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Signaling in Arabidopsis!WIOAl
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Far-red (FR) insensitive 219 (FIN219) was previously shown to be involved in phytochrome A-mediated FR light signaling. To
further understand its function and regulatory relation with other light-signaling components, a yeast two-hybrid approach was
used to isolate FIN219-interacting partners. Here, we demonstrate that FIN219-interacting protein 1 (FIP1) interacts with FIN219
in vitro and in vivo and is composed of 217 amino acids that belong to the tau class of the large glutathione S-transferase gene
family. FIP1 was further shown to have glutathione S-transferase activity. The gain of function and partial loss of function of FIP1
resulted in a hyposensitive hypocotyl phenotype under continuous FR (cFR) light and a delayed flowering phenotype under
long-day conditions, which suggests that FIP1 may exist in a complex to function in the regulation of Arabidopsis (Arabidopsis
thaliana) development. In addition, FIP1T mRNA was down-regulated in the suppressor of phytochrome A-105 1 mutant and differ-
entially expressed in constitutive photomorphogenic 1-4 (cop1-4) and cop1-5 mutants under cFR. Intriguingly, FIP1 expression was
up-regulated in the fin219 mutant under all light conditions, except cFR. Furthermore, promoter activity assays revealed that
FIP1 expression was light dependent, mainly associated with vascular tissues, and developmentally regulated. Subcellular
localization studies revealed that the B-glucuronidase-FIP1 fusion protein was localized in the nucleus and cytoplasm. Taken
together, these data indicate that FIP1 may interact with FIN219 to regulate cell elongation and flowering in response to light.

Light has a profound effect on plant growth and
development. It not only provides an energy source for
plant photosynthesis, butalso acts as an important signal
to regulate gene expression and various aspects of plant
development (Kendrick and Kronenberg, 1994). Plants
are equipped with different photoreceptors to sense
changes in light. At least four different photoreceptor
classes are found in Arabidopsis (Arabidopsis thaliana):
phytochromes for red (R) and far-red (FR) light, crypto-
chromes and phototropins for blue (B) and UV-A light,
and an unknown photoreceptor for UV-B light. Phyto-
chromes are the most extensively studied among these
photoreceptors and exist in phytochrome R-absorbing
(Pr) and phytochrome FR-absorbing (Pfr) forms.

Research into light signal transduction by molecular
genetics, cell biology, and DNA microarray approaches
has made great progress (Tepperman et al., 2001, 2004;
Jiao et al., 2003; Liscum et al., 2003; Matsushita et al.,
2003; Parks, 2003; Bauer et al., 2004). In particular, the
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phytochrome A (phyA)-mediated signaling pathway
in continuous FR (cFR) light has been intensively stud-
ied. Many intermediate transducers have been isolated
(Soh et al., 1998, 2000; Hoecker et al., 1999; Hudson et al.,
1999; Bolle et al., 2000; Fairchild et al., 2000; Fankhauser
and Chory, 2000; Hsieh et al., 2000; Ballesteros et al.,
2001; Desnos et al., 2001; Dieterle et al., 2001; Zeidler
et al., 2001; Wang and Deng, 2002), most localized in
the nuclei (Ni et al., 1998; Hoecker et al., 1999; Hudson
etal., 1999; Fairchild et al., 2000; Fankhauser and Chory,
2000; Soh et al., 2000; Ballesteros et al., 2001; Wang and
Deng, 2002), some in the cytosol (Bolle et al., 2000; Hsieh
et al., 2000), and several in both subcellular locations
(Desnos et al., 2001; Zeidler et al., 2001). So phyA can
transduce the light signal through these components
or directly interact with transcription factors, such as
phytochrome-interacting factor 3 (PIF3) to turn on gene
expression (Martinez-Garcia et al., 2000). In addition,
recent evidence indicated that phy A-mediated signal-
ing is desensitized through ubiquitination of the down-
stream positive regulators LONG AFTER FAR-RED
LIGHT 1 (LAF1) and LONG HYPOCOTYL 5 (HY5) by
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)
(Hardtke et al., 2000; Seo et al., 2003), a key repressor
of photomorphogenesis in Arabidopsis. Furthermore,
SUPPRESSOR OF PHYTOCHROME A-105 1 (SPA1), a
nuclear-localized suppressor of phyA activity, can mod-
ulate expression of both LAF1 and HY5 by interacting
with COP1, thus desensitizing the phyA-mediated sig-
naling pathway (Saijo et al., 2003; Seo et al., 2003).
Protein-protein interactions play a critical role in
signal transduction. For light signaling, a yeast two-
hybrid method has been used to search for interaction
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partners of the phytochrome photoreceptors. A group
of basic helix-loop-helix transcription factors, PIFs, iso-
lated by this approach in Arabidopsis, have been found
to interact with the C-terminal domain of phyA or phyB
and are involved in different aspects of phytochrome-
mediated phenotypes, such as chlorophyll biosynthe-
sis (Hugq et al., 2004), chloroplast development (Monte
etal., 2004), light-responsive gene expression (Ni et al.,
1998), and hypocotyl elongation (Kim et al., 2003).
Moreover, a family of PIF-like (PIL) proteins, such as
PIL5 and PIL6, which belong to basic helix-loop-helix
factors, also play a crucial role in seed germination and
circadian-controlled R light signaling, respectively
(Fujimori et al., 2004; Oh et al., 2004). In addition, phy-
tochrome kinase substrate 1 (PKS1), isolated from a
yeast two-hybrid screen with the C-terminal 160 amino
acids of PHYA used as bait, interacted with Pr and Pfr
forms of both PHYA and PHYB and acted in the cytosol
as a substrate of both photoreceptor kinases. Another
PHYA-interacting protein, nucleoside diphosphate ki-
nase 2 (NDPK2), has a preference for binding the Pfr
form and functions as a positive regulator in both phyA
and phyB signaling. Recent studies indicate that NDPK2
appears to be involved in auxin-regulated processes,
such as cotyledon development, by modulating auxin
transport (Choi et al., 2005). Therefore, phytochromes,
through interacting with different factors either in the
cytosol or in the nucleus, are able to regulate a number
of aspects of plant development.

However, interacting partners of the intermediate
components and their regulatory relations in light sig-
naling remain to be elucidated. The far-red insensitive
219 (fin219) mutant was derived from the extragenic
suppressor screening of the copl-6 mutant in Arabi-
dopsis and exhibited less sensitivity specifically to cFR.
Its gene was cloned by a map-based method and the
derived product shares 36% to 47% identity with a GH3
gene family of 19 members in the Arabidopsis genome
(Hsieh et al.,, 2000). The GH3 gene was originally
isolated from soybeans (Glycine max) in a rapid induc-
tion by auxin (Hagen et al., 1984). Recent studies found
that JASMONATE INSENSITIVE 1 (JAR1), responsible
for the jarl-1 mutation, has the same locus as FIN219
and belongs to the firefly (Photinus pyralis) luciferase
family of adenylate-forming enzymes (Staswick et al.,
2002). Further results indicated that JAR1 is actually a
jasmonic acid (JA)-amino synthetase and mediates the
formation of JA conjugation with various amino acids.
Interestingly, the JA-Ile conjugate can complement the
jasmonate insensitivity of the jarl-1 mutant (Staswick
and Tiryaki, 2004). In addition, FIN219 has been shown
to be induced rapidly by auxin and localized constitu-
tively in the cytosol without changes in subcellular
location by light. Moreover, FIN219 was demonstrated
to be a suppressor of COP1 (Hsieh et al., 2000), which
suggests that FIN219/JAR1 is an important regulator
in modulating the integration of phytohormone sig-
naling through auxin, jasmonate, and light signaling.
However, its physiological function in light signaling
and plant development remains to be elucidated.
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To further understand the function of FIN219,
we show that FIN219 is indeed involved in phyA-
mediated FR light signaling and report on the isolation
of a FIN219-interacting partner from a yeast two-hybrid
library obtained from the Arabidopsis Biological Re-
source Center (ABRC). This gene, encoding a glutathi-
one S-transferase (GST, Atl1g78370/AtGSTU20), was
demonstrated to interact with FIN219 in vitro and in
vivo and thus was named FIN219-interacting protein
1 (FIP1). Transgenic studies revealed that FIP1 may
exist in a complex to regulate hypocotyl elongation and
flowering. Promoter activity assays indicated that FIP1
expression was highly associated with the vascular
tissues of hypocotyls, cotyledons, leaves, and floral or-
gans. Taken together, these data reveal that FIP1, through
interaction with FIN219 in response to light, may play
a crucial role in cell elongation and plant development.

RESULTS

The jarl-1 Allele Has a Hyposensitive Phenotype
under cFR

The fin219 mutant in Arabidopsis has been shown to
have a long hypocotyl phenotype under cFR (Hsieh
et al., 2000). Recently, the JARI gene was reported to
have the same locus as FIN219; however, its corre-
sponding mutant alleles did not show a hyposensitive
phenotype under cFR (Staswick et al., 2002). To un-
derstand the discrepancy between the fin219 and jar1-1
mutants under cFR, we investigated the phenotype of
the jarl-1 mutant and found a longer hypocotyl phe-
notype under cFR than under other light conditions
as compared with the wild-type and fin219 mutant
(Fig. 1, A and B). jar1-1 consistently displayed an inter-
mediate hypocotyl phenotype under cFR of less than
20 umol m 25 Espec1ally under low fluence rates of
FR at 1.47 ,umol m ° s, the hypocotyl length was
close to that of fin219 (Fig. 1C) In addition, a null allele
(SALK_059774) of FIN219/JAR1 (Supplemental Fig.
S1), obtained from the ABRC, exhibited a similar
pattern to that of the jarl-1 allele (data not shown).
Thus, the jar1 allele, similar to the fin219 mutant, ex-
hibits a long hypocotyl phenotype under cFR.

Isolation of FIN219-Interacting Partners by the Yeast
Two-Hybrid Method

FIN219 is involved in the phyA-mediated light-
signaling pathway and is induced rapidly by auxin.
It shares 36% to 47% identity at the amino acid level
with GH3 members in Arabidopsis (Hsieh et al., 2000)
and contains two coiled-coil domains, one in the N
terminus and the other in the C terminus (Fig. 2A),
which implies that FIN219 may interact with other
proteins via these domains. To further understand the
FIN219 function in light signaling and plant develop-
ment, we used a yeast two-hybrid method to isolate
FIN219-interacting partners. A FIN219 full-length cDNA
was cloned into yeast GAL4 DNA-binding domain
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Figure 1. jar7-1 mutation confers hypo-
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sensitivity to cFR light. A, Phenotype of

C— Col wild-type, fin219 mutant, and jar1-1 mu-
Z2z2 fin219 dli for 4 d in the dark
A jari-1 tant seedlings grown tor in the dark or

under different light conditions. a, White
light (5.10 wmol m™2s7"). b, R light (6.34
umol m2sh. ¢ B light (5.08 wmol m~?
s". d, Dark. e, FR light (1.47 pmol m~?
s, Sample order (left to right) in a to e,
Wild type, fin219, jarl-1. All size bars =
1 mm. B, Measurement of hypocotyl length
of wild-type Columbia, fin219 mutant, and
jar1-1mutantseedlings grown for 4 d in the
dark or under different light conditions.
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(BD) vector pGBT9 (+2) and used as bait to screen a
library CD4-10 obtained from the ABRC. Three clones
recovered from medium plates lacking Trp, Leu, and
His and were further checked by the use of a yeast
mating approach. One of them, FIP1, showed poten-
tial interactions with the full-length, N-terminal, and
C-terminal regions of FIN219 on the plates lacking Trp,
Leu, and His (Fig. 2B). The interaction between FIP1
and FIN219 was further confirmed by in vitro pull-
down assay (Fig. 2C) and in vivo coimmunoprecipi-
tation (co-IP; Fig. 2D). The GST-FIN219 full-length,
N-terminal 300 amino acids and C-terminal 274 amino
acid fusions and the His-6-FIP1 fusion were expressed
in Escherichia coli; purified recombinant proteins were
used for pull-down assays (Fig. 2C, left). The results
from pull-down assay with either glutathione (GSH)
sepharose for the GST tag or nickel-nitrilotriacetic acid
agarose (Ni-NTA) for the His tag revealed that FIP1
can interact with full-length and C-terminal regions of
FIN219 rather than the N terminus (Fig. 2C, right). In-
terestingly, when His-6-FIP1 and GST tags were mixed,
only the GST tag was pulled down by GSH sepharose
resins, but not His-6-FIP1 (Fig. 2C, first lane of the
middle image); similarly, when His-6-FIP1 and GST tag
mixtures were pulled down with Ni-NTA resins, the
pulled-down His-6-FIP1 was not recognized by mon-
oclonal anti-GST antibodies (Fig. 2C, first lane of the
right image), which is consistent with the notion that
GST members in the large GST gene family are quite
diverse among different classes (Dixon et al., 2002b).
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m
A

RL Light intensity is the same as in A. Error bars

indicate sp (n = 30). C, Fluence rate re-
sponse curves for hypocotyls of wild-type
Columbia, fin219 mutant, and jar1-1 mu-
tant seedlings grown for 4 d in cFR light.
Error bars indicate sp (n = 30).

The interaction between FIP1 and FIN219 was further
demonstrated in Arabidopsis. Co-IP was carried out
with either FIN219 polyclonal antibodies raised against
the N-terminal 300 amino acids of FIN219 or c-myc
antibodies to precipitate total proteins isolated from 3-d-
old cFR-grown transgenic seedlings overexpressing FIP1
cDNA with a c-myc tag. Although FIN219 antibodies
recognized two bands, the lower one is the correct one
because it was compared with that of wild-type Columbia
and a fin219 null mutant, fin219T (SALK_059774; Sup-
plemental Fig. S1). The cross-hybridized band was not
immunoprecipitated by FIN219 antibodies in vivo,
which indicates that the lower band recognized by
antibodies was specific enough to show its interaction
with FIP1 (Fig. 2D, a). Consistently, anti-c-myc anti-
bodies were able to immunoprecipitate c-myc-FIP1 as
well as FIN219 (Fig. 2D, a). In contrast, FIN219 anti-
bodies can immunoprecipitate FIN219, but not c-myc-
FIP1 from wild-type Columbia (Fig. 2D, b), whereas the
fin219 null mutant as a control showed negative results
(Fig. 2D, c¢). Thus, FIP1 is indeed capable of interacting
with the C-terminal region of FIN219.

FIP1 Encodes a Plant GST with Affinity on GSH and
1-Chloro-2,4-Dinitrobenzene Substrates

Sequencing and BLAST searching revealed that the
FIP1 clone isolated from yeast two-hybrid screening en-
codes a plant GST with 217 amino acids (AtGSTU20/
Atl1g78370) and belongs to the tau class of a large GST
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Figure 2. FIP1 interacts with the C terminus of FIN219. A, Three different versions of FIN219 as bait and FIP1 as a prey used for
interaction studies. FIN219 full length, FIN2T9N containing 300 amino acids in the N terminus, and FIN219C consisting of 274
amino acids in the C terminus of FIN219 are shown with the locations of the coiled-coil (Coil) and GAF domains. B, In vivo
interaction analysis of FIPT and FIN219 by the yeast GAL4 two-hybrid system. Three versions of FIN219 proteins expressed as
bait fusion proteins and FIP1 protein as activator domain fusions were cotransformed into a yeast host AH109; transformants
were selected on synthetic dextrose medium lacking Trp, Leu, and His (—trp —leu —his). PC, Positive control using COP1 as bait
and HY5 as prey; GAD, negative control containing FIN219 as bait and an empty AD vector pACT; GBD, negative control
containing an empty DNA BD vector pGBT9 (+2) and FIN219 as prey. Right, B-galactosidase activity assay using the filter-lift
method. Filter paper was used to lift the yeast colonies from the plate shown in the left and carry out B-galactosidase activity
assay by the filter method. C, Pull-down assay to confirm the interaction between FIP1 and FIN219, with HY5 used as prey. GAD,
Negative control containing FIN219 as bait and an empty AD vector pACT;, GBD, negative control containing an empty DNA BD
vector pGBT9 (+2) and FIN219 used as prey. C, Pull-down assay to confirm the interaction between FIP1 and FIN219. Five
micrograms of purified GST and recombinant proteins His-6-FIPT, GST-FIN219, GST-C274, and GST-N300 were used for pull-
down assay shown with Coomassie Blue-stained gel (left). Purified respective recombinant proteins were mixed as depicted
above the image and incubated at 4°C overnight, then immunoprecipitated with either GSH sepharose against GST tags (middle)
or Ni-NTA resins against His tags (right), and resulting pellets were washed and underwent protein gel-blot analyses with anti-
GST or anti-His antibodies. C, Asterisk (*) indicates breakdown products of the GST-FIN219 full length. D, Co-IP assay of FIP1
interaction with FIN219. One milligram of protein extracts isolated from FIPT as a FIP1-c-myc fusion overexpressor (a), wild-type
Columbia (b), and fin219 null mutant (c) of transgenic seedlings grown in cFR light for 4 d were mixed with either FIN219
polyclonal antibodies or c-myc antibodies and then coimmunoprecipitated. After SDS-PAGE and protein blotting, membranes
were probed with FIN219 and c-myc antibodies. |, Input proteins; S, supernatants after precipitation; IP, pellets after
precipitation. D, Asterisk (*) indicates a nonspecifically cross-hybridized band.

gene family composed of 53 members grouped into six
classes in Arabidopsis (Dixon et al., 2002a; Wagner
et al., 2002). The FIP1 gene consists of two exons and
one intron and shares 67% identity at the amino acid
level over the whole coding region with Atlg78340
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(AtGSTU22) within the same tau class (Fig. 3A). How-
ever, the similarity of FIP1 to other GSTs of different
classes in the same gene family was below 25%. All
plant GSTs display a conserved tertiary structure,
although the primary amino acid sequences are quite

Plant Physiol. Vol. 143, 2007
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Figure 3. An alignment of FIPT pri-
mary sequence and a GST member
At1g78340 at the amino acid level as
well as activity assays of FIP1. A,
Alignment of FIP1 with the closest
GST member At1g78340 having 67%
identity at the amino acid level. B and
C, GST activity assays of FIP1 with
different concentrations of GSH (B)
and CDNB (C) used as substrates. C,
Inset indicates 95% purity of the re-
combinant protein FIP1 used for enzy-
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diverse, which indicates that binding of the ligand
such as GSH was important for their activities and
functions during evolution (Dixon et al., 2002b). To
further understand whether FIP1 has GST activity im-
plied from its primary amino acid sequence, we ex-
pressed it in E. coli and obtained the recombinant at
about 95% purity for activity assay (Fig. 3C, inset). The
result showed that FIP1 can use GSH and 1-chloro-2,4-
dinitrobenzene (CDNB) as substrates with K, = 0.467
mM and 1.794 mm, respectively (Fig. 3, B and C), which
is similar to the value reported in the literature (Singhal
et al., 1991; Prapanthadara et al.,, 1996). Thus, FIP1
interacting with FIN219 does have GST activity.

Transgenic Seedlings Overexpressing or Showing
Reduced FIP1 Expression Exhibit a Hyposensitive
Phenotype under cFR

To determine whether FIP1 is involved in the light-
signaling pathway, we overexpressed the FIPI full-
length ¢cDNA as a 35S:c-myc-FIP1 construct into
wild-type Columbia to examine any effect on the
phenotype and its response to light signals. Seven of
14 T2 transgenic lines showed a hyposensitive pheno-
type under cFR whereby the hypocotyl length is
intermediate to that of wild-type Columbia and the
fin219 mutant (Fig. 4, A and B). Under other light
conditions, no obvious hypocotyl phenotype was ob-
served (Fig. 4B). In addition, we introduced another
translational fusion construct, 35S:;pRTL2-GUS-FIP1,
into wild-type Columbia. Twelve of 30 T2 transgenic
lines displayed the same phenotype as those contain-
ing the construct 35S::c-myc-FIP1, showing longer hy-
pocotyls than those of the wild type under cFR (data
not shown). To further confirm whether the longer
hypocotyl phenotype of transgenic seedlings was in-
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deed caused by the overexpression of FIP1, RNA gel-
blot analysis revealed that transgenic seedlings grown
in the same condition as the phenotype described above
showed highly expressed FIP1 mRNA (Fig. 4C, middle
image), which confirms that FIP1 overexpression re-
sulted in a less sensitive hypocotyl phenotype to cFR.
Moreover, transgene expression did not affect endog-
enous FIP1 expression detected by the 3’-untranslated
region (UTR) of FIP1 as a riboprobe (Fig. 4C, top). In
addition, we generated transgenic plants harboring an
antisense construct of FIP1 and obtained one T-DNA
insertion line from the ABRC (SALK_080514). This
T-DNA insertion line contains one T-DNA inserted in
the promoter region of FIP1, which was confirmed by a
FIP1 gene-specific primer and T-DNA border sequences.
Homozygous FIP1 antisense transgenic seedlings and
T-DNA-inserted seedlings underwent phenotypic in-
vestigation under various light conditions. Unexpect-
edly, all these transgenic seedlings displayed a long
hypocotyl phenotype under cFR, with no obvious phe-
notype under other light conditions (Fig. 4, A and B).
RNA gel-blot analysis further indicated that FIP1 tran-
scripts were slightly reduced in amount, by 20% to
30%, in transgenic seedlings of the FIP1 antisense lines
FIP1AS-171 and FIP1AS-421, as well as the T-DNA
inserted line. When the same blot was reprobed by
full-length FIP1 cDNA, the signal was barely detected
(Fig. 4C) and became visible under longer exposure
(data not shown), which indicates that FIP1 tran-
scripts were low in amount under normal conditions
in terms of sensitivity detectable by RNA gel-blot
analysis. Given that transgenic seedlings overexpress-
ing or showing decreased FIPI expression exhibit a
similar long hypocotyl phenotype under cFR, FIP1
might exist in a complex to perform its function, such
as regulation of cell elongation. A similar case is also
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Figure 4. Investigation of phenotype
and gene expression of FIPT transgenic
seedlings grown under various light
conditions. A, Phenotypes of trans-
genic seedlings overexpressing or in-
hibiting FIP1 expression under cFR
irradiation. Wild-type Columbia was
used as a control. fin219 mutant is
another control. FIPOE, FIP1 overex-
pressor; FIPTAS-171 and FIPTAS-421,
FIP1 antisense lines. SALK_080514,
T-DNA insertion line of FIP1. Homozy-
gous transgenic seedlings were grown
under cFR for 4 d. B, Measurement of
hypocotyl length of wild-type Colum-
bia, fin219 mutant (fin219), FIP1 over-
expressor (FIPTOE), and FIPT antisense
line (FIP1AS-171 and FIPTAS-421)
seedlings grown for 4 d in the dark or
under different light conditions. Light
intensity, White light (WL) 77 umol
m~2s~'; FR light, 1.47 wmol m™?s™";
R light, 93.72 umol m~2 s and B
light, 3.75 wmol m~2s~". D, Darkness.
Error bars indicate s (n = 30). C, RNA
gel-blot analysis of FIPT gene expression
in transgenic seedlings grown in cFR
for 4 d; 20 ug total RNA were loaded
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found in EARLY BOLTING IN SHORT DAYS (EBS).
Overexpression of EBS results in phenotypic effects
similar to those of recessive ebs mutations, namely,
early flowering, dwarf phenotype, and reduced fertil-
ity (Pineiro et al., 2003). Therefore, pursuing further
physiological functions of the potential complex con-
taining FIP1 will be interesting.

FIP1 Expression Is Regulated by
Light-Signaling Transducers

Because transgenic plants overexpressing or reduc-
ing FIP1 expression exhibit a hyposensitive long-
hypocotyl phenotype in cFR (Fig. 4, A and B) and
FIP1 has been shown to interact with FIN219 in vivo
under cFR (Fig. 2), a positive regulator involved in the
phyA-mediated FR light-signaling pathway, we tested
whether various photoreceptors and light-signaling
components regulate FIP1 expression. FIP1 expression
was examined by reverse transcription (RT)-PCR with
gene-specific primers in various mutants grown in cFR
for 4 d. FIP1 mRNA expression was comparably ex-
pressed among the wild type, phyA mutant, and fin219
mutant. In contrast, its transcripts were significantly
decreased in spal, a suppressor of phyA, and in the
weak allele copl-4, which produced N-terminal 282
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amino acids of COP1, but in a wild-type level in the
null allele cop1-5 (Fig. 5, A and B), which implies that
FIP1 was positively regulated by SPA1 and negatively
controlled by COP1. Recent evidence shows that SPA1
and COP1 work together to repress photomorphogen-
esis (Yang and Wang, 2006). It will be interesting to see
how SPA1 and COP1 regulate FIP1 expression at the
protein level. To further understand the functional
features of FIP1 expression regulated by light, we then
tested FIP1 mRNA levels by RT-PCR with gene-
specific primers in the wild type and the fin219 mutant
under different light conditions. Intriguingly, FIP1
expression in the wild type was greatly increased in
cFR as compared to other light conditions (Fig. 5C).
Moreover, its expression was up-regulated in the
fin219 mutant under all light conditions, except for
cFR (Fig. 5C), under which FIP1 expression was com-
parable to that of the wild type. This result suggests
that FIN219 may negatively control FIP1 expression
under most light conditions.

FIP1 Was Mainly Expressed in Vascular Tissues and
Developmentally Regulated

To further explore the possible involvement of FIP1
in plant development, we examined its expression
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Figure 5. FIPT gene expression in photoreceptor mutants and various
light-signaling mutants under different light conditions. RT-PCR anal-
ysis was performed in the seedlings of different photoreceptor and light-
signaling component mutants grown under cFR (A) and various light
conditions (C) for 4 d. B, Quantitative expression data of A. Error bars
indicate sp based on two independent experiments. One microgram of
total RNA isolated from the seedlings underwent RT-PCR with gene-
specific primers in the 3’-UTR of FIP1. UBQ, Ubiquitins used for
internal control; WL, white light; D, dark; Col, wild-type Columbia.
RT-PCR experiments were repeated twice with similar results. Images
in A and C were taken under different sensitivity conditions of the
fluorescent gel image system.

patterns and regulation by promoter fusion with the
B-glucuronidase (GUS) reporter gene. Approximately
1-kb FIP1 promoter sequence was fused with GUS
transcriptionally and introduced into wild-type Arabi-
dopsis (ecotype Columbia). FIP1 activity indicated by
GUS staining was primarily located in the vascular
tissues of cotyledons in very early seedling develop-
ment, such as at 2 d-white light (Fig. 6, A and B) and
cFR (Fig. 6, M and N), then appeared at the shoot apex
and the upper part of hypocotyls and in roots at 4- and
7-d white light (Fig. 6, D-G). FIP1 was highly ex-
pressed in the basal portion of trichomes on the
surface of true leaves, veins, shoot apex, and whole
hypocotyls (Fig. 6, ]-L) of 7-d-old seedlings grown in
white light. Thereafter, its expression was found only
in the margins of leaves and in roots at 14-d white light
(Fig. 6H). In addition, FIP1 expression was also seen in
the vascular tissues of cotyledons of 4-d-old seedlings
grown in darkness (Fig. 6I); however, it appeared only
in restricted regions of vascular tissues near the hy-
dathode of cotyledons in 4-d-old seedlings grown
under cFR (Fig. 6P). In continuous R light, its expres-
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sion was restricted to the hydathode of cotyledons
(Fig. 6Q); in B light, it was still expressed in the
vascular tissues of the cotyledons (Fig. 6R). The site of
free auxin production was recently reported to be in
the hydathode of leaf tips, later in the lobes of leaves,
then leaf margins and basal regions of trichomes, and
finally in the central regions of the lamina (Aloni et al.,
2003). Thus, the expression pattern of FIP1 seems to
coincide with the sites of auxin production.

FIP1 Was Highly Expressed in Flower Organs and
Associated with Vascular Bundles

Because GUS-staining patterns of the FIP1 promoter
activity were primarily in the vascular tissues at the
seedling stage and regulated by light and develop-
ment (Fig. 6), we investigated FIP1 expression at the
adult stage. Histochemical GUS staining revealed that
FIP1 was highly expressed in the vascular tissues of
flower organs, including sepals, petals, stamens, and
carpels (Fig. 7, A, ], H, C, E B, and E). For stamens,
GUS staining was seen in the vascular bundles of the
anther (Fig. 7F) and the upper part of the filament of
the stamen (Fig. 7C). GUS staining was prominent in
the stylar xylem underneath the stigma of carpels and
in the two medial and lateral vascular bundles of the
ovary (Fig. 7, B and E), as well as the internode right
beneath the ovary (Fig. 7B). In addition, GUS staining
was seen in both ends of younger siliques, especially at
the basal region, but disappeared when siliques ma-
tured gradually (Fig. 7D). GUS staining was also found
in the funiculus, which connects seeds and siliques
(Fig. 7G). Moreover, heavy GUS staining was seen at
the branch point of stems and young pedicels, as well
as the basal region of the stem and the root and at the
newly formed inflorescence, rather than the old one
(Fig. 7, I and K). Thus, FIP1 was highly expressed in
flower organs, especially vascular bundles.

Transgenic Plants Overexpressing or Reducing FIP1
Expression Displayed a Delayed Flowering Phenotype
under Long-Day Conditions

To further elucidate the physiological functions of
FIP1 implied from promoter activity assays showing
that FIP1 is highly expressed in flower organs, we
investigated the possible effect of the FIP1 gain of func-
tion or loss of function on Arabidopsis flowering under
long-day conditions. Two different indices, days to
flowering and leaf number at bolting, showed that
transgenic plants showing overexpressed or underex-
pressed FIP1 grown to the adult stage displayed a
delayed flowering phenotype compared to the wild
type under long-day conditions (Table I). Also, the
fin219 mutant exhibited slightly delayed flowering.
Thus, gain of function or loss of function of FIP1 results
in similar phenotypic effects, including long hypo-
cotyls and late flowering, which points to the possibil-
ity that FIP1 may be a component of a complex that
functions in various aspects of Arabidopsis development.
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Figure 6. Histochemical GUS staining of
FIP1 promoter activity at the seedling stage
under different light conditions. A, Two-
day-old seedlings grown in white light. B,
Close-up view of the cotyledons in A. C,
Close-up view of the roots in A. D, Four-
day-old seedlings grown in white light. E,
Close-up view of cotyledons in D. F, Close-
up view of roots in D. G, Seven-day-old
seedlings grown in white light. H, Four-
teen-day-old seedlings grown in white
light. 1, Four-day-old seedlings grown in
darkness. ] to L, Close-up view of different
portions in G. M, Two-day-old seedlings
grown in FR light. N, Close-up view of
cotyledons in M. O, Close-up view of roots
in M. P, Four-day-old seedlings grown in
FR light. Q, Four-day-old seedlings grown
in R light. R, Four-day-old seedlings grown
in B light. Scale bar: A, C, D, F, M, and O,
2.5mm; B, E,and N, 1.25 mm; Gand H, 5
mm; 1, P, Q, and R, 1 mm.
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GUS-FIP1 Fusion Protein Was Localized in Both the
Cytoplasm and the Nucleus and Its Subcellular Location
Was Not Changed by Light

To further understand the FIP1 function implied
from its location at the subcellular level, FIP1 full-
length cDNA was fused with a pRTL2-GUS vector to
become a translational fusion construct and subjected
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Figure 7. Histochemical GUS staining of
FIP1 promoter activity at adult stage under
white light. A, Complete flower including
sepals, petals, stamens, and carpel. B,
Carpel. Dashed line indicates the stigma.
C, Stamen. D, Siliques. E, Close-up view of
the upper region of the carpel. F, Anther.
G, Part of a silique. H, Petal. I, Branch
point of the stem and the pedicel. J, Mul-
tiple flowers. K, Primary and secondary
inflorescence. Leaves have been removed
to see the stains at the basal region of the
stem and root.

to a subcellular localization study in onion (Allium
cepa) epidermal cells by particle bombardment. As
compared with controls, bombarded cells showed the
GUS-FIP1 fusion protein localized in the cytoplasm
and the nucleus (Fig. 8B). Moreover, under light, the
fusion protein did not change its subcellular location
(data not shown). Accordingly, FIN219 is also localized
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Table I. Flowering time of wild-type Arabidopsis Columbia (Col),
fin219 mutant, and transgenic plants overexpressing FIP1 (FIP1OE)
or showing reduced FIP1 expression (FIP1AS-171)

Plants were grown in 16-h light and 8-h dark conditions. The values
shown here are means = sp (n > 10).

Genotype Days at Bolting No. of Leaves at Bolting
Col 22.88 £ 1.36 8.57 £ 1.27
fin219 25.25 £ 1.67 10.38 + 2.33°
FIPT1OE 28.50 = 2.56% 10.88 = 1.13°
FIPTAS-171 28.43 = 2.50° 11.86 = 1.77°

“Differences between mutants and wild-type plants are significant at
the P < 0.01 level.

in the cytoplasm and remains there regardless of light
conditions (Hsieh et al., 2000); interaction between
FIN219 and FIP1 as shown in Figure 2 may occur in the
cytoplasm to complete their physiological functions.

DISCUSSION

Here, we report that a FIN219-interacting protein,
FIP1, isolated from a screening of a yeast two-hybrid
library CD4-10 from the ABRC, interacted with the C
terminus of FIN219 on pull-down assay and with the
full length of FIN219 from FIP1-overexpressed plant
extracts obtained from FR light-grown transgenic seed-
lings (Fig. 2). FIP1 may work together with FIN219
under cFR to regulate hypocotyl elongation of Arabi-
dopsis seedlings. This observation was also implied by
the result that the gain of function or partial loss of
function of FIP1 resulted in similar phenotypic effects,
such as hyposensitive hypocotyls under cFR and
delayed flowering under long-day conditions (Fig. 4;
Table I). A similar case was found in the EBS gene. Its
gain-of-function and loss-of-function transgenic plants
shared the same phenotypes, including early flower-
ing, dwarf phenotype, and reduced fertility (Pineiro
et al., 2003), probably resulting from a failure to form
an accurate complex when the target protein is either
overexpressed or abolished.

In addition, we found that c-myc-FIP1 fusion pro-
teins isolated from FIP1l-overexpressed transgenic
seedlings grown under cFR existed in two bands in a
native gel, one 70.2 kD and the other 96.2 kD (Supple-
mental Fig. S3). The 70.2-kD protein band is probably a
homodimer of c-myc-FIP1 (a monomer is about 32
kD), whereas the 96.2-kD band is probably a hetero-
dimer consisting of one c-myc-FIP1 and one FIN219
(64.5 kD), which is consistent with the co-IP result
showing that FIP1 interacts with FIN219 under cFR
(Fig. 2D). In addition, the 96.2-kD band is about 50%
the amount of the 70.2-kD band, which implies that
most of the FIP1 exists in homodimers and the rest is
associated with FIN219. Thus, the heterodimer of FIP1
associated with FIN219 might be responsible for the
control of hypocotyl elongation and flowering time.

The fin219 mutant was derived from a suppressor
screen of the copl-6 allele and shown to have a long
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hypocotyl phenotype specifically under cFR; its gene
product belongs to a GH3-like gene family (Hsieh et al.,
2000). jarl was isolated as a jasmonate-resistant mu-
tant and could be involved in a jasmonate-signaling
pathway (Staswick et al., 1992). Recently, JAR1 was
isolated at the same locus as FIN219, but all the jar1 al-
leles had no hypocotyl phenotype under cFR (Staswick
et al., 2002). Here, we demonstrated that the jarl-1
allele showed a long hypocotyl phenotype under FR
below 20 umol m (Flg 1, A and C); in particular,
its hypocotyl 1ength was close to that of the fin219
mutant at approximately 1.47 umol m~?s~"' of FR (Fig.
1C). Moreover, the jarl-1 mutant, like the fin219 mu-
tant, displayed a long hypocotyl phenotype only under
cFR (Fig. 1B). That previous results of the jarl alleles
did not show any phenotype under FR is probably due
to a single higher FR fluence rate used, resulting in no
obvious phenotype. Also, a null mutant of the fin219/
jarl allele with a T-DNA inserted in the second exon
displayed a long hypocotyl phenotype with a similar
FR fluence-dependent pattern (Supplemental Fig. S1;
data not shown). Moreover, FIN219-overexpressed
transgenic seedlings exhlblted a hypersensmve phe-
notype at FR below 10 umol m™ '(Hsieh et al., 2000).

Figure 8. Subcellular localization of GUS-FIP1 fusion proteins in onion
epidermal cells in a transient assay by particle bombardment. A, GUS-
FIP1 fusion proteins are located in the cytosol and the nucleus. B,
Construct containing GUS only is distributed evenly in both the cytosol
and nucleus. C, Construct containing GUS-Nia (nuclear localization
signal) is restricted only in the nucleus. Scale bar = 100 um in A to C.
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Thus, FIN219/JAR1 plays a role in FR light signaling
to regulate cell elongation.

Although JAR1 has been shown to be a JA amino
synthetase and may play a vital role in the homeostasis
of jasmonate, leading to the regulation of plant meta-
bolic, reproductive, and defensive processes (Staswick
and Tiryaki, 2004), the function of FIN219/JAR1 in
phyA-mediated FR signaling remains to be elucidated.
Because FIN219/JAR1 is induced by auxin and methyl
jasmonate (Hsieh et al., 2000; data not shown),
FIN219/JAR1 plays a key role in integrating both
hormone signaling and light signaling, especially
phyA-mediated signal transduction. Here, we showed
that FIP1 interacting with FIN219 was also involved in
FR light signaling, which was further supported by
transgenic studies showing that the gain of function or
partial loss of function of FIP1 exhibited a long hypo-
cotyl phenotype only under cFR condition. In addi-
tion, FIP1 transcripts were substantially affected in the
spal mutant, a suppressor of phyA, and in the copl-4
allele. Intriguingly, FIP1 transcripts in a null allele of
COP1, cop1-5, remain in a similar level to wild type,
which indicates that COP1 can repress FIPI1 expres-
sion. Recent evidence has revealed that SPA1 and
COP1 work together to repress photomorphogenesis
(Saijo et al.,, 2003; Yang and Wang, 2006). Previous
studies also indicated that FIN219 is a suppressor of
COP1 on a genetic basis. Therefore, regulatory rela-
tionships among these players become complicated.
Examining further how SPA1 and COP1 affect FIP1 at
the protein level might be interesting. In addition, FIP1
transcripts were up-regulated in the fin219 mutant
under white light, B light, R light, and darkness,
whereas its transcripts were comparable in expression
in the wild type and the fin219 mutant under FR light
(Fig. 5), which implies that FIN219 may regulate the
levels of FIP1 through different mechanisms depen-
dent on light conditions. Moreover, we found that FIP1
expression was not induced by methyl jasmonate on
histochemical staining of FIP1 promoter:GUS trans-
genic seedlings and by GUS activity assay for FIP1
promoter activity under cFR (data not shown). There-
fore, FIP1 interacts with FIN219 under cFR without the
effect of jasmonate.

FIP1 is a member of the plant tau class of the large
GST gene family composed of 53 members involved
in diverse functions, including detoxification, trans-
port of flavonoid compounds, reduction of oxidative
stress, prevention of Bax-induced cell death, and in-
duction of chalcone synthase expression to deter UV
damage. So far, no GST members have been reported
to be involved in light signaling at the molecular level.
Tepperman et al. (2001) used a DNA microarray ap-
proach to examine the gene expression profiles induced
rapidly by FR irradiation. One of the up-regulated
genes is GST (AAD32887) and its expression increased
promptly; however, the induction was inhibited by
the phyA mutation. Here, we show that FIP1 interacts
with FIN219 under cFR and is also involved in phyA-
mediated FR signaling, which indicates that some
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members of GST participate in light signaling to reg-
ulate cell elongation. FIP1 was highly expressed in the
vascular bundles of male and female flower tissues
(Fig. 7, A, F, B, and E) and vascular tissues of seedling
stages under different light conditions (Fig. 6). Fur-
thermore, FIP1 was substantially expressed at the
branching points of stems and young pedicels (Fig.
71). It was also highly expressed at the basal region of
young siliques, but reduced in expression in mature
siliques (Fig. 7D). All these data indicate that FIP1
responds to light signals and is developmentally reg-
ulated. Also, FIP1 did not bind to GSH sepharose and
was not recognized by anti-GST monoclonal anti-
bodies (Fig. 2C, lane 1, middle and right sections),
which is consistent with the notion that plant GSTs
differ from animal GSTs in terms of tertiary structure
as well as different classes.

The fin219 mutant displayed a slightly delayed
flowering phenotype under long-day conditions (Ta-
ble I), and its late-flowering phenotype was even more
prominent under short-day treatment (data not
shown). FIN219/JAR1 is a jasmonate-conjugating en-
zyme (Staswick and Tiryaki, 2004) and may play a
crucial role in regulating homeostasis of jasmonate
levels that mediate various signaling, including flow-
ering. FIN219 promoter activity studies revealed that
FIN219 was also expressed in floral organs, trichomes,
and funiculus (Supplemental Fig. S2), which indicates
that FIP1 and FIN219/JAR1 share partially overlapped
expression patterns. Moreover, FIP1 transcripts were
up-regulated by the fin219 mutation under white light
(Fig. 5C), possibly leading to lower levels of GSH that
may trigger a delayed flowering phenotype (Cobbett,
2000; Ogawa et al., 2001), which is consistent with
fin219 null mutants showing a late-flowering pheno-
type (data not shown). Alternatively, FIP1 acts as a
ligand to interact with FIN219 and then binds to
jasmonate, thus mobilizing the resulting complex to
regulate floral organ development, which leads to con-
trol of flowering time. To further explore the involve-
ment of both FIP1 and FIN219/JAR1 in flowering,
obtaining the double mutant fip1fin219 and measuring
GSH levels in the flowering stage may be worthwhile.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Throughout this article, the wild type is Arabidopsis (Arabidopsis thaliana)
ecotype Columbia. B light photoreceptor mutants cry1 (cry1-304), cry2 (cry2-1),
and crylcry2 (cry1-304cry2-1) double mutants are in the Columbia ecotype as
described (Mockler et al., 1999). All other mutants used in this study were
described previously (Hsieh et al., 2000; Wang and Deng, 2002). The T-DNA
insertion line SALK_080514 was obtained from the ABRC and T-DNA was
inserted into the promoter region of FIP1, 498 nucleotides upstream from the
translation start site.

Surface sterilization and cold treatment of the seeds and the seedling
growth conditions were described previously (Hsieh et al., 2000). The light
source used in this study was described previously (Peters et al., 1998) and
light intensities used for FR, R, B, and white light were described in the figure
legends. All transgenic lines used for phenotypic analysis and RNA gel-blot
assays were the T3 homozygous generation.
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Yeast Two-Hybrid Assay

A GAL4 yeast two-hybrid system was used for screens of FIN219-
interacting partners and protein-protein interaction studies. For the pGBT9
(+2)-FIN219 construct, a full-length FIN219 cDNA was derived from BamHI
digestion of the recombinant plasmid pPZPY122-FIN219 and then ligated into
the BamHI site of the BD vector pGBT9 (+2) to form a bait construct. An
activation domain (AD) fusion of yeast two-hybrid library CD4-10 from the
ABRC was used as prey. AD fusion recombinant plasmids were isolated by a
standard method (Sambrook and Russell, 2001). The bait fusion plasmid
pGBT9 (+2)-FIN219 and the prey recombinant fusion plasmids were then
cotransformed into the yeast host AH109 (CLONTECH) and screened for
interacting partners on plates lacking Trp, Leu, and His. The pGBT9 (+2)-
FIN219N fusion plasmid was obtained by ligating a BamHI DNA fragment
of the recombinant plasmid pPZPY122-FIN219N containing the N-terminal
300 amino acids of FIN219 into the BD vector pGBT9 (+2). For the pGBT9 (+2)-
FIN219C recombinant plasmid, a BamHI DNA fragment containing the
C-terminal 274 amino acids of FIN219 that was amplified by PCR using the
primer 219CR, 5'-TACGGATCCTACGGGATCATGACTGGCT-3’ and the primer
219CL, 5'-TACGGATCCTGAGTCAAAACGCTGTGCT-3" (underline indi-
cates the built-in BamHI site) was cloned into the BamHI site of pGBT9 (+2).
COP1 and HY5 cDNAs were obtained by PCR amplification with the follow-
ing primers: COPI1-L, 5'-TGAGGATCCATGGAAGAGATTTCGACGG-3’,
COP1-R, 5'-GCAGGATCCTTCCAAATGATGAACCCTACTT-3' (underline
indicates the built-in BamHI site); HY5-L, 5'-CAGCTCGAGATGCAGGAA-
TGGCAAGCGACTAGC-3', HY5-R, 5'-ATACTCGAGATCAAAGGCTTGCA-
TCAGCA-3’ (underline indicates the built-in Xhol site). COP1 and HY5 cDNA
fragments were cloned into the BamHI site of the BD vector pGBT9 (+2) and
the Xhol site of the AD vector pACT and used for positive control in protein-
protein interaction studies. All the above recombinant plasmids underwent
sequencing to confirm their correctness and in-frame reading.

The putative positive clones from yeast two-hybrid screening were further
confirmed by yeast mating method (Fields and Song, 1989) and colony-lift
filter assay (yeast protocols handbook; CLONTECH).

Pull-Down Assay

To construct the recombinant plasmid pGEX-4T-1-FIN219, a BamHI DNA
fragment of the full-length FIN219 was released directly from pPZPY::FIN219
and cloned into the expression vector pGEX-4T-1 (Amersham-Pharmacia).
The first 300 residues in the N-terminal region of FIN219 and the remaining
274 residues in the C terminus were cloned as BgIIl DNA fragments into the
same expression vector as the full-length FIN219. For the recombinant
pRSET-B::FIP1, a BgIIl DNA fragment of the full-length FIP1 was amplified
by PCR with the primer for FIP1-L, 5'-TAGAGATCTATGGCGAACCTACC-
GAT-3' and FIP1-R, 5'-CATAGATCTCAGAACACATTGGCTTAGCAACA-3'.
The recombinant plasmids above were transformed into Escherichia coli DH5a
and then induced by 1 mm isopropylthio-B-galactoside (IPTG) for expres-
sion in hosts BL21(DE3) codon plus (pGEX-4T-1-FIN219FL and pGEX-4T-1-
FIN219N300) or BL21(DE3) pLysS (pGEX-4T-1-FIN219C274 and pRSET-B:
FIP1). Recombinant fusion proteins were purified by use of GSH sepharose
(Amersham-Pharmacia) for GST-FIN219 full-length and GST-FIN219 C274 or
electroelusion (Bio-Rad) for GST-FIN219 N300 or Ni-NTA (Qiagen) for His-6-
FIP1 according to manufacturer’s procedures. Five micrograms of purified
recombinant proteins were mixed in 1 mL of interaction buffer (50 mm Tris-HCl,
pH7.5,10 mm MgCl,, 150 mm NaCl, 1 mm phenylmethylsulfonyl fluoride, 0.1%
NP-40) and then incubated at 4°C at 30 to 40 rpm for 1 h. Well-equilibrated GSH
sepharose or Ni-NTA were added to the mixture and incubated at 4°C for
another 30 min. After centrifugation (500g for 5 min), the pellet was washed
with interaction buffer and underwent centrifugation again. Washing was
repeated four times and then the pellet and supernatant were boiled with SDS
loading dye and underwent SDS-PAGE. Western-blot analysis was performed
by standard methods (Sambrook and Russell, 2001).

Protein Co-IP

Protein co-IP was performed as described (Staub et al., 1996). Protein
A-sepharose 4B fast flow beads (Sigma) were coupled to FIN219 or c-myc
antibodies and then incubated with 1 mg protein extract from FR light-treated
FIP1-overexpressed, fin219 null mutant, and wild-type Arabidopsis seedlings.
Pellets were analyzed on standard SDS-PAGE and subsequent western
blotting.
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Recombinant Plasmids for Plant Transformation

To overexpress FIP1 in Arabidopsis ecotype Columbia and the fin219
mutant, a Ncol-BgIIl DNA fragment containing full-length FIP1 cDNA was
obtained by PCR amplification with the following primer pairs: FIPI-L,
5'-TTGCCATGGTTATGGCGAACCTACCGAT-3’ (underline indicates the built-
in Ncol site); and FIP1-R, 5'-CATAGATCTCAGAACACATTGGCTTAGCA-
ACA-3' (underline indicates the built-in Bg/II site). The fragment was then
ligated into the binary transformation vector pCAMBIA1390-c-myc or
pPZP221 with a pRTL2-GUS expression cassette. The resulting constructs
pCAMBIA1390-c-myc-FIP1 and pPZP221-GUS-FIP1 were introduced into the
Agrobacterium GV3101 by the standard method (Sambrook and Russell, 2001)
and then transformed into Arabidopsis ecotype Columbia and the fin219
mutant by floral dipping (Clough and Bent, 1998). Transgenic plants contain-
ing transgenes were selected with use of 25 ug/mL hygromyecin for the c-myc-
tagged construct and 100 ug/mL gentamycin for the GUS-tagged construct.

FIP1 antisense transgenic plants were generated from a binary vector
pPZP221 harboring a Pstl-digested DNA fragment that is an expression
cassette of the pRTL2-GUS/NIA-FIP1 plasmid containing the FIP1 antisense
cDNA. Two homozygous lines, AS171 and AS421, were selected for this study.

A total of approximately 40 independent T1 transgenic plants were
selected and grown to the T2 generation for each transformation construct.
Phenotypic analysis was conducted with single T-DNA insertion lines, as
determined by a drug resistance test. All transgenic phenotypes reported here
were observed in at least 10 independent lines.

GST Activity Assay

GST activity of FIP1 as purified recombinant proteins His-6-FIP1 was
determined according to Habig et al. (1974) with use of the Microplate
Spectrophotometer SPECTRAmax PLUS (Molecular Devices). The reaction
solution contained 100 mm phosphate buffer, pH 6.5, 1 mm GSH, 1 mm CDNB,
and an appropriate amount of samples. We read the absorbance change for
3 min. The extinction coefficient for the CDNB-GSH productis 9.6 mm ™' cm ™.
We adjusted the concentration of CDNB or GSH to evaluate K, or V...
Lineweaver-Burk analysis was performed by plotting 1/V versus 1/[sub-
strate]. K, and V., values were determined from the slope (K,/V,,,) and y

intercept (1/V,,,,) of the plot.

max.

RNA Gel-Blot and RT-PCR Analyses

Total RNA was isolated from 4-d-old seedlings of various light photore-
ceptor and signaling mutants grown under different light conditions as
described previously (Hsieh et al., 1996). Twenty micrograms of total RNA
were loaded onto the gel and blotted to the positive-charged nylon membrane
(Roche). Full-length FIPT cDNA was prepared by PCR for digoxygenin
labeling as a probe according to the manufacturer’s procedure (Roche). Fur-
thermore, a pair of gene-specific primers at the 3'-UTR of FIP1 was also used
to investigate the specificity of FIP1 expression. The primer sequences were as
follows: FIP1S, 5'-GCTGAGTATAGGAAGAACAA-3' and FIPIF, 5'-AATTC-
CATACTTAGGATGCA-3'. Hybridization and washing conditions were per-
formed as usual (Sambrook and Russell, 2001). For RT-PCR analyses, 1 ug of
DNasel-treated total RNA underwent RT at 42°C with ImProm-II reverse
transcriptase (Promega). FIP1 was amplified from 1 uL of the 20 uL of cDNA
by PCR for 35 cycles (94°C, 30 s; 50°C, 30 s; 72°C, 30 s) using a Peltier thermal
cycler (M]J Research) with FIP1S and FIPIF primers described above and
ubiquitin 10 for 26 cycles (94°C, 30 s; 56°C, 30 s; 72°C, 30 s) with the following
primers for UBQ1, 5'-GATCTTTGCCGGAAAAGAATTGGAGGATGGT and
UBQ2, 5'-CGACTTGTCATTAGAAAGAAAGAGATAACAGG.

Histochemical GUS Staining of FIP1 Promoter Activity

A 1,038-bp promoter region of FIP1 was cloned into the BamHI site of the
binary vector pCambial381Z to establish a transcriptional fusion construct
and then introduced into wild-type Columbia. The resulting transgenic plants
were grown to homozygous lines and underwent histochemical GUS staining
as described previously (Jefferson et al., 1987).

Transient Assay of Subcellular Localization
by Particle Bombardment

To construct the GUS-FIP1 fusion protein, a Bg/Il DNA fragment was
released from the recombinant plasmid pRSET-B-FIP1 and then cloned into
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PRTL2-GUS/Nia. The vectors pRTL2-GUS and pRTL2-GUS/Nia alone were
also used as a control for particle bombardment conducted as described (von
Arnim and Deng, 1994). After bombardment, onion (Allium cepa) epidermal
cells were kept in darkness at 25°C overnight and then some were transferred
to white light for 1 d, with the rest kept in darkness for one more day. GUS
staining was performed as described (von Arnim and Deng, 1994).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Expression of the FIN219/JAR1 null mutant in
Arabidopsis.

Supplemental Figure S2. Histochemical GUS staining of FIN219 promoter
activity under white light conditions.

Supplemental Figure S3. Size determination of FIP1 in FIPI-overex-
pressed transgenic seedlings grown in FR light.
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