in solution and is found as
a tightly packed homodimer in the asymmetric unit (ASU) of
the crystal (Figure 1a). Each monomer forms the typical
monocupin (3-barrel fold and secures a nickel ion in the active
site (one nickel per 180 residues). The N-terminal -strand of
the P-barrel originates from one monomer, while the remain-
ing eleven f-strands are contributed by the other monomer.
The two monomers are very similar and can be superimposed
with a root-mean-square deviation (rmsd) of 0.4 A for the Ca
atoms. The Ni-QueD™* dimer, assembled from two mono-
cupins, is nearly identical to the domain arrangement found in
the bicupin Cu- and Fe-containing QueDs, with an rmsd of
1.6-1.8 A for the C, atoms (Figure S5A).[*"

The resting-state structure (free E) was refined at 1.8 A
resolution (Table S1). The nickel ion is coordinated by the
Ne2 atoms of three His residues (H*, H"!, and H'"), by Oel of
E” in a syn-monodentate manner, and by two water
molecules (W1 and W2), to give an overall distorted
octahedral arrangement (Figure 1b). Nickel-ligand bond
lengths are 2.1-2.2 A, as frequently observed in Ni com-
plexes.'!l The second oxygen atom (Oe2) of E” is within
hydrogen-bonding distance of W2 (2.6 A) and is 3.4 A away
from the Ni atom (“carboxylate-out” conformation). The
active-site pocket is open and directly accessible from the
solvent, thus exposing the water ligands in the active-site
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Figure 1. Crystal structure of Ni-QueD in the resting state at 1.80 A
(free E). a) Overall dimeric structure of Ni-QueD. A B-barrel (blue) is
shown in one subunit with red a-helices (right molecule) and the
second subunit is presented as a green cartoon. The black oval in the
middle of the dimer marks a twofold axis. b) Coordination of Ni*" in
the resting state. SigmaA-weighted 2 F . —F,. (blue mesh) and
Fobs—Fealc OMit (green mesh) electron density maps are contoured at
1.5 and 4.0 o, respectively. Distances in all figures are in Angstrom.
c) Surface representation of the active site around the Ni*" ion.

pocket (Figure 1¢). The Ni coordination is similar to that of
acireductone dioxygenase."”! The structure of the 3His-1Glu
metal-binding motif is well conserved among QueDs (Fig-
ure S5-B-D).[4-]

The crystal structure of Ni-QueD™* with QUE bound
(ES-complex) was determined at a resolution of 2.15 A
(Figure 2 and Table S1). Eleven out of the twelve molecules in
the ASU contained QUE, with occupancies of 70-90 % and
B-factors of approximately 35 A% (Table S2). QUE is held in
the active-site cavity by three H-bonds and its coordination to
nickel (Figure 2 and Figure S1A), and it is surrounded by
hydrophobic side chains within van der Waals distance
(Figure S1). QUE binds through O34y in trans to H"® on
the nickel ion, replacing a water ligand (W1; Figure 2a).
Details of the nickel geometry can be found in Table S3. The
carboxylate group of E™ rotates approximately 90° upon
QUE binding, bringing its O¢2 atom within a short H-bonding
distance (2.5 A) of O3, whereby the distance between Og2
and Ni** decreases from 3.4 A to 2.9 A (“carboxylate-in”
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Figure 2. The ES-complex structure at 2.15 A. a) Binding of QUE to the
Ni?" ion. The structure has a similar orientation as in Figure 1b.

b) Surface representation of the QUE-bound active site (same orienta-
tion as Figure 1c). Carbon atoms of QUE are colored gray, other
atoms are colored as in Figure 1. The weighted 2 F,,,—F_, electron
density (blue mesh) and F,,,—F.,. omit difference (green mesh) maps
are contoured at 1.2 and 3.5 o, respectively. The omit map was
calculated after excluding QUE and W2.

conformation). QUE is slightly bent (ca. 5°) at C2oup and
faces outward from the Ni ion (Table S3). While other Ni-
ligand bond lengths remain the same, QUE binding weakens
the bond between nickel and W2, thereby increasing its length
from 2.2 A t0 2.6 0.1 A (n=11 in ASU).

QU binding also induces conformational changes in the
active-site pocket. QUE binding restrains solvent access to
the pocket (Figure 2b) because movements of four hydro-
phobic residues (F*, P%, F'® and F'7), a small helix (lid
helix), and E* act as gatekeepers, restricting the narrow
entrance (Figure 2b and Figure S1B).

We incubated ES-complex crystals with pure dioxygen for
1-10 min and cryotrapped the reactive state. The resulting
crystal structures showed an elongated difference density
(Fys—F.uc map) at the nickel center, where the water (W2)
was bound in the ES-complex (Figure S2). We repeated the
same treatment twice and observed similarly elongated
densities. When crystals containing the ES-complex were
incubated for more than 10 min with dioxygen, the active-site
pocket contained little or no electron density for QUE, thus
indicating complete turnover and return to the free E state.

Finally, we solved a crystal structure of the ES-complex
treated with O, at a resolution of 1.82 A (Table S1). Two out
of the twelve chains showed isomorphic elongated positive
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densities at the nickel center (chains C and F; Figure 3),
whereas the other chains had the same structure as in the ES-
complex. When we modelled dioxygen into the elongated
electron density, the difference density vanished. In contrast,
monoatomic models including a single oxygen atom in this
position, such as W2 in the ES-complex, could not explain the
difference density, and additional positive density remained
next to the modelled water even after several refinement
cycles (Figure S3). The model including dioxygen was refined
with an occupancy of over 70% and B-factors for the two
oxygen atoms of 35 and 36 A? (Table S2).

Dioxygen binds side-on to the Ni*" ion and is perpendic-
ular to the plane of the three rings of QUE. Both Ni—O bond
lengths refined to 2.4 A, thus indicating a weak Ni-O,
interaction through symmetric side-on binding of O,
(Figure 3). Owing to the resolution of the structure (d;,=
1.82 A), the 015,02, bond length had to be restrained and
can be refined to values between 1.20 and 1.35 A (see the
Supporting Information). Oly, is close to C2oue (2.6 A).
Binding of O, slightly increased the bending angle of QUE at
C2 to 7-8° (Figure S4). The remaining coordination environ-
ment of the nickel ion does not change upon binding of
dioxygen.

Our structures support the following mechanism for
substrate activation by Ni-QueD™* (Figure 4): In the free E
state, the nickel in QueD™* is octahedrally coordinated in an
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arrangement that includes two water ligands, of which one
(W2) is additionally stabilized on the nickel through a short
H-bond in the “carboxylate-out” conformation of E’
(Figure 4, complex I). Upon forming the ES-complex, the
O3y group replaces the water ligand (W1) at Ni*" in trans to
H'"® and QUE binds only in a monodentate manner to Ni**
owing to the spatial restraints of the active-site pocket
(Figure 4, complex II). Concomitantly, E’® changes its con-
formation to “carboxylate-in” and is now able to deprotonate
HO3gue. Binding of QUE together with the associated
“carboxylate-in” movement of E’® weaken the Ni-water
bond, elongating it from 22 A to 2.6 A (Figure2a and
Figure 4, complex II). This bond-weakening is likely neces-
sary to favour the ligand exchange of W2 against the only
weakly binding dioxygen. Concomitant conformational
changes not only screen the active site from the solvent but
also create a small channel for O, diffusion to its binding site
at the Ni** ion (Figure 2b and Figure S1B). Dioxygen enter-
ing the active site binds side-on to Ni** (Figure 3 and Figure 4,
complex III).

The electronic state of the Ni:QUE:O, complex remains
unresolved. Superoxo and peroxo species can be distin-
guished by their O—O bond lengths. Whereas short O—O
bond lengths have been reported for inorganic model com-
plexes with a side-on Ni'-superoxo species (1.35 A),['>14 Nj™-
peroxo complexes have O—O bond lengths of around 1.4 A 13

Figure 3. Structure of dioxygen bound to the ES-complex at 1.82 A (ES:0, complex). a,b) ES:0, complex structures in chains C and F, respectively.
The O1-02 bond lengths in both chains were refined to 1.30 A. Only bond lengths differing in both chains are shown in Figure 3b. SigmaA-

weighted 2 Fy,

—F_, electron density map (blue mesh) is shown with a contour level of 1.5 6. The weighted F_,,—F, omit difference map in

green for QUE and O, are contoured at 3.8 ¢ and calculated after omitting QUE and O,. A simulated-annealing omit map for dioxygen contoured

at 3.6 0 is shown as an orange mesh.

Angew. Chem. Int. Ed. 2016, 55, 32813284

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

3283


http://www.angewandte.org

*
(W1)  Carboxylate-Out OH
H71  H,0
N S Quercetin o5
HN N, / p
\m I\‘O'; 'HQ: Carboxylate-In
H69 4 v
) o E76
AN H,0(W2) OH R ¢
HN-Y
N) (|) HO
" N “H0(W2)
N (I
HO
Cc=o0 //
e 9 o
/7 H:o 2\ )\Q\
o O OH 05
2H,0 i X
OH
O
HO O~
0 HO
o )
OH O ‘ JeX
N%,ﬁné _
| - 0/ n
N
N (V) N ()

3284

Figure 4. Structure-based reaction mechanism. I) Free E state. Il) ES-
complex. Ill) Pre-catalytic ES:O, complex. The electron needed to
reduce dioxygen to the superoxide anion may either be derived from
quercetin (shown) or from Ni'". 1V) Peroxydate intermediate before
incorporation of two oxygen atoms. Water molecules with a star
indicate the site to be replaced by incoming substrates QUE and O,.

The observed O—O bond length of up to 1.35 A in the ES:O,
complex of Ni-QueD™* would thus account for either
dioxygen or superoxide bound to nickel.

After the binding and activation of both substrates, attack
of activated O, on QUE and cleavage of the O—O and C—C
bonds have to occur.>!') Based on DFT calculations, Sieg-
bahn et al.'”! suggested that the energetically favoured route
starts by forming a C2—O and subsequently C4—O bond
before the O—O and two C—C bonds are cleaved simulta-
neously with liberation of CO and the depside (Fig-
ure 4,complex IV). This mechanism is supported by our
crystal structures, in which the Ni*-bound O, is close to
C20ue (2.6 A), which is consistent with a slight overlap of the
van der Waals radii of the two atoms and thus requires only
minor movements to attain the proposed transition state and
initiate the reaction sequence.!'”!

In conclusion, Ni*" activates and aligns both substrates for
the reaction: QUE by stabilizing its deprotonated, anionic
state and O, by side-on binding and probably one-electron
reduction. Therefore, Ni-QueD"* reacts like Fe*"-dependent
dioxygenases, for example, homoprotocatechuate dioxyge-
nasel'"¥ or homogentisate dioxygenase,'” and unlike the
cofactor-free dioxygenases.®!
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