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Abstract

The crystal structure of the flavodoxin-like protein WrbA with oxidized FMN bound reveals a close
relationship to mammalian NAD(P)H:quinone oxidoreductase, Nqol. Structural comparison of WrbA,
flavodoxin, and Nqol indicates how the twisted open-sheet fold of flavodoxins is elaborated to form
multimers that extend catalytic function from one-electron transfer between protein partners using FMN
to two-electron reduction of xenobiotics using FAD. The structure suggests a novel physiological role
for WrbA and Nqol.
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The 21 kDa protein WrbA from Escherichia coli is the
founding member of a family of flavodoxin-like proteins
conserved from bacteria to higher plants that are impli-
cated in cellular responses to altered redox conditions and
other kinds of stress (Grandori and Carey 1994) via their
two-electron NAD(P)H:quinone oxidoreductase (Nqo)
activity (Patridge and Ferry 2006). Nqo enzymes from
bacteria to mammals are thought to shunt quinones from
one-electron reduction pathways, thereby preventing
redox cycling that can produce reactive oxygen species
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(Ernster 1987). Nqos are specific for FAD as redox
cofactor but are characteristically unspecific for both
electron donors (NADH or NADPH) and electron accep-
tors. Soluble mammalian Nqos can metabolically activate
a wide range of electrophilic xenobiotics and are notable
as both pro-oxidant and antioxidant enzymes, an apparent
structure—function paradox that has been ascribed to the
varying chemistries of their substrates (Cadenas 1995).
Targeted drug therapies aim to exploit the naturally
induced overexpression of Nqos in tumor cells to activate
antitumor chemotherapeutics (Ernster 1987; Cadenas
1995; Li et al. 1995). The crystal structure of oxidized
tetrameric E. coli WrbA (Wolfova et al. 2007) ratio-
nalizes functional distinctions with dimeric Nqos and
monomeric flavodoxins and suggests a novel function for
WrbAs and Nqos.
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Results and Discussion
Overall fold

WrbA monomers (Fig. 1A) adopt the canonical afa
sandwich fold of the flavodoxins with FMN bound at
the C-terminal end of the parallel 5-stranded sheet
(Simondsen and Tollin 1980), but with characteristic
flanking insertions and the ability to form tetramers
(Fig. 1B) without a dedicated multimerization domain
(Grandori and Carey 1994). Helix o' is part of a
conserved sequence (Grandori and Carey 1994; Patridge
and Ferry 2006) interrupting (35 that is typical of long-
chain but not short-chain flavodoxins (Fig. 1C). Helix
o6 is part of a highly variable subdomain inserted after

B2 in Nqos (Fig. 1D) and some flavodoxins. A DALI
search identifies several oxidoreductases as relatives of
the WrbA fold, including mammalian 1QRD (Li et al.
1995), the prototypical Nqol (Ernster 1987; Cadenas
1995). The WrbA tetramer assembles as a dimer of
dimers with 222 symmetry. Antiparallel monomers pair
as in 1QRD, with each cofactor facing the last two turns
of helix a3 in the other subunit. Dimers pair burying all
four a4-helices at the equator with the FMNs facing
outside and the «6-helices at the poles. The sequence
including o4 is the most highly conserved region of
WrbAs, but not flavodoxins. In 1QRD tetramerization is
blocked by a C-terminal subdomain missing from WrbA
that extends from each monomer toward the other and
provides residues that contact the adenine riboside of the

D

Figure 1. WrbA bridges flavodoxins and oxidoreductases. (A) Overall fold. WrbA monomer, ribbon; FMN, skeletal (orange carbon
atoms and atomic colors). Secondary structure numbering follows the convention introduced for Nqol (Li et al. 1995). Crystallization
and diffraction analysis are described by Wolfova et al. (2007). (B) WrbA tetramer. View along the diagonal between crystallographic
axes a and b, with each subunit a unique color. (C) Overlay with flavodoxin. Least-squares 3D alignment of WrbA monomer (rotated
90° from panel A) with short-chain flavodoxin (PDB ID 1J8Q; protein, red; FMN, yellow carbons and atomic colors). (D) Overlay with
Ngol. Mammalian Nqol monomer (PDB ID 1QRD; protein, red; FAD, yellow carbons and atomic colors). C-terminal subdomain at

upper left.
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other monomer’s NADH. This subdomain also packs
against the distal half of bound dicoumarol (Asher et al.
2006), the defining inhibitor of the Nqos (Ernster 1987,
Cadenas 1995), which does not inhibit WrbA (T. Gustavsson
and J. Carey, unpubl.).

Overlay of 1QRD and WrbA monomers (Fig. 1D)
indicates that cofactor selectivity is influenced by resi-
dues in a short insertion after B5b that is characteristically
conserved in WrbAs (Grandori and Carey 1994; Patridge
and Ferry 2006). The adenine riboside portion of FAD is
replaced by this irregular segment, which lies in a groove
on the WrbA surface along the N-terminus of al at the
same depth as the cofactor, with the sequence ;7;RQP;73
occupying the position of the adenine and ribose rings.
However, FAD substitutes for FMN in WrbA oxidore-
ductase activity (T. Gustavsson and J. Carey, unpubl.),
suggesting this segment can move to accommodate
adenine riboside.

Active Site

The WrbA FMN-binding site is in the same relative
location as that of flavodoxins (Fig. 1C), but the dispo-
sition and redox properties of FMN are entirely different.
Two protruding loops enclose the flavodoxin isoalloxa-
zine in a narrow crevice lined by aromatic residues,
leaving the dimethylbenzene ring edge exposed as an
electron conduit (Simondsen and Tollin 1980). The
flavodoxin pocket promotes the single-electron transfers
required by its partner proteins by constraining the fully
reduced flavoquinol to an unfavorable planar conforma-
tion without positive charges nearby, dramatically desta-
bilizing it relative to the semiquinone (Simondsen and
Tollin 1980). The flavodoxin crevice is missing in WrbA,
and FMN is presented on a broad, flat surface consistent
with assembly of its active sites at subunit interfaces. A
planar isoalloxazine model was well-accommodated by
the electron density, consistent with the oxidized state of
the cofactor implied by the intense yellow color of the
protein crystals (Wolfova et al. 2007).

As in flavodoxin, FMN is anchored by its ribityl-
phosphate tail to conserved residues of the Bl1-a2 seg-
ment. Arg78 and Phe79 surround the dimethylbenzene
ring (Fig. 2A), consistent with their predicted homology
to flavodoxin crevice residues (Grandori and Carey
1994) despite the novelties of positive charge and topol-
ogy with both residues on the same loop. All remaining
residues of each FMN pocket are contributed by second
(Trp97 and His132) and third (Tyr 142 and Phe 148)
monomers. Thus, the topological difference in FMN-
binding residues is linked to WrbA’s assembly state,
leading to cooperation among subunits for FMN binding
that supports function as an obligate tetramer. The redox-
active uracil end of isoalloxazine points directly toward

Figure 2. WrbA active site. (A) Key residues. Space-filling representation
with residues numbered and chain colors as in Figure 1B. (B) Quinone
binding. The WrbA active site was overlaid with that of 1QRD with bound
duroquinone (Li et al. 1995) by superposition of the common flavin atoms
from isoalloxazine through phosphate. (C) NADH binding. The program
FlexX (Rarey et al. 1996) was used to dock NADH into the WrbA tetramer
(nicotinamide and adenine riboside carbons, purple; pyrophosphate,
orange; other colors atomic).

Tyr142 (Oy-FMN N3 ~ 3.66 A) and His132 (N81-FMN
04 ~ 2.86 A), suggesting these residues correspond to
the charge-relay pair of 1QRD (Tyr155, His161) that facil-
itates hydride transfer, promoting two-electron reduction
(Li et al. 1995).

Overlay with the 1QRD structure containing bound
tetramethyl-1,4-benzoquinone (Li et al. 1995) indicates
that WrbA accommodates quinones in a highly similar,
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cavernous active site (Fig. 2B). NADH binding by WrbA
examined with docking (Fig. 2C) shows that the nicotin-
amide ring is easily accommodated in a position similar
to that found in 1QRD (Li et al. 1995). The promiscuity
of both proteins for electrophilic substrates in the reduc-
tive half-reaction may reflect the requirement for an
active site large enough to accommodate the adjacent
ribose of nicotinamide in the oxidative half-reaction.
However, the relevant oxidation state of FMN for quinone
binding is the reduced state; in this state the isoalloxazine
ring system displays butterfly bending of ~18°-28° about
the N5-N10 centerline (Walsh and Miller 2003) that
would presumably narrow the space available for qui-
nones and help to displace oxidized nicotinamide. In any
case, the active site is not large enough for simultaneous
binding of flavin, nicotinamide, and quinone; thus, WrbA
is predicted to share the characteristic ping-pong kinetic
mechanism of the Nqos (Ernster 1987; Cadenas 1995).

Functional hypothesis

Both WrbA and Nqol are typically purified as soluble
proteins (Ernster 1987). Although reduction of soluble
electrophiles is an undisputed biochemical property of
Nqos and WrbAs in vitro and in vivo (Ernster 1987;
Cadenas 1995; Li et al. 1995; Laskowski et al. 2002;
Asher et al. 2006; Patridge and Ferry 2006), many such
compounds could react spontaneously at the reducing
potential of mammalian or bacterial cytosol. A surface
feature of WrbA suggests it may yet prove to have a
physiological role involving membrane interaction.
Helix a6 faces the middle two turns of a3 in the same
subunit without contacting it, forming a protrusion and a
hydrophobic channel to the active site. Irregular segments
connecting a6 could provide flexible docking at the
membrane, permitting long-chain quinones to reach
reduced flavin. 1QRD presents a more complex o6
insertion than WrbA (Li et al. 1995); its association with
the membrane would orient Nqol dimers with their C-
terminal subdomains facing the cytosol, suggesting that
proteins proposed to interact there (Asher et al. 2006) could
be functional partners. A ping-pong kinetic mechanism
could suggest that membrane localization is transitory.
The suggestion that both WrbA and the Nqos may have
physiological roles involving membrane binding is con-
sistent with a large number of observations that have not
yet been reconciled. E. coli WrbA is regulated by
phosphorylated ArcA (Liu and De Wulf 2004), the global
sensor of redox state in the energy-linked quinone pool
(Georgellis et al. 2001). WrbA is among a group of
specific proteins that accumulate as cytoplasmic aggre-
gates when membrane protein fusions are overexpressed
in E. coli (Wagner et al. 2007), apparently due to
saturation of the cytoplasmic membrane protein trans-
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location apparatus; levels of respiratory chain complexes
in the cytoplasmic membrane are also strongly reduced,
and the Arc system is activated. WrbA may be linked to
tryptophan biosynthesis (Yang et al. 1993), which lies on
one branch of the shikimate pathway with menaquinone
biosynthesis on the other. The phylogenetic distribution
of WrbAs (Grandori and Carey 1994; Patridge and Ferry
2006) is the same as the distribution of the shikimate
pathway. Nqol is thought to be a physiologically relevant
target of the coumarol anticoagulants (Ernster 1987;
Cadenas 1995; Li et al. 1995; Asher et al. 2006),
consistent with its largely unexplored role in menaqui-
none-dependent protein carboxylation (Wallin et al.
1987). An uncharacterized hydrophobic fraction of
Ngol remains associated with membranes (Ernster
1987). Soluble Nqol can reduce vitamin K or CoQg in
vesicles (Martius et al. 1975; Beyer et al. 1996) and
requires coactivators (e.g., BSA, Triton) (Ernster 1987)
that may mimic the membrane. Yeast WrbA presents a
palmitoylation signal (Grandori and Carey 1994) and is
membrane-localized (G. Petsko, pers. comm.). Thus it
appears possible that overexpression of Nqos in tumor
cells, and of both proteins in response to xenobiotics or
oxidative stress (Ernster 1987; Grandori and Carey 1994,
Cadenas 1995; Li et al. 1995; Georgellis et al. 2001;
Laskowski et al. 2002; Liu and De Wulf 2004; Asher et al.
2006; Patridge and Ferry 2006), may be related only
indirectly to reduction of soluble electrophiles.
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