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FQR1 is a novel primary auxin-response gene that codes for a flavin mononucleotide-binding flavodoxin-like quinone
reductase. Accumulation of FQRT mRNA begins within 10 min of indole-3-acetic acid application and reaches a maximum
of approximately 10-fold induction 30 min after treatment. This increase in FQRT mRNA abundance is not diminished by
the protein synthesis inhibitor cycloheximide, demonstrating that FQR1 is a primary auxin-response gene. Sequence analysis
reveals that FQR1 belongs to a family of flavin mononucleotide-binding quinone reductases. Partially purified His-tagged
FQR1 isolated from Escherichia coli catalyzes the transfer of electrons from NADH and NADPH to several substrates and
exhibits in vitro quinone reductase activity. Overexpression of FQRI in plants leads to increased levels of FQR1 protein and
quinone reductase activity, indicating that FOR1 functions as a quinone reductase in vivo. In mammalian systems,
glutathione S-transferases and quinone reductases are classified as phase II detoxification enzymes. We hypothesize that the
auxin-inducible glutathione S-transferases and quinone reductases found in plants also act as detoxification enzymes,

possibly to protect against auxin-induced oxidative stress.

Auxin plays a central role in the control of plant
growth and development. It can stimulate or inhibit
cell expansion, stimulate cell division, promote dif-
ferentiation of vascular tissues, inhibit shoot branch-
ing, and promote lateral root formation. Although
recent attempts to unravel these signal transduction
pathways have been quite successful, it is clear that
we have not identified all of the genes that are up-
regulated immediately after auxin application.

At present, about a half a dozen families of primary
auxin-response genes have been identified. These in-
clude the Aux/IAA, SAUR, and GH3 families, mem-
bers of gene families encoding glutathione
S-transferases (GST) and 1-aminocyclopropane-1-
carboxylic acid synthases, and NACI (for review, see
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Abel and Theologis, 1996; Xie et al., 2000). Of these,
the Aux/IAA family is the most thoroughly studied
(Abel et al., 1995). Aux/IAA genes are transcriptional
regulators, and gain-of-function mutations in some
family members have dramatic effects on plant de-
velopment (Nagpal et al., 2000; Rogg et al., 2001).
Transcription of the Aux/IAA genes is under the con-
trol of auxin-response elements (AuxREs; for review,
see Guilfoyle et al., 1998).

The GSTs are a distinct class of auxin-responsive
genes (for review, see Marrs, 1996). This family of
enzymes was named for its ability to conjugate com-
pounds, including xenobiotic compounds, to the trip-
eptide glutathione. Once such a complex has formed,
the glutathione serves as a tag, marking the complex
for transport into the vacuole (for review, see Ed-
wards et al., 2000). As a result of this activity, GSTs
protect cells from potentially damaging agents.

In mammalian systems, GSTs are classified as
phase II detoxifying enzymes. Detoxification of xe-
nobiotic and/or cancer-causing compounds often oc-
curs via two steps. Phase I enzymes catalyze the
metabolic activation of the compound. Phase II en-
zymes then detoxify it, often by catalyzing the con-
jugation of endogenous metabolites to the xenobiotic
(Josephy, 1997). The phase II enzymes also include
quinone reductases (QRs) that carry out obligate two-
electron reductions of quinones. These reactions may
protect cells against oxidative stress by decreasing
the rate of formation of semiquinones, which can
contribute to the formation of reactive oxygen species
(for review, see Ross, 1997).
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Expression of mammalian GST and QR genes is
coordinately regulated by the cis-acting antioxidant
response element (ARE) and can be induced by a
wide range of compounds, including some polycyclic
aromatic hydrocarbons and oxidants such as hydro-
gen peroxide (for review, see Rushmore and Pickett,
1993). In plants, auxin inducibility of GST genes is
conferred by stress-responsive octapine synthase
(ocs) elements (Ulmasov et al., 1994; Chen and Singh,
1999). These ocs elements are similar in sequence to
the AREs found in mammalian GST genes and dis-
tinct from the AuxREs found in other types of auxin-
inducible genes. Until now, the genes encoding GST
proteins were the only auxin-regulated genes known
to encode phase II enzymes.

Here, we describe the discovery of a primary auxin-
response gene that encodes a QR. We identified,
cloned, and characterized a novel auxin-responsive
cDNA, FQR1, which encodes a flavodoxin-like QR.
Accumulation of the corresponding mRNA begins
within 10 min of indole-3-acetic acid (IAA) applica-
tion, and is not inhibited by addition of the protein
synthesis inhibitor cycloheximide, demonstrating that
FQR1 is a primary auxin-response gene. When ex-
pressed in Escherichia coli, the corresponding protein
binds FMN, carries out electron transport, and func-
tions as a QR. Overexpression of FQRI leads to in-
creased levels of QR activity in whole plant extracts,
suggesting that FQR1 acts as a QR in planta. This is a
novel activity for a protein encoded by an auxin-
responsive gene, and its presence raises questions
about the extent to which phase II enzymes may be
involved in auxin response.

RESULTS
Differential Display Reveals Auxin-Regulated mRNAs

Treating Arabidopsis roots with 1 to 30 um exoge-
nous IAA causes a number of physiological re-
sponses, including reduced rates of root elongation
and induction of lateral root formation. We previ-
ously established a system for auxin treatment of
7-d-old Arabidopsis seedlings that strongly induces
the formation of lateral roots (Laskowski et al., 1995).
To determine how that treatment affects gene expres-
sion, differential display was performed on total
RNA collected from roots 1 h after the initiation of a
15-min treatment with water or 30 um IAA (Liang
and Pardee, 1992). Seventy primer pairs were used to
generate 1,412 PCR products. Twenty-one of these
products were at least 2-fold induced by the auxin
treatment. Based on reproducibility and the magni-
tude of the response, five of these differentially ex-
pressed mRNAs were selected. Their corresponding
PCR fragments were isolated from the display gels,
re-amplified, and used as probes. The differential
expression of one of these mRNAs was confirmed by
northern-blot analysis (data not shown). The corre-
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sponding cDNA was re-amplified and cloned into a
pCRII vector.

FQR1 Has Sequence Similarity to a Family of QRs

A full-length cDNA was obtained by using the
PCR-generated fragment as a probe to screen the
Arabidopsis library APRL-2 (Newman et al., 1994).
This cDNA clone represents a gene that we named
FQRI1. The FQR1 cDNA contains a 612-bp open read-
ing frame that encodes a protein with a calculated
molecular mass of 21,794 D. This cDNA sequence
exactly matches the nucleotide sequence and pre-
dicted splice sites for GenBank protein BAA97523.1
(nucleotide AB026634). The gene is located on chro-
mosome 5 immediately 5’ to a hypothetical auxin-
responsive-like protein.

FQRT1 is a member of an extensive family of highly
conserved proteins found in plants, fungi, archea,
and eubacteria (Fig. 1). The founding member of this
family is WrbA. FQR1/WrbA family members share
sequence motifs that identify them as candidate fla-
vodoxins, which are flavin-binding proteins that
function as electron carriers in redox reactions (Gran-
dori and Carey, 1994). The N-terminal region of
FQR1 matches the 17-amino acid-long flavodoxin sig-
nature sequence [LIV]-[LIVFY]-[FY]-x-[ST]-x-x-[AGC]-
x-T-x-x-x-A-x-x-[LIV] (Fig. 1, underlined segment)
with one mismatch. The mismatch is shown in the
18th position of the multiple alignment. Here, the
expected amino acid in the flavodoxin signature se-
quence is Thr, whereas FQR1 contains a Val residue.
A BLAST search identified three Arabidopsis pro-
teins that share from 48% to 82% amino acid identity
with FQRI1, indicating that the gene family within
Arabidopsis has at least four members. The one fam-
ily member for which biochemical activity has been
determined is a 1,4-benzoquinone reductase from a
basidomycete (Brock et al., 1995). However, FQR1/
WrbA family members have very little sequence sim-
ilarity with mammalian QRs.

Recombinant FQR1 Is Associated with a Flavin

FQR1 was expressed in E. coli as an His-tagged
fusion protein. When the protein was purified on an
Ni-containing column, the FQR1-containing fractions
were bright yellow. To determine whether this color
might be caused by a bound flavin, we treated the
fractions with cold trichloroacetic acid (TCA) to pre-
cipitate the protein and separate the flavin. The ab-
sorption spectrum of the resulting supernatant was
similar to that of flavin standards (Fig. 2A). Fluores-
cence excitation and emission spectra of the holoen-
zyme indicate that the protein has characteristics
similar to that of known flavoproteins (data not
shown).

To determine the type of flavin bound by the pro-
tein, the acid supernatant was concentrated and spot-
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Figure 1. Deduced amino acid sequence of FQR1 and its relationship to the WrbA gene family as aligned by ClustalW in
MacVector. The sequences shown in this alignment were selected from those that have a high degree of sequence similarity
with FQR1; preference was given to those sequences for which biochemical information is available. FQR1 is displayed on
the top line. TvQR2 is quinone oxidoreductase from T. versicolor (accession no. AAG53945; Matvienko et al., 2001), QR
is 1,4-benzoquinone reductase from P. chrysosporium (accession no. AAD21025; Akileswaran et al., 1999), WrbA is Trp
repressor-binding protein from E. coli (accession no. P30849; Yang et al., 1993), p25 protein is from S. pombe (accession
no. P30821; Toda et al., 1992; Turi et al., 1994), and flav. is flavodoxin from C. acetobutylicum (accession no. A38177;
Santangelo et al., 1991). Sequence identity with the archeal protein (from Archaeoglobus fulgidus), not shown because of
its lower level of similarity, is 32%. Identical residues are indicated with dark gray shading, and similarities are indicated
with light gray shading. The N-terminal region matching the flavodoxin signature sequence is underlined.

ted on a thin-layer chromatography plate. As shown
in Figure 2B, the FQR1-associated flavin comigrated
with FMN.

FQR1 Functions as an NAD(P)H-Dependent Reductase

In an in vitro assay, purified recombinant FQR1
functions as an NAD(P)H-dependent reductase. A
freshly isolated FQR1 fusion protein has an absorp-
tion maximum at about 450 nm (Fig. 3A). Such a
spectrum is characteristic of the oxidized form of a
flavin. Reduction of the flavin moiety is associated
with loss of this absorption maximum (Ghisla, 1980).
Addition of an equivalent concentration of NADH
results in loss of the peak at 450 nm (Fig. 3B). Sub-
sequent addition of an equivalent concentration of
the electron acceptor dichlorophenolindophenol
(DCPIP) results in flavin oxidation, as demonstrated
by a restoration of the absorption maximum at 450
nm (Fig. 3C). The reduction of DCPIP by FQR1 can
also be followed by monitoring its absorption at 600

580

nm, because the reduced form of DCPIP is colorless
rather than blue (Fig. 3, D and E). Rapid reduction of
DCPIP requires both FQR1 and a molecule that can
donate electrons to FQR1. NADH and NADPH both
function in this respect. Denaturing FQR1 by boiling
inactivates the reductase activity. As a result of these
experiments, we conclude that FQR1 functions as an
NAD(P)H-dependent reductase.

FQR1 Is a QR

To determine whether FQRI, like its family mem-
bers, has QR activity, a standard assay for QRs was
used (Prochaska and Santamaria, 1988). QR activity
is measured as the ability of an enzyme to reduce the
quinone substrate menadione to menadiol. Forma-
tion of menadiol is evidenced by the subsequent
menadiol-induced reduction of 3-(4,5-dimethylthi-
azo-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to
a blue formazan dye. The specific activity of extracts
from E. coli cells with and without the FORT expres-
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Figure 2. FQR1 fusion protein binds a flavin. Protein was isolated
from IPTG-induced BL21 (DE3) E. coli harboring the His-tagged
FQRT1 expression vector and purified on a column containing an
Ni**-charged agarose matrix. A, Flavin was dissociated from puri-
fied protein under acidic conditions, and the spectrum of the isolate
(dotted line) was compared with that of a flavin (FMN) standard
(solid line). B, Thin layer chromatographic analysis of FQR1-
associated flavin harvested from an E. coli overexpression system.
The isolated protein was dialyzed in phosphate-buffered saline and
precipitated using 5% (w/v) TCA. The flavin-containing supernatant
was dried, resuspended in 65% (v/v) ethanol, and loaded onto silica
plates. Approximately 1 ug of each standard was added. The ex-
periment was performed once each in two different solvent systems.
The data shown here are from 3:1:1 butanol:acetic acid:water. Rf,
Riboflavin.

sion vector were compared. As shown in Figure 4B,
the amount of FQR1 protein increased dramatically
when cells containing the expression vector were
induced with isopropyl-p-thiogalactopyranoside
(IPTG). This increase in FQR1 protein level correlates
with an increase in the specific activity of the prep-
aration. The specific activity of extracts from IPTG-
induced cells that contain the FQR1 expression vector
is 2,120 nmol min~' mg~', whereas the specific ac-
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tivity of uninduced, vectorless controls is 110 nmol
min ' mg~' (Fig. 4A). To confirm that the increase in
activity seen in induced cells was caused by the
increase in FQR1 expression, FQR1 fusion protein
was purified by affinity chromatography on Ni-
nitrilotriacetic acid agarose beads. The specific activ-
ity of the purified fraction is 5,000 nmol min~' mg™".
In light of these results, we named the protein
flavodoxin-like QR (FQR1).

FQR1 Is a Primary Auxin-Response Gene

Preliminary experiments demonstrated that FQRI
mRNA is auxin inducible. Although the amount
present in root cultures is higher than in detipped
roots from intact plants, the response of FQR1 to auxin
treatment is similar in intact and cultured roots (data
not shown). Thus, we investigated the response of
FQR1 to auxin in roots that had been cultured in liquid
Murashige and Skoog medium containing 3% Suc.

Addition of auxin to cultured roots results in an
extremely rapid increase in the amount of accumu-
lated FQRI mRNA. As shown in Figure 5A, elevated
levels of FQRT mRNA are observed within 10 min of
auxin application. The maximal level of mRNA ac-
cumulation is approximately 10-fold greater than the
level seen in uninduced roots and is reached about 30
min after auxin application. This places FQRI in a
class with the fastest known auxin up-regulated
genes (McClure and Guilfoyle, 1987; Abel et al,,
1995). When auxin is continually present in the me-
dium, enhanced levels of mRNA are maintained for
at least 2 h. Whether these increases in mRNA levels
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are a result of increased transcription or mRNA sta-
bility has not been determined.

Whereas the accumulation of mRNA for secondary
auxin-response genes requires protein synthesis, pri-
mary auxin-response genes are defined by their abil-
ity to be induced by auxin in the presence of protein
synthesis inhibitors. Induction of FQRI mRNA by
IAA occurs in the presence of the protein synthesis
inhibitor cycloheximide (10 uM for 2 h), demonstrat-
ing that FQR1 is a primary auxin-response gene (Fig.
5B). Many of the primary auxin-response genes can
also be induced by protein synthesis inhibitors alone
(Theologis et al., 1985; van der Zaal et al., 1987;
Franco et al., 1990). Treating Arabidopsis root cul-
tures with cycloheximide leads to a substantial in-
crease in FQRT1 mRNA accumulation (Fig. 5B).

Specificity of FQR1 Induction

To determine whether the response of FQRI to
exogenous IAA could be associated with physiolog-
ical auxin responses, we examined the effective con-
centration range of IAA and the variety of molecules
that promote the response. Accumulation of FQRI
mRNA is promoted by 1 to 90 um IAA, the same
range of concentrations that is effective in inducing
lateral root formation and inhibiting root elongation
(Blakely et al., 1988; Fig. 5C). Maximal accumulation,

A 5.07

Specific activity
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- N W & O,
|
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IPTG B o+
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290>
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Figure 4. FQR1 has QR activity. A, Specific activity of FQR1 as
determined by the formation of reduced MTT in the QR assay.
Numbers for the first four samples reflect the averages of two trials.
Protein concentrations for each trial were determined by averaging
the results of triplicate Bradford assays. B, Coomassie Brilliant Blue-
stained gel showing the relative amount of FQR1 present in the E.
coli extracts used in A. The additional lane on the far left contains M,
markers. The arrow indicates the position of the FQRT1 fusion protein.
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A vunee
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Figure 5. Northern blots were hybridized with probe made from the
550-bp fragment of the FQRT cDNA. Total RNA (10 ug) was loaded
per lane. A, Increase in FQRT mRNA accumulation with time after
auxin treatment. RNA was isolated from cultured roots to which 30
M IAA was added at t = 0. B, Incubating roots with cycloheximide
leads to increased levels of FQRT mRNA. RNA was extracted from
root cultures treated with 10 um cycloheximide and/or 10 um IAA for
2 h. “C,” Control; “CHX,” cycloheximide. C, Effect of increasing
concentrations of IAA on accumulation of FQR7 mRNA. RNA was
isolated from cultured roots 1 h after IAA application. D, Effect of
multiple auxin and non-auxin compounds. Hormones were applied
to cultured roots for 2 h at a concentration of 30 pum. “C,” Control.
rRNA bands from the ethidium bromide-stained gels, shown below
each northern blot, served as loading controls.

a 13-fold increase over control levels, is reached with
30 um IAA. Two additional auxins, naphthylacetic
acid and 2,4-dichlorophenoxyacetic acid, also induce
the response (Fig. 5D), whereas Trp, a molecule that
is structurally similar to IAA but does not have auxin
activity, fails to induce FQRT mRNA accumulation.
In independent experiments, addition of high con-
centrations of Trp (50 and 500 uM) to cultured roots
for a period of 6 h did not affect the accumulation of
this mRNA (data not shown). Incubation in 30 um
cytokinin (6-benzylaminopurine [BAP]) for 2 h also
failed to promote FQRT mRNA accumulation (Fig.
5D). Thus, there is a correlation between the condi-
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tions that promote typical auxin responses and the
factors that induce FQRT mRNA accumulation.

Because accumulation of FQRT mRNA is auxin
inducible, we searched the putative promoter region
for AuxREs similar to those found in other early
auxin-inducible genes. AuxREs are typically com-
posed of pairs of TGTCTC sites, or of a single
TGTCTC site together with a second element (Ulma-
sov et al, 1995). We did not find any obvious
TGTCTC-type AuxRE sites, although there are sepa-
rate TGTCTt sequences at position —1,655 and —990
from the ATG that might have the potential to form
the basis for composite elements, if a second, as yet
unidentified, element were present. In contrast,
there are some close matches for stress-responsive
elements. The consensus stress-responsive ocs-like
element found in some GSTs is TGACGTAAgcgcT-
GACGTAA (Ulmasov et al.,, 1994). Another stress-
responsive element is the mammalian ARE. The
consensus ARE is two closely spaced TGACNNN
followed by a GC box (Dhakshinamoorthy et al.,
2000). We searched for elements similar to either of
these by looking for the characteristic TGAC motif
and identified three sites that have closely spaced
repeats of TGAC: TGACcctaccctcgGTCA at —1,026,
TTAGTCActaacattagtgttaagatTGACta at —677, and
TGACAGCaacatatcaTCA at —489. The presence of
these sites raises the possibility that they may confer
transcriptional regulation on FQR1 in a manner sim-
ilar to other genes that contain similar stress-
responsive elements.

Accordingly, we tested the specificity of FQRI in-
duction by examining tissues that were stressed in
various ways. Treating root cultures with 5 or 10 mm
H,0, for 30 min or 100 um CdCl, for 2 h did not alter
the level of FQRT mRNA accumulation (data not
shown). Accumulation of FQRI mRNA can be de-
tected in shoots as well as in roots and root cultures,
and so we investigated the effect of wounding on
FQRI1 expression in leaves. Removing 50% of the leaf
blade of the four largest leaves of 14-d-old plants 6 h
before harvest failed to affect the amount of FQR1
mRNA accumulation (data not shown).

FQR1 Protein Is Present throughout the Plant

To determine where FQRI1 is expressed in the
plant, polyclonal antibodies were raised to the His-
tagged FQR1 fusion protein. A 1:10,000 dilution of
the resulting serum detects both the purified fusion
protein and a single group of native proteins (Fig. 6).
Because the antibody is polyclonal and two members
of the FQR1 family in Arabidopsis that share 84%
and 62% amino acid identity with FQR1 have masses
only 0.5 and 0.9 kD larger than FQR1, we cannot rule
out the possibility that the single band of native
proteins recognized by the antibody includes these
family members. The apparent masses of the fusion
protein (about 30 kD) and the native protein (about
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Fusion protein _Native protein
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Figure 6. Western blot showing that anti-FQR1 antibody recognizes
both fusion and native proteins. Lanes 1, 2, and 3: 10, 5, and 1 ng of
the FQRT fusion protein, respectively; lanes 4, 5, and 6, 8 ug of total
protein extract from wild-type shoots, roots, and root cultures. As
expected, the molecular mass of the fusion protein is approximately
5 kD more than the native protein. The blot was incubated with a
1:10,000 dilution of immune serum. Incubation with preimmune
serum did not reveal any bands. The lower arrow indicates the native
protein. The positions of comparatively faint bands of larger molec-
ular mass are indicated with the upper arrows.

25 kD) are somewhat larger than their predicted
masses (27 and 22 kD, respectively, based on the
apoprotein with a single FMN). In some experiments,
a protein with an estimated molecular mass of 62 kD
is also apparent. Homodimerization or multimeriza-
tion of proteins in this family has been frequently
reported (Brock et al., 1995; Grandori et al., 1998;
Uetz. et al., 2000), as has binding to both related
family members and to proteins of distinct sequence
(Yang et al., 1993; Uetz et al., 2000).

The protein(s) recognized by the anti-FQR1 anti-
body is present in both roots and shoots. The higher
levels of protein accumulation in root cultures as
compared with roots, and in roots as compared with
shoots are consistent with the patterns of FQRI
mRNA accumulation. We did not detect reliable
changes in the level of FQR1 protein accumulation in
response to auxin application. In two of four exper-
iments, a slight increase was seen in the range from 4
to 12 h after a pulse of auxin was given to roots
grown on agar plates, but these increases were not
consistent (data not shown). These data may reflect
an actual lack of auxin-induced FQR1 accumulation.
Alternatively, they could reflect a modest increase in
FQR1 accumulation against a relatively high back-
ground of constitutive expression on the part of re-
lated family members.

Overexpression of FQR1 Increases the Total QR
Activity in Plant Extracts

Arabidopsis plants were transformed with a cauli-
flower mosaic virus (CaMV) 35S::FQR1 construct,
and five distinct lines that overexpress FQRI were
established. Northern-blot analysis confirmed that
these plants have elevated levels of FQRT mRNA
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Figure 7. Levels of FQRT mRNA, FQR1 protein, and QR activity in
untreated plants transformed with CaMV35S::FQR1 as compared
with wild type. All five of the transformed lines (C1K4, B1C2, C1C3,
CIB6, and B1B1) carry the same construct. A, Northern blot probed
with FQR1 cDNA. Samples of leaf and stem tissue were taken from
21-d-old plants. RNA (10 pg) was loaded per lane. rRNA bands
shown below the northern blot served as loading controls. B, West-
ern blot shows that FQR1 protein levels correlate with FQRT mRNA

(Fig. 7A). The transformed plants were grown in soil,
and their phenotype was observed through several
generations. We did not notice a morphological dif-
ference between soil-grown wild-type and trans-
formed plants. Measurements of root length and
number of lateral roots per centimeter, two features
known to be regulated by auxin, were compared for
IAA-treated and untreated seedlings in all of the
lines tested. No correlation was observed between
either of these features and the degree of FQR1 over-
expression (data not shown).

These data raise the question as to whether the
plants with elevated levels of FQRT mRNA have
elevated levels of FQR1 protein. Western-blot analy-
sis indicates that the level of FQR1 protein accumu-
lation in these lines does vary in accord with the
relative amount of FQRTI mRNA, although the mag-
nitude of the increase in protein levels is less than
that of the mRNA (Fig. 7B). To determine whether
the increase in FQR1 protein levels corresponds to an
increase in QR activity, QR assays were run on ex-
tracts from wild-type and CIB6 plants. On average,
the specific activity of extracts from seedlings of the
CIB6 line was 34% greater than the specific activity of
extracts from wild-type seedlings (Fig. 7C). These
data suggest that production of FQR1 results in an
increase in in planta QR activity.

DISCUSSION
FOR1 Is an FMN-Binding OR

The data presented here demonstrate that FQR1 is
an FMN-binding QR. FQR1 belongs to a family of
highly conserved flavin-binding reductases, the
founding member of which is WrbA from E. coli. All
of the studies of FQR1/WrbA family enzymes point
to their playing a role in the detoxification of xeno-
biotics or oxidized metabolic products. The FQR1/
WrbA family member isolated from the white rot
fungus Phanerochaete  chrysosporium is a 14-
benzoquinone reductase (QR). This FMN-binding
protein can be reduced by NADH and NADPH and
transfers electrons to a variety of substrates. The
most efficient electron acceptor identified is 2,6-
dimethoxybenzoquinone (DMBQ), a compound com-
monly found in plants (Handa et al., 1983; Brock and
Gold, 1996). Expression of the enzyme is induced by
a variety of aromatic compounds, including
2-methoxybenzoquinone and vanillic acid, a product
of lignin degradation (Akileswaran et al., 1999). Be-

abundance. Lane 1, 10 ng of His-tagged FQR1 purified from E. coli.
Lane 2 to 7, 8 ug of protein extract from 2-week-old soil-grown
plants. The Coomassie Brilliant Blue-stained gel, shown below the
western blot, was loaded with equivalent amounts of the samples
used in the western blot and served as a loading control. C, Specific
activity of extracts from CIB6 transgenic plants (n = 5 isolations) is
greater than that of wild-type (Col-0) plants (n = 6). The error bars
represent sDs. Results are statistically significant at P = 0.01.
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cause P. chrysosporium actively degrades lignin, the
fungus is likely to encounter elevated levels of oxi-
dized metabolic products such as these. It is hypoth-
esized that QR may play a role in protecting the
fungus from toxic levels of quinones that may result
from breakdown of the plant cell wall.

A second member of the FQR1/WrbA gene family,
TvQR2, was isolated from the parasitic plant Triphys-
aria versicolor (Matvienko et al., 2001). In this case, it
is hypothesized that the encoded enzyme is involved
in detoxification of quinones, such as DMBQ, that are
released by the roots of neighboring plants. This
hypothesis is supported by the observation that
DMBQ induces TvQR2 expression in both parasitic
and nonparasitic plants (Matvienko et al., 2001).

A homologous gene in Schizosaccharomyces pombe
was identified based on its ability to be regulated by
Papl, an AP-1 like transcription factor that is acti-
vated by oxidative stress (Toda et al., 1992). Treating
S. pombe with 2 mm hydrogen peroxide for 6 h in-
creases the amount of p25 protein in wild-type cells,
although not in papl™ cells (Kudo et al., 1999). Over-
expression of this protein is observed in a brefeldin
A-resistant mutant. This indicates that p25 might
play a role in protection against brefeldin A. If so,
however, it does not act alone, because overexpres-
sion of the protein is not sufficient to confer brefeldin
A resistance (Turi et al., 1994). The protein encoded
by a similar gene in Saccharomyces cerevisiae
(YDRO032C) also shows induction with hydrogen per-
oxide (Godon et al., 1998). These data strongly sug-
gest that p25 may serve as a cellular response to
oxidative stress.

Members of the FQR1/WrbA Enzyme Family Are
Distantly Related to Mammalian QRs

Although several members of the FQR1/WrbA en-
zyme family have QR activity, their amino acid se-
quences are quite different from the well known
FAD-binding QRs, such as the mammalian NQO1.
Initial studies of the sequence and predicted struc-
ture of WrbA family members lead to the proposal
that members of this family were novel flavodoxins
(Grandori and Carey, 1994): FMN-binding proteins
that function in electron transport (for review, see
Simondsen and Tollin, 1980). Subsequent studies
substantiate the prediction that FQR1/WrbA family
members bind FMN (Brock et al., 1995; Grandori et
al., 1998). For FQR1, thin-layer chromatography anal-
ysis of the cofactor associated with the His-tagged
protein demonstrates that, when expressed in E. coli,
the flavin associated with FQR1 is FMN. Thus, both
the primary sequence and cofactor bound distinguish
the WrbA family members from the mammalian
QRs. Given this low degree of conservation, it is
perhaps surprising that enzymes in the FQR1 family
have QR activity. This apparent anomaly can be re-
solved by considering the three-dimensional struc-
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tures of the enzymes. The catalytic domain of mam-
malian QR1 is more similar to the FMN-containing
flavodoxin from Clostridium MP, a close relative of
FQR1, than to other FAD-containing enzymes (for
review, see Bianchet et al., 1999). Thus, FQR1 belongs
to a family of proteins that share amino acid similar-
ity with flavodoxins and similar three-dimensional
folds with QRs. Because all of the members of the
WrbA family that have been biochemically character-
ized are known to bind FMN and have QR activity,
we suggest that the family be renamed the
flavodoxin-like QRs to better reflect the activities of
these proteins.

Mammalian QR Protects against Chemotoxicity

QRs have been extensively studied in mammalian
systems. NQO1 is an FAD-binding cytosolic enzyme
that carries out obligate two-electron reductions of
quinones. This enzyme plays a role in protection
against oxidative stress and xenobiotic toxicity (for
review, see Ross et al., 2000). This protection may be
carried out through the reduction of specific sub-
strates, such as coenzyme Q (Beyer et al., 1996), or
more generally by carrying out the two-electron re-
duction of a quinone to a hydroquinone. This later
reduction effectively prevents the one-electron re-
duction of a quinone to a semiquinone. Semiquino-
nes are potentially damaging because they may pass
a single electron to oxygen, thereby generating
highly destructive reactive oxygen species (for re-
view, see Ross, 1997). Loss of QR function is not
lethal. NQO1 knockout mice are viable but have an
increased NADH/NAD ratio and fail to gain weight
at the rate that wild-type mice do (Gaikwad et al.,
2001). The observation that NQO1 knockouts are vi-
able is mirrored by work with members of the FQR1/
WrbA family. Knockouts of FQR1/WrbA family
members from E. coli, S. pombe, and S. cerevisiae are
viable, and, when grown in standard laboratory con-
ditions, result in organisms that are morphologically
indistinguishable from wild type (Toda et al., 1992;
Yang et al., 1993; Winzeler et al., 1999).

FQR1 Is a Novel Primary Auxin-Response Gene

Accumulation of FQRT mRNA is one of the fastest
known auxin responses. Significantly enhanced lev-
els of FQRI mRNA are observed within 10 min of
IAA application, the earliest time tested. Half-
maximal induction is reached about 20 min after
auxin application and steady state is reached in 30
min. These times are directly comparable to those of
the three fastest members of the PS-IAA4/5 family in
Arabidopsis. Accumulation of IAA1, JAA2, and IAAS
mRNA begins 6 to 8 min after auxin application and
reaches a maximal, steady-state level approximately
30 min after application (Abel et al., 1995). Transcrip-
tional activation of the SAUR genes is only slightly
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faster. Increased levels of SAUR mRNAs are first
detectable 2.5 to 5 min after the application of 50 um
2,4-dichlorophenoxyacetic acid, half-maximal induc-
tion is reached 10 min after application, and the
steady state is reached at 60 min (McClure and Guil-
foyle, 1987).

As described in “Results,” FQRT mRNA accumu-
lation is increased by treatment with auxin in the
presence of the protein synthesis inhibitor cyclohex-
imide and by cycloheximide alone. Cycloheximide
inducibility is a common feature of many of the early
auxin-regulated genes and can be interpreted as ev-
idence in favor of the existence of a short-lived tran-
scriptional repressor (for review, see Abel and The-
ologis, 1996). If such a repressor is functioning in this
case, it presumably binds to a site other than the
consensus AuxRE, because a TGTCTC-type AuxRE
was not observed in the putative promoter region.
DMBQ inducibility of TvQR2, the T. versicolor ho-
molog, is also a primary response. In that case, how-
ever, a relatively short (40 min) treatment with cy-
cloheximide alone did not suffice to induce the gene
(Matvienko et al., 2001).

Although FQR1 is clearly a primary auxin-response
gene, it is not clear that the induction of FQRI is
specific to auxin. The apparent lack of an AuxRE
combined with the presence of a putative stress-
responsive element suggests that the induction of
FQRI could be mediated as a cellular stress response.
Although the experiments here did not identify ef-
fective inducers other than cycloheximide and auxin,
it should be noted that only a limited number of
agents were tried, and thus, no general conclusion
about the nature of the induction can be reached. It is
interesting to note that mRNA corresponding to the
mammalian QR NQO1 accumulates in response to
treatment with polycyclic aromatic hydrocarbons, as
well as oxidants such as hydrogen peroxide, and
hypoxia (Ross, 1997). This induction is mediated by
cis-acting AREs that have consensus elements similar
to those found in the putative promoter of FQRI
(Rushmore et al., 1991).

CONCLUSIONS

FQR1 is a novel primary auxin-response gene that
encodes a protein with QR activity. Although the QR
activity of FQR1 suggests a possible role in protecting
against oxidative stress, the in vivo function of FQR1
is not yet known. Identification of its in vivo reaction
partners is an exciting avenue for future research. It
is intriguing that QRs and GSTs, plant enzymes with
functions that match two of the many mammalian
phase Il enzymes, are auxin responsive, and it will be
interesting to learn whether any other plant ho-
mologs of the mammalian phase Il enzymes are also
auxin responsive.

MATERIALS AND METHODS
Plant Tissue

Seeds of Arabidopsis ecotype Columbia-0 were surface
sterilized, vernalized in the dark for 1 week at 4°C, mixed
with 0.1% agarose, and plated on 0.8% agar containing
Murashige and Skoog salts, vitamins, and 3% Suc. Plates
were wrapped with Parafilm (American National Can, Chi-
cago), vertically oriented, and placed in a 22°C chamber.
Plates containing 7-d-old plants were placed horizontally
and flooded for 15 min with approximately 25 mL of sterile
water with or without IAA. For differential display, plants
were rinsed with fresh sterile water once after treatment.
Roots cut just below the hypocotyl junction under sterile
conditions were frozen in liquid nitrogen.

When plants were grown for differential display, the
agar plates also contained 0.1 mg L™ " ampicillin and 0.01
mg L ! benomyl, a fungicide. To promote root growth, the
plates were kept dark for the first 3 d. To increase the
probability of identifying an auxin-regulated gene in-
volved in meristem formation, the terminal 0.5 cm (approx-
imate) of the root was cut off and left out of the sample.

To generate conveniently large quantities of tissue for
use in northern-blot analysis, Arabidopsis roots were also
grown in liquid culture as described by Williams and Sus-
sex (1995). Each compound under study was added to the
liquid culture, resulting in continuous stimulation rather
than a pulse.

Plants for the wounding experiment were grown in soil
for 14 d. To wound the plants, one-half of each of the
largest four leaves was cut away with scissors. If the plant
did not have four visible leaves, three were used instead.
Shoot samples were harvested 6 h after the leaves were cut.

Hormone Preparation

Hormones were prepared as 3 mwm stocks and filter
sterilized before use. The auxin stock was prepared by
dissolving 0.026 g of IAA in 0.5 mL of ethanol, which was
then added a drop at a time to 49.5 mL of water. Cytokinin
(BAP) was dissolved in 0.5 mL of 1 m NaOH and diluted to
25 mL with water.

Differential Display

RNA was isolated in Kirby buffer according to the pro-
cedure of Leutwiler et al. (1986). For differential display, a
subsequent 30-min treatment with RNase-free DNase I, a
phenol:chloroform extraction, and an ethanol precipitation
were performed. Differential display was carried out as
described by Liang and Pardee (1992) with modifications.
Total RNA (0.4 pg) from detipped roots was mixed with 40
pmol of oligo(dT) primer, left at 70°C for 10 min, and then
placed on ice. Reverse transcription proceeded for 1 h at
37°C with Superscript enzyme and reagents suggested by
the manufacturer (Invitrogen, Carlsbad, CA) in a final vol-
ume of 40 uL. PCR reactions contained 2 pL of the cDNA
reaction, 20 pmol of anchor primer (T,,GC) primer, 10
pmol of arbitrarily chosen 10-mer primer, 2 um deoxyribo-
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nucleotide triphosphates, 0.5 uL of Tag polymerase, and 10
uCi of *°S in buffer (final buffer concentrations: 50 mm KCl,
10 mm Tris-HCI, pH 8.3, 1.5 mMm MgCl,, 0.001% [w/v]
gelatin). PCR was carried out as described by Liang and
Pardee (1992) with an annealing temperature of 40°C (2
min at 94°C, followed by 40 cycles of 30 s at 94°C, 1 min
at 40°C, 30 s at 72°C, followed by 5 min at 72°C). Reac-
tions were run on 5% polyacrylamide sequencing gels
until the xylene cyanol dye marker reached the end of the
gel to retain DNA fragments larger than about 125 bp. Af-
ter PCR amplification, cDNA fragments from the bands of
interest were cloned using the TA cloning kit (Invitrogen,
Carlsbad, CA).

Northern Analysis

The cloned PCR-amplified fragment of FQR1 served as
the template for the probes used in northern-blot analysis.
Some experiments were carried out with the Illuminator
nonradioactive detection kit (Stratagene, La Jolla, CA) ac-
cording to manufacturer’s directions. Results from these
experiments were confirmed with *?P-labeled random-
primed probes. RNA was fractionated on a 1.2 or 1.5%
formaldehyde gel, and inspection of the ethidium bromide-
stained RNA indicated that equal amounts were loaded in
each well. Gels were transferred overnight to a Zetaprobe
membrane (Bio-Rad, Hercules, CA) following the manufac-
turer’s protocol for alkaline transfer. After transfer, gels
were examined on a UV light box to make sure that no
ethidium bromide-stained products remained. Baked
membranes were prehybridized (0.25 M sodium phosphate,
pH 7.5, 7% SDS, 1% bovine serum albumin, 1 mm EDTA,
pH 8) at 65°C for at least 1 h. Following overnight hybrid-
ization, blots were washed at 65°C for 1 h in 1X SSC plus
0.5% SDS and then for an additional 1 h in 0.5X SSC plus
0.5% SDS. Results were visualized either via exposure to
autoradiographic film or with a PhosphorImager. Specific
numbers for fold-induction by IAA were calculated by
dividing the PhosphorImager-determined density of the
induced band by the density of the control.

Screening

The APRL-2 ¢cDNA library was constructed by Thomas
Newman from a mixture of shoots and cultured roots and
was supplied by the Arabidopsis Biological Resource Cen-
ter at Ohio State University (Columbus, OH). Plaques were
transferred to a noncharged nylon membrane, and the
baked blots were subjected to hybridization according to
the directions supplied with the Illuminator nonradioac-
tive detection kit (Stratagene).

Sequencing

Sequencing reactions were carried out with the Seque-
nase, version 2.0, kit (United States Biochemical, Cleve-
land) according to manufacturer’s directions. Custom
primers were obtained from the DNA-sequencing facility
at the University of California (Berkeley).

FQR1 Is a Primary Auxin-Response Gene

Transgenic Plants

A CaMV35S:FQR1 construct was made by digesting
FQR1 with Xhol and BamHI and cloning it into the 4K1
shuttle vector (Peralta et al., 1986). This plasmid was sub-
sequently digested with EcoRI and HindllI, cloned into the
SLJ7292 binary vector (Jones et al., 1992), and introduced
into Agrobacterium tumefaciens via a triparental mating.
Arabidopsis plants were transformed via vacuum infiltra-
tion, and T, seed was grown on kanamycin. Resistant
plants were selected, transferred to soil, and allowed to
self. Seeds of these T, plants were grown on kanamycin,
and those that gave rise to 100% kanamycin-resistant prog-
eny were selected and served as the founders for the lines
used in all subsequent experiments. The CIB6 line is avail-
able from Arabidopsis Biological Resource Center (stock
no. CS3902).

To compare the morphology of 355::FQR1 plants to wild-
type plants, seeds of each type were cold treated for 1 week
at 4°C, and then grown to maturity in soil at 23°C (16 h
light/8 h dark). Roots of 7-d-old seedlings grown on sterile
agar plates were assessed via manual measurements of
root length. The number of lateral roots emerging from the
epidermis was determined using a dissecting microscope.

Antibody Production

The entire open reading frame of the FQR1 cDNA was
excised with Ncol and BamHI, and the resulting fragment
was ligated into the pET-30a (+) vector (Novagen, Madi-
son, WI) so as to add an N-terminal extension encoding a
4,872 D peptide including a 6 His tag, thrombin, an S Tag,
and an enterokinase cleavage site. DH5a cells and, subse-
quently, BL21 (DE3) cells were transformed with this plas-
mid. FQR1 was purified by inducing expression in BL21
cells with 0.4 mm IPTG for 3 h, 20 min and then by
following protein purification steps outlined in the pET
system manual (Novagen). Eluted fractions were dialyzed
overnight against phosphate-buffered saline. Antibody
production was performed by Millbrook Farm (Ambherst,
MA). The first injection consisted of 230 ug of purified
His-tagged protein mixed 1:1 with Freund’s adjuvent; sub-
sequent injections included the same amount of protein
mixed with incomplete Freund’s adjuvant.

Western Blots

Plant tissue was ground with a mortar and pestle in
liquid nitrogen. Grinding buffer (3 mL of 0.1 m Tris-HCI,
pH 8.0, 0.01 m MgCl,, 40 mM B-mercaptoethanol, and 18%
Suc) was added per gram fresh weight of tissue. Ground
tissue was filtered through cheesecloth and spun at 10,000
rpm in a microfuge for 5 min at 4°C. The protein concen-
tration in the supernatant was determined using the Sigma
Micro Protein Determination Kit (Sigma Diagnostics, St.
Louis). Samples were heated at 100°C for 4 to 5 min, and 8
ug of protein from each plant extract was loaded on a 12%
acrylamide gel with a 4% stacking gel. After transfer to a
supported nitrocellulose membrane, the membrane was
blocked overnight at 4°C in TTBS (20 mwm Tris, pH 7.6, 137

Plant Physiol. Vol. 128, 2002 Downloaded from on November 20, 2019 - Published by www.plantphysiol.org 587
Copyright © 2002 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Laskowski et al.

mM NaCl) plus 0.1% (v/v) Tween 20 and 5% (w/v) dry
milk, washed three times in TTBS, and incubated with a
1:10,000 dilution of serum. After an additional three
washes in TTBS, detection was performed using LumiGLO
(New England Biolabs, Beverly, MA) following the manu-
facturer’s directions.

Spectrophotometric Measurements

Cold TCA was added to FQR1 purified from Escherichia
coli to a final concentration of 5% (w/v) TCA. The mixture
was left on ice in the dark for 10 to 30 min and then
centrifuged for 5 min at room temperature. Absorbance
measurements of the supernatant were made in a Lamb-
daBio20 spectrophotometer (PerkinElmer, Shelton, CT).

Electron Transport Assays

FQR1 fusion protein was freshly prepared on a column
with an Ni**-charged agarose matrix, and the concentra-
tion of individual fractions was determined by the Lowry
method (Protein Assay Kit, Sigma). Protein preparations
were either used immediately or after overnight dialysis
against 50 mmM Tris buffer. Purified protein, NAD(P)H, and
electron acceptors were added to a cuvette such that the
final concentration of all components was 50 um after the
last addition was made. Absorbance spectra were taken
immediately after each new addition.

OR Assay

E. coli transformed with the FQR1-coding expression
vector were grown to an Agy, of 0.8 to 1.2, at which time
one-half of the cultures were treated with IPTG (400 pum
final concentration) for 3 to 4 h. Cells were chilled on ice for
10 min and centrifuged at 3,500 rpm for 12 min. After
freezing, the resulting pellets were resuspended in 50 mm
Tris-HCl, pH 8, sonicated, and centrifuged at 13,500 rpm in
a cold microfuge for 15 min. The resulting supernatant was
diluted to varying concentrations (usually 1:20) in 50 mm
Tris-HCl and used in the assay as described by Prochaska
and Santamaria (1988). A 22-mL reaction mixture was gen-
erated with 1.1 mL of 0.5 M Tris-HCl, pH 7.4, 14.3 mg of
bovine serum albumin, 146.7 uL of 1.5% Tween 20, 14.7 uL.
of 7.5 mm FAD, 146.7 uL of 150 mm Glc 6-phosphate, 13.2
L of 50 mm NADP, and 6.6 mg of MTT. Each sample was
mixed with 800 uL of the reaction mixture and 2 uL of Glc
6-phosphate dehydrogenase, and the total volume was in-
creased to 995 uL with water. To initiate the reaction, 5 uL.
of 10 mM menadione was added. The absorption of the
reaction mix at 610 nm was measured continuously over a
period of 10 min.

For the QR assays on plant extracts, seeds were grown
on vertically oriented Murashige and Skoog plates with
1.5% (w/v) Suc for 11 d in a 22°C to 24°C growth chamber,
with 16 h of 60 uE m™2 s~ ' light from fluorescent and
incandescent bulbs. Entire seedlings were collected, frozen,
and ground with about 530 wL of extraction buffer (100 mm
Tris acetate, pH 8, 100 mm potassium acetate, pH 8, 2 mm

EDTA, 5 mm DTT, 250 mm sodium ascorbate, 10% [v/v]
glycerol) per g fresh weight of tissue. This extract was
centrifuged in a microfuge for 8 min at full speed. All
procedures were carried out in the cold. Supernatants were
diluted 1:40 or 1:45 and added to the QR assay mixture
described above lacking menadione. These samples were
incubated at room temperature for about 35 min to allow
the endogenous, QR-independent reduction of MTT to
formazan dye to subside. After confirming that the
menadione-independent activity in each sample had
reached minimal levels, menadione was added and
formazan dye formation was recorded over a period of 10
min. Protein concentrations for each sample were calcu-
lated as the average concentration obtained from three
Bradford assays prepared using Bio-Rad reagent.
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