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Phytochrome A is the primary photoreceptor for mediating various far-red light-induced responses in higher plants. We
recently showed that Arabidopsis (Arabidopsis thaliana) FAR-RED ELONGATED HYPOCOTYL3 (FHY3) and FAR-RED-
IMPAIRED RESPONSE1 (FARI), a pair of homologous proteins sharing significant sequence homology to Mutator-like
transposases, act as novel transcription factors essential for activating the expression of FHY1 and FHL (for FHY1-like), whose
products are required for light-induced phytochrome A nuclear accumulation and subsequent light responses. FHY3, FAR1,
and Mutator-like transposases also share a similar domain structure, including an N-terminal C2H2 zinc finger domain, a
central putative core transposase domain, and a C-terminal SWIM motif (named after SWI2/SNF and MuDR transposases). In
this study, we performed a promoter-swapping analysis of FHY3 and FARI. Our results suggest that the partially overlapping
functions of FHY3 and FARI1 entail divergence of their promoter activities and protein subfunctionalization. To gain a better
understanding of the molecular mode of FHY3 function, we performed a structure-function analysis, using site-directed
mutagenesis and transgenic approaches. We show that the conserved N-terminal C2H2 zinc finger domain is essential for
direct DNA binding and biological function of FHY3 in mediating light signaling, whereas the central core transposase domain
and C-terminal SWIM domain are essential for the transcriptional regulatory activity of FHY3 and its homodimerization or
heterodimerization with FAR1. Furthermore, the ability to form homodimers or heterodimers largely correlates with the
transcriptional regulatory activity of FHY3 in plant cells. Together, our results reveal discrete roles of the multiple domains of
FHY3 and provide functional support for the proposition that FHY3 and FARI1 represent transcription factors derived from a

Mutator-like transposase(s).

As sessile organisms, higher plants have evolved a
network of photoreceptors to sense changes in the
ambient light environment and undergo adaptive
growth and development. Among these photorecep-
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tors, phytochromes are the best characterized and exist
in two distinct forms, Pr and Pfr. Phytochromes are
activated when their red light-absorbing Pr form is
photoconverted into the biologically active, far-red
(FR) light-absorbing Pfr form. The Pfr form is con-
verted back to the biologically inactive Pr form on
absorption of FR light to desensitize light signaling
(Deng and Quail, 1999; Neff et al., 2000). In Arabidopsis
(Arabidopsis thaliana), phytochromes are encoded by a
five-member gene family, PHYTOCHROME A (PHYA)
to PHYE. Among all phytochromes, phyA is unique in
several respects. First, phyA is a type I (light-labile)
phytochrome, whereas phyB to phyE are type II (light-
stable) phytochromes (Hirschfeld et al., 1998). Second,
phyA is not only responsible for the photoirreversible
very low fluence response (such as promotion of seed
germination) triggered by a broad spectrum of irradi-
ations (UV, visible, and FR light), but also is the
primary photoreceptor mediating the high irradiance
response to continuous FR light (FRc), including inhi-
bition of hypocotyl elongation, opening of the apical
hook, expansion of cotyledons, accumulation of antho-
cyanin, and FRc-preconditioned blocking of greening
(Whitelam et al., 1993; Botto et al., 1996).

Intensive molecular genetic studies with Arabidop-
sis have helped to establish a framework of the mo-
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lecular events linking phyA activation to regulated
nuclear gene expression. It is believed now that upon
photoactivation, phyA converts into the active Pfr
form and is translocated from cytoplasm, where it
resides in darkness, into the nucleus (Kircher et al.,
1999; Kim et al., 2000). In the nucleus, phyA could
interact directly with a set of transcription factors, such
as the basic helix-loop-helix proteins PIF3 (for PHY-
TOCHROME INTERACTING FACTOR3) and PIF1
(Nietal., 1999; Hugq et al., 2004; Duek and Fankhauser,
2005), to induce a transcriptional cascade necessary to
implement FR light-mediated photomorphogenic re-
sponses (Tepperman et al., 2001; Khanna et al., 2006).
On the other hand, genetic studies have identified over
20 signaling intermediates required for the full range
of phyA-mediated FR light responses (for review, see
Quail, 2002; Wang and Deng, 2003). Among all phyA
signaling mutants identified so far, the phenotypes of
fhy3 (for far-red elongated hypocotyl3) and fhyl mutants
most closely resemble that of the phyA photoreceptor
mutant, and it has been suggested that FHY3 and
FHY1 act early and close to the photoreceptor itself
(Desnos et al., 2001; Wang and Deng, 2002; Wang et al.,
2002). The Arabidopsis genome contains one close
homolog for FHY1, named FHL (for FHY1-like). The
gene products of FHY1 and FHL are localized in both
the cytoplasm and nucleus (Desnos et al., 2001; Zhou
et al., 2005). It was shown recently that FHY1 and FHL
act together to mediate the light-dependent nuclear
accumulation of phyA, possibly through direct phys-
ical interaction with the Pfr form of phyA (Hiltbrunner
et al., 2005, 2006).

FHY3 and FAR1 (for FAR-RED-IMPAIRED RE-
SPONSE1) were identified as two essential positive
regulators of phyA signaling in forward genetic
screens (Whitelam et al., 1993; Hudson et al., 1999).
Molecular cloning revealed that FHY3 and FARI en-
code two homologous proteins sharing 47.3% amino
acid identity and 79.4% amino acid similarity (Hudson
et al., 1999; Wang and Deng, 2002). Mutations in FAR1
cause similar but weaker defects in hypocotyl elonga-
tion and anthocyanin accumulation, compared with
fhy3 mutants. However, FRc-preconditioned greening
block, cotyledon opening, and expansion are largely
not affected in far] mutants (Hudson et al., 1999; Wang
and Deng, 2002). Strikingly, FHY3 and FAR1 share
extensive sequence similarities with MURA, the trans-
posase encoded by the Mutator element of maize (Zea
mays; Hudson et al., 2003), and the predicted trans-
posase of the maize mobile element Jittery (Xu et al,,
2004). Both of these transposons are members of the
superfamily of Mutator-like elements (MULEs; Lisch,
2002; Walbot and Rudenko, 2002). FHY3, FAR1, and
Mutator-like transposases also share a similar domain
structure, including an N-terminal C2H2 zinc finger
domain, a central putative core transposase domain,
and a C-terminal SWIM motif (named after SWI2/SNF
and MuDR transposases; Makarova et al., 2002). It has
been proposed that FHY3/FAR1 may control the ex-
pression of their target genes by a mechanism that has
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evolved from an ancestral, MURA-like transposase
(Hudson et al., 2003; Lin and Wang, 2004; Babu et al.,
2006). In a recent study, we demonstrated that FHY3
and FAR1 act together to directly activate the expres-
sion of FHY1 and FHL, whose products are essential
for light-induced phyA nuclear accumulation and
subsequent light responses (Lin et al., 2007).

To gain a better understanding of the molecular
basis underpinning the observed partially overlap-
ping function of FHY3 and FAR1, we performed a
promoter-swap analysis of FHY3 and FARI. Our re-
sults suggest that the promoter activities of this pair of
homologous genes have diverged and protein sub-
functionalization has occurred. We also performed a
detailed structure-function analysis of Arabidopsis
FHY3 using site-directed mutagenesis. Our results
suggest that the multiple domains of FHY3 perform
discrete but essential functions in mediating phyA
signal transduction. Additionally, our results provide
functional support for the proposition that FHY3 and
FAR1 define a novel class of transcription factors
derived from an ancient Mutator-like transposase(s).

RESULTS

FHY3 and FAR1 Play Partially Overlapping Roles in
phyA Signaling

Phylogenetic analysis suggested that FARI and
FHY3 most likely arose from a gene duplication event
that predates the divergence of core eudicots, at least
approximately 110 million years ago (Lin et al., 2007).
However, despite their relatively ancient divergence in
evolution, the similar yet distinct phenotypes dis-
played by loss-of-function fhy3 and farl mutants sug-
gest that FHY3 and FARI likely play partially
overlapping functions in phyA signaling. Consistent
with this, we previously reported that the fhy3-1 far1-2
double mutants display an additive effect. In addition,
we previously showed that overexpression of FARI or
FHY3 (driven by the 355 promoter) can largely sup-
press each other’s loss-of-function mutant phenotype
(Wang and Deng, 2002). Furthermore, we showed that
overexpression of FHY3 and FARI can essentially
restore the genome expression profiles abolished by
the farl-2 and fhy3-1 mutations, respectively (Wang
et al., 2002). While these data clearly suggest a signif-
icant functional overlap between FHY3 and FARI,
such overexpression data should be interpreted with
caution. We cannot formally eliminate the possibility
that ectopic expression of these genes causes them to
assume a novel role. Thus, the extent of functional
overlap and the molecular basis for their functional
divergence remain largely unknown.

To explore the molecular basis of partially overlap-
ping function of FHY3 and FAR1, we generated FHY3
and FARI transgenes containing their endogenous
promoter (approximately 2 kb from the ATG start
codon, including the 5’-untranslated region) to drive
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the full-length genes plus 3’-untranslated region and
introduced them into their respective mutant back-
ground. As expected, the FHY3p:FHY3 and FARIp:
FAR1 transgenes completely rescued the fhy3-4 (a
putative null allele of fhy3; Wang and Deng, 2002)
and farl-2 (a putative null allele of far1; Hudson et al.,
1999) mutant phenotypes, respectively (Fig. 1, A and
B). This observation suggests that the FHY3 and FAR1
promoters and their protein-coding regions are fully
functional in rescuing their respective mutant pheno-

es. We next tested the biological function of the
FHY3 and FARI genes driven by each other’s pro-
moter. FARIp:FHY3 completely rescued the farl-2
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Figure 1. Partially overlapping function of FHY3 and FART1 in regulating
phyA signaling. A, FHY3p::FHY3 completely rescues the fhy3-4 mutant
phenotype. B, FARTp::FART completely rescues the far7-2 mutant phe-
notype. C, FARTp::FHY3 completely rescues the far7-2 mutant phe-
notype. D, FARTp::FHY3 partially rescues the fhy3-4 mutant phenotype.
E, FHY3p::FART completely rescues the far7-2 mutant phenotype. F,
FHY3p::FART fails to rescue the fhy3-4 mutant phenotype. Four-day-old
FR light-grown seedlings are shown. Bars = 2 mm. [See online article for
color version of this figure.]
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mutant phenotype, but it only partially rescued the
fhy3-4 mutant phenotype (Fig. 1, C and D), although
the expression levels of the FARIp::FHY3 transgene in
these lines were comparable (Supplemental Fig. S1, C
and D). This observation suggests that FHY3 protein
can substitute the function of FAR1 protein (at least in
our assay conditions). The same observation also
suggests that the FARI promoter cannot fully substi-
tute the activity of FHY3 promoter. Similarly, FHY3p::
FARI can completely restore the far1-2 mutant pheno-
type, but it failed to rescue the fhy3-4 mutant pheno-
type (Fig. 1, E and F). The FAR1 transcript level in the
FHY3p::FAR1/fhy3-4 background is comparable to that
in the FHY3p::FAR1/far1-2 background (Supplemental
Fig. S1, E and F). These observations suggest that FAR1
protein cannot fully substitute the function of FHY3
protein. On the other hand, the complete rescue of the
farl-2 mutant phenotype by FHY3p:FAR1 suggests
that the FHY3 promoter can replace the function of
FAR1 promoter. Together, our results suggest that
FHY3 promoter and FHY3 protein can recapitulate
the activity of FAR1 promoter and FARI protein,
respectively; however, the FARI promoter and FAR1
protein cannot substitute the function of FHY3 pro-
moter and FHY3 protein, respectively.

The N-Terminal C2H2 Zinc Finger Domain of FHY3 Is
Required for Its DNA-Binding Activity and Its
Biological Function

To further define the structure-function relationship
of FHY3, we performed mutagenesis studies of a
group of highly conserved amino acids in the predicted
N-terminal C2H2 zinc finger domain, the central core
transposase domain, and the C-terminal SWIM motif
(Fig. 2A; Supplemental Fig. S2). Our previous domain-
deletion analysis suggested that the DNA-binding
activity of FHY3 and FARI resides in the N-terminal
domain containing a predicted C2H2-type zinc finger
motif (Lin et al., 2007). This zinc-chelating finger motif
is shared by the putative DNA-binding domain of
MULE transposases and belongs to the WRKY-GCM1
family of zinc fingers (Babu et al., 2006; Lin et al., 2007).
To provide direct evidence for the notion that this
conserved C2H2 zinc finger motif is responsible for
direct DNA binding, we generated a series of mutants
in which the conserved Cys (C) and His (H) residues
(C118, C157, H180, and H182), which are presumably
involved in chelating the zinc atom, were changed into
Ala (A): Bml for C157A single mutation, Bm11 for
C118A single mutation, Bm14 for C157A HI180A
H182A triple mutation, and Bm13 for C118A C157A
H180A H182A quadruple mutation. First, we tested
whether these mutations affect their ability to bind and
activate FHY1p:LacZ and FHLp:LacZ reporter gene
expression in a yeast one-hybrid assay. As reported
previously (Lin et al., 2007), FHY3 wild-type protein,
in fusion with the GAL4 activation domain (GAD),
could bind to the FHY1 and FHL promoters and
activate both reporter genes, whereas GAD itself and

983



Lin et al.

A 2588 88 23 Jgza
- T o @ L0 L
C OII ouw 5
L1
rva T
85 185 283 523 567 604
WRKY-GCM1 putative core SWIM zinc
zing finger domain transposase domain  finger domain
B GAD fusion D Sass
— FHY3 Bm1 Bmi11  Bmi13 Bmi4 &g‘ig‘:,e‘ie@
- P
FHY1p: T PP ES

LacZ

- —
e
FHLp:: EE= ) (e
LacZ i | -

S & & & &
Q0 S ) 6‘9 0‘,_0

s 9
& F &F o i

Figure 2. The C2H2 zinc finger motif is essential for direct DNA
binding. A, A molecular diagram of FHY3 protein showing its three
structural domains. The sites selected for mutagenesis studies are
indicated. aa, Amino acids. B, Yeast one-hybrid assay showing that
GAD-Bm1, GAD-Bm11, GAD-Bm13, and GAD-Bm14 lose the ability
to activate FHY1p::LacZ and FHLp::LacZ reporter gene expression in
yeast. C, Immunoblot analysis showing the similar levels of expression
for the GAD-FHY3, GAD-Bm1, GAD-Bm11, GAD-Bm13, and GAD-
Bm14 fusion proteins in yeast. D, EMSA showing that GST-FHY3N
protein binds to the FHYT promoter oligonucleotide probe and causes
the formation of a shifted band (arrowhead), whereas GST-Bm1N, GST-
Bm11N, and GST-Bm13N are unable to bind to the FHYT oligonucle-
otide probe. FP, Free probe.

anti-HA

all zinc finger mutant fusion proteins (GAD-Bml,
GAD-Bml1l, GAD-Bm14, and GAD-Bm13) were not
able to activate these reporter genes (Fig. 2B), even
though these fusion proteins were expressed at similar
levels (Fig. 2C). This result indicates that mutations in
these conserved Cys and His residues of FHY3 abolish
its DNA-binding activity.

We next used an electrophoresis mobility shift assay
(EMSA) to further test their effects on direct DNA
binding. The N-terminal 200-amino acid fragment of
FHY3 containing the C2H2 zinc finger domain was
expressed as a glutathione S-transferase (GST) fusion
protein. The wild-type FHY3 fusion protein (GST-
FHY3N) can bind to the **P-labeled FHY1 promoter
fragment and caused a mobility shift, and the various
mutant fusion proteins (GST-Bm1N, GST-Bm11N, and
GST-Bm13N) all failed to bind to the FHY1 probe (Fig.
2D). This observation further supports the notion that
the C2H2 zinc finger motif is directly involved in DNA
binding.

To test the function of the C2H2 zinc finger motif in
vivo, we generated transgenic plants expressing the
various FHY3 mutant forms (driven by the FHY3
endogenous promoter) in the fhy3-4 mutant back-
ground. All transgenes of zinc finger mutant forms
failed to complement the hypocotyl growth inhibition
and cotyledon-unfolding phenotype of the fhy3-4 mu-
tants (over 40 independent transgenic lines were ex-
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amined for each transgene, and two representative
lines are shown; Fig. 3, A and B), although their
transcription levels were higher than that of the en-
dogenous FHY3 gene in a wild-type background
(Supplemental Fig. S3A). As prolonged FR light treat-
ment impairs subsequent greening upon transferring
to white light conditions (Barnes et al., 1996), we also
examined whether the various zinc finger mutant
forms can rescue the FR light-preconditioned blocking
of greening defect observed with fhy3-4 mutants
(Wang and Deng, 2002). Wild-type and various trans-
genic seedlings were first grown in FRc for 3 d and
then transferred to white light for 2 d to promote
chloroplast maturation. Similar to the fhy3-4 mutants,
all transgenic plants expressing these mutant forms of
FHY3 accumulated much higher levels of chlorophyll
than wild-type plants (Fig. 3C). In addition, transgenic
plants harboring various zinc finger mutant forms of
FHY3 displayed similar defects in FR light-induced
anthocyanin accumulation (Fig. 3D). Furthermore,
these transgenes failed to restore the expression of
FHY1 and FHL to wild-type levels (Fig. 3E). Together,
these results convincingly support the notion that the
C2H2 zinc finger motif is involved in direct DNA
binding and that this activity is essential for FHY3
function in planta.

The Transposase Catalytic Domain and SWIM Motif of
FHY3 Are Required for Its Transcriptional
Activation Activity

Our previous study suggested that the entire
C-terminal region of FHY3 and FARI1 containing the
central putative transposase catalytic domain and the
SWIM zinc finger motif is required for their transcrip-
tional activation activity (Lin et al., 2007). Notably,
mutations in two conserved amino acids of FHY3,
D283N and G305R, corresponding to the molecular
lesions of the fhy3-10 and fhy3-9 mutant alleles (Wang
and Deng, 2002), abolished the transcriptional activa-
tion activity of FHY3 (Lin et al., 2007). To further assess
the role of the core catalytic transposase domain and
the SWIM motif in transcriptional regulation of FHY3,
we mutated two other conserved amino acids in the
transposase catalytic domain (D288A and E323A) and
two amino acids in the SWIM zinc finger domain
(C579A and H591A; Fig. 2A). Both D288 and E323 are
highly conserved in FHY3, FAR1, other FHY3/FARI1-
related proteins (named FRS proteins; Lin and Wang,
2004) and Mutator-like transposases, and D288 is one
of the three amino acids predicted to form a putative
DDE catalytic triad motif shared by FHY3/FAR1 and
Mutator-like transposases (Lin et al., 2007; Supplemen-
tal Fig. S2). These mutant forms of FHY3 were fused
with the LexA DNA-binding domain and cotrans-
formed with the LexAop::LacZ reporter gene into the
yeast strain EGY48 to test their effects on transcrip-
tional activation of the reporter gene. Consistent with
our previous study, LexA-FHY3 strongly activated the
LexAop::LacZ reporter gene expression, compared with
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Figure 3. The zinc finger motif is essential for the
biological function of FHY3. A, Representative im-
ages showing that FHY3p::Bmi, FHY3p:Bmll,
FHY3p::Bm13, and FHY3p::Bm14 fail to rescue the
fhy3-4 mutant phenotype. Bar = 2 mm. B, Hypocotyl
lengths of the seedlings in A. Error bars represent sp
from 20 seedlings. C, Quantification of chlorophyll
accumulation in seedlings of various genotypes. Error
bars represent sp of triplicate experiments. D, Quan-
tification of anthocyanin accumulation in seedlings
of various genotypes. Error bars represent sp of trip-
licate experiments. For A to D, seedlings were grown
under FRc for 4 d. E, Semiquantitative RT-PCR of
FHY1 and FHL genes in various genotypes. Seedlings
were grown in darkness for 4 d and then transferred to
FR light for 6 h before RNA extraction. RT-PCR of a
Ubiquitin gene is shown at bottom as a positive
control. [See online article for color version of this
figure.]
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LexA itself (Lin et al., 2007). Strikingly, LexA-D288A,
LexA-C579A, and LexA-H591A failed to activate the
reporter gene expression (similar to previously reported
LexA-D283N and LexA-G305R; Lin et al., 2007),
but LexA-E323A retained a similar activation activity
as LexA-FHY3 (Fig. 4A). Immunoblot analysis con-
firmed that these fusion proteins were expressed at
similar levels (Fig. 4B). These results suggest that
D288, C579, and H591, but not E323, are essential for
the transcriptional activation activity of FHY3, at least
in the yeast cells.

Next, we examined the effects of these mutations on
transcriptional activation activity of FHY3 in plant
cells by coexpressing the various mutant forms of
FHY3 with the FHY1p:LUC (for LUCIFERASE) re-
porter gene and the 355::GUS internal control plasmid
in Arabidopsis protoplasts. The relative activation
activity was measured as the ratio of LUC to GUS.
Consistent with the observation made in yeast one-
hybrid assay (Fig. 4A), E323A activated the reporter
gene expression similar to a wild-type level, but the
C579A and H591A mutations essentially abolished the
ability to activate FHY1p:LUC reporter gene expres-
sion in Arabidopsis protoplasts. Intriguingly, in con-
trast to the loss of activation activity observed in yeast
cells, the D288A mutant form of FHY3 partially acti-
vated the FHY1p:LUC reporter gene expression in
Arabidopsis protoplasts (Fig. 4C). The discrepancy
observed between the yeast one-hybrid assay and the
Arabidopsis protoplast assay for the D288A mutant is
likely due to the different experimental systems. In
plant cells, there might be additional FHY3 functional
partners to help restore the partial activity of D288A,
whereas such factors might be missing in the yeast
cells. Regardless, our results suggest that the SWIM
zinc finger domain is essential for the transcriptional

Plant Physiol. Vol. 148, 2008

activation activity of FHY3. D288 might be required for
its optimal activity, but E323 is not essential for tran-
scriptional activation activity of FHY3.

To further test the in vivo functional significance of
these conserved amino acids, we generated transgenic
plants expressing these mutant versions of FHY3
(driven by the FHY3 endogenous promoter) in the
fhy3-4 mutant background. In order to test a possible
effect of these mutations on the subcellular localization
of FHY3 protein (see below), these mutant proteins
were tagged with yellow fluorescent protein (YFP) at
their C termini. The wild-type FHY 3p::FHY3-YFP trans-
gene successfully rescued the fhy3-4 mutant phenotype
(Supplemental Fig. S4), suggesting that the YFP tag
does not affect the normal function of FHY3 protein.
Consistent with their transcriptional activation activi-
ties observed in Arabidopsis protoplasts, FHY3p::
E323A-YFP fully rescued the fhy3-4 mutant phenotype,
including hypocotyl elongation, FRc-preconditioned
block of greening, anthocyanin accumulation, and in-
duction of FHY1/FHL expression (Fig. 5). Also consis-
tent with its transcriptional activation activity observed
in Arabidopsis protoplasts, FHY3p:D288A-YFP par-
tially rescued the fhy3-4 mutant hypocotyl elongation
and FRc-preconditioned block of greening phenotype,
but intriguingly, it nearly restored anthocyanin accu-
mulation and FHY1/FHL expression to wild-type
levels (Fig. 5). We repeated this experiment three times,
and the results are reproducible. The reasons for the
observed discrepancies of FHY3p::D288A-YFP in res-
cuing various aspects of seedling photomorphogenesis
are not clear. It is possible that FHY3 may regulate
hypocotyl elongation and chlorophyll and anthocyanin
accumulation through targeting different sets of down-
stream genes. Anthocyanin accumulationand FHY1/FHL
gene expression might be more sensitive to the func-
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Figure 4. D288, C579, and H591 are required for the transcriptional
activation activity of FHY3 in yeast and Arabidopsis protoplasts. A,
Yeast one-hybrid assay showing that the LexA-FHY3 and LexA-E323A
fusion proteins activate LexA operator-driven LacZ reporter gene
(LexAop::LacZ) expression in yeast to similar levels, whereas LexA by
itself, LexA-D288A, LexA-C579A, and LexA-H591A fail to activate
reporter gene expression. B, Immunoblot analysis showing similar
expression levels of LexA-FHY3, LexA-D288A, LexA-E323A, LexA-
C579A, and LexA-H591A fusion proteins in yeast. C, Wild-type FHY3
activates FHY1p::LUC reporter gene expression in Arabidopsis proto-
plasts. E323A slightly reduces the reporter gene expression, D288A
causes a modest reduction in the reporter gene expression, and C579A
and H591A fail to activate the reporter gene expression. Error bars
represent sp of triplicate experiments.

tional status or threshold level of FHY3 protein, whereas
hypocotyl elongation inhibition and FRc-preconditioned
blocking of greening may require full activity of FHY3.

In agreement with the observed loss of transcrip-
tional activation activity in yeast and in Arabidopsis
protoplasts, FHY3p::C579A-YFP and FHY3p:H591A-
YFP were not effective in rescuing the fhy3-4 mutant
phenotype (Fig. 6), even though the transcript levels of
these transgenes were comparable and higher than the
endogenous FHY3 gene in wild-type plants (Supple-
mental Fig. S3, B and C). These results indicate that
C579 and H591 in the SWIM domain are essential for
FHY3 function.

Transcriptional Activation Activity of FHY3 Correlates
with Its Dimerization Ability

FHY3 and FAR1 proteins were previously shown to
be able to form homodimers by self-association or
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heterodimers with each other (Wang and Deng, 2002,
Hudson et al., 2003). To determine which of the struc-
tural domains of FHY3 is involved in dimerization, we
performed a yeast two-hybrid assay. As previously
reported, although both LexA-FHY3 and LexA-FAR1
can autoactivate the LexAop:LacZ reporter gene to
certain extents, when combined with GAD-FHY3 or
GAD-FAR1, the activities of the reporter gene are
significantly increased. Notably, LexA-D288A, LexA-
C579A, LexA-H591A, LexA-D283N, and LexA-G305R
failed to activate the LexAop:LacZ reporter gene in
combination with GAD-FHY3 or GAD-FAR1, but LexA-
E323A retained the ability to activate LacZ reporter gene
expression (Fig. 7). This observation suggests that both
the central core transposase domain and the C-terminal
SWIM motif are essential for FHY3 homodimerization
or its heterodimerization with FAR1 and that this ability
largely correlates with FHY3 transcriptional activation
activity in yeast cells.

FHY3 and FAR1 proteins are localized in the nucleus
in plant cells (Hudson et al., 1999; Wang and Deng,
2002; Lin et al., 2007). To examine a possible effect of
D288A, E323A, and H591A amino acid substitutions
on FHY3 nuclear targeting, we examined the subcel-
lular localization of FHY3-YFP, D288A-YFP, E323A-
YFP, and H591A-YFP. Their homozygous transgenic
plants were grown in darkness for 4 d, and the fluo-
rescence signal was monitored using a confocal mi-
croscope. Like the wild-type FHY3-YFP fusion protein,
the D288A-YFP, E323A-YFP, and H591A-YFP fusion
proteins were all exclusively targeted into the nucleus
(Fig. 8). This result indicates that the D288A, E323A,
and H591A amino acid substitutions do not affect
nuclear localization of the FHY3 protein.

DISCUSSION

Partially Overlapping Function of FHY3 and FAR1 Entails
Divergence of Their Promoter Activities and
Subfunctionalization of the Proteins

Among the previously identified phyA signaling
mutants, the phenotypes of fhy3 and fhyl mutants
most closely resemble that of the phyA photoreceptor
mutant, including defects in hypocotyl growth, apical
hook and cotyledon unfolding, anthocyanin accumu-
lation, FRc-preconditioned block of greening, and
induction of phyA-responsive gene expression. These
observations suggest that FHY3 and FHY1 act early
and close to the photoreceptor itself (Barnes et al.,
1996; Desnos et al., 2001; Wang and Deng, 2002; Wang
et al., 2002). Interestingly, mutations in FARI and FHL
caused much weaker phenotypes than the fhy3 and
fhyl mutants, respectively (Hudson et al., 1999, 2003;
Wang and Deng, 2002; Zhou et al., 2005). However,
overexpression of FHY3 or FARI can suppress the
mutant phenotypes of each other (Wang and Deng,
2002), and similarly, overexpression of FHY1 and FHL
also can suppress each other’s mutant phenotype
(Zhou et al., 2005). In addition, the fhy3 farl double
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Figure 5. Phenotypic analysis of FHY3p::D288A-YFP

D288A

and FHY3p::E323A-YFP transgenic plants. A, Repre-
sentative images showing that FHY3p::D288A-YFP
partially rescues the fhy3-4 mutant phenotype, while
FHY3p::E323A-YFP completely rescues the fhy3-4
mutant phenotype. Bar =2 mm. B, Hypocotyl lengths
of the seedlings in A. Error bars represent so from 20
seedlings. C, Quantification of chlorophyll accumu-
lation in seedlings of various genotypes. Bars repre-
sent sp of triplicate experiments. D, Quantification of
anthocyanin accumulation in seedlings of various
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genotypes. Error bars represent sp of triplicate exper-
iments. For A to D, seedlings were grown under FRc
for 4 d. E, Semiquantitative RT-PCR of FHYT and FHL
genes in various genotypes. Seedlings were grown in
darkness for 4 d and then transferred to FR for 6 h
before RNA extraction. RT-PCR of a Ubiquitin gene is
shown at bottom as a positive control. [See online
article for color version of this figure.]
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mutant displays a stronger phenotype than their single
mutant phenotypes (Wang and Deng, 2002) and the
fhyl fhl double mutant displays a stronger phenotype
than the fhyl and fhl single mutant phenotypes (Zhou
et al., 2005). Moreover, FHY3 and FAR1 are capable of
forming both homodimers and heterodimers with
each other (Wang and Deng, 2002; Hudson et al,
2003). Similarly, FHY1 and FHL are also capable of
self-association and heterodimeric interaction (Zhou
etal., 2005). These results suggest that FHY3 and FARI,
as well as FHY1 and FHL, possess partially overlap-
ping as well as distinct functions in mediating phyA
signaling. Furthermore, it has been shown that FHY1
and FHL act together to regulate phyA nuclear accu-
mulation in response to FR light, with FHY1 playing a
more predominant role (Hiltbrunner et al., 2005, 2006).
The functional divergence of FHY1 and FHL could be
due, at least partially, to much lower levels of FHL
expression (FHY1 transcript abundance is approxi-
mately 15-fold in excess of FHL transcript level in FR-
grown seedlings; Zhou et al., 2005). The molecular
basis for the observed partially overlapping function
of FHY3 and FARI remains unknown. In a previous
study, we showed that both FHY3 and FAR1 can
directly bind to a CACGCGC motif present in the
FHY1 and FHL promoters and that they act together to
up-regulate FHY1 and FHL expression, and conse-
quently phyA nuclear accumulation and light re-
sponses (Lin et al., 2007). In this study, we show that
FAR1p::FHY3 can completely rescue the far1-2 mutant
phenotype but can only partially rescue the fhy3-4
mutant phenotype (Fig. 1, C and D). Notably, FHY3p::
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FAR1 can completely restore the farl-2 mutant pheno-
type, but it fails to rescue the fhy3-4 mutant phenotype
(Fig. 1, E and F). These results suggest that FHY3
promoter and FHY3 protein can recapitulate the ac-
tivity of FAR1 promoter and FAR1 protein, respec-
tively; however, the FARI promoter and FAR1 protein
cannot substitute the function of FHY3 promoter and
FHY3 protein, respectively. Thus, our results suggest
that the partially overlapping function of FHY3 and
FAR1 entails both divergence of promoter activities
and protein subfunctionalization, with FHY3 playing a
more predominant role. This notion is consistent with
the much stronger morphological phenotype and
more severe alteration in phyA-responsive gene ex-
pression observed with the fhy3 mutant compared
with the far] mutant (Hudson et al., 1999, 2003; Wang
et al., 2002). Conceivably, divergence of the promoter
activities and protein subfunctionalization between
FHY3 and FAR1I may contribute to both fine-tuning of
phyA signaling and ensuring greater developmental
plasticity during seedling photomorphogenesis.

Discrete and Essential Roles of the Multiple Domains
of FHY3

Based on phylogenetic and functional analyses, we
and others have previously proposed that FHY3 and
FARL1 likely define a novel class of transcription factors
derived from an ancient Mutator-like transposase(s)
(Hudson et al., 2003; Babu et al., 2006; Lin et al., 2007).
Logically, we asked where the DNA-binding activity
of FHY3 and FARI1 derived from. Notably, all eukary-
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Figure 6. The C-terminal SWIM domain is critical for A
FHY3 biological function. A, Representative images
showing that FHY3p:C579A-YFP and FHY3p:
H591A-YFP fail to rescue the fhy3-4 mutant pheno-
type. Bar = 2 mm. B, Hypocotyl lengths of the
seedlings in A. Error bars represent sp from 20 seed-
lings. C, Quantification of chlorophyll accumulation
in seedlings of various genotypes. Error bars represent
sp of triplicate experiments. D, Quantification of
anthocyanin accumulation in seedlings of various
genotypes. Error bars represent sp of triplicate exper-
iments. For A to D, seedlings were grown under FRc

for 4 d. E, Semiquantitative RT-PCR of FHY7 and FHL No-0  fhy3-4

genes in various genotypes. Seedlings were grown in
darkness for 4 d and then transferred to FR light for 6 h
before RNA extraction. RT-PCR of a Ubiquitin gene is
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otic transposases that have been biochemically char-
acterized so far possess two functionally separable
domains: an N-terminal region that binds to the ter-
minal inverted repeats of the cognate transposons and
a central or C-terminal region that catalyzes the cleav-
age and transfer reactions of the cut-and-paste transpo-
sition reaction (Haren et al., 1999; Lisch, 2002; Michel
et al., 2003; Augé-Gouillou et al., 2005; Feschotte et al.,
2005). FHY3 and FARI1 share an N-terminal C2H2 zinc
finger domain of the WRKY-GCM1 family with MULE
transposases (Babu et al., 2006; Lin et al., 2007). Our
previous domain-deletion analysis suggested that this
domain is required for the DNA-binding activity of
FHY3 and FAR1 (Lin et al., 2007). In this study, using
yeast one-hybrid assay and in vitro EMSA, we showed
that the conserved C118, C157, H180, and H182 resi-
dues, presumably involved in forming the zinc finger
motif, are essential for direct DNA binding (Fig. 2).
Furthermore, transgenic analysis indicated that these
amino acid residues are essential for proper FHY3
function in vivo (Fig. 3). These results provide further
support that the N-terminal C2H2 zinc finger motif is
responsible for direct DNA binding and that this do-
main is likely derived from the same region of MULE
transposases. These observations also lead us to pre-
dict that this region of MULE transposases is likely
involved in DNA binding to the terminal inverted
repeats of the cognate transposons (Benito and Walbot,
1997). Consistent with this, recycling of the transpos-
ase DNA-binding domain to build transcription fac-
tors seems to be a recurrent theme. For example, it has
been suggested that the DNA-binding domains of
mammalian CENP-B and THAP proteins, Drosophila
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DREF protein, Arabidopsis DAYSLEEPER protein,
and the primate SETMAR protein were derived from
the DNA-binding domains of their respective trans-
posase ancestors (Feschotte and Pritham, 2007, and
refs. therein).

Next we asked where the transcriptional regulatory
activity of FHY3 and FAR1 derived from. Interestingly,
several different classes of transposases (such as
MURA and TnpA, one of the two transposase proteins
encoded by the maize Spm transposon) are known to
function as transcriptional regulators that regulate
their own expression (Raizada et al., 2001; Cui and
Fedoroff, 2002). For example, Raizada et al. (2001)
observed that active MuDR elements increase the ex-
pression of a LUC reporter gene driven by its terminal
inverted repeat promoter by 2- to 10-fold, and they
proposed that MURA may act as a weak transcrip-
tional activator. Similarly, the transposase encoded by
the maize Activator (Ac) transposable element has been
shown to repress the Ac transposase gene promoter (a
form of element “self-repression”) as well as non-
transposable element promoters (Fridlender et al.,
1996, MacRae, 2002). It is possible, therefore, that
certain classes of transposases may possess a “second
function” (i.e. a transcriptional regulatory activity;
MacRae, 2002). In addition, previous studies indicated
that dimerization or multimerization of transposase is
essential for their transposition activity. This has been
shown for several classes of transposable elements,
such as Tn5, I1S91, mariner, Ac, and Hermes (Essers et al.,
2000; Michel et al., 2003, and refs. therein). Further-
more, it was shown that both Ac and Hermes trans-
posases use their C-terminal domains for dimerization
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Figure 7. The central transposase catalytic domain and the C-terminal
SWIM domain are required for dimerization in yeast. A, Yeast two-
hybrid assay showing that LexA-FHY3 and LexA-E323A enhance the
activation of LexAop::LacZ reporter gene expression in combination
with GAD-FHY3 or GAD-FAR1, whereas LexA-D288A, LexA-C579A,
LexA-H591A, LexA-D283N, and LexA-G305R fail to activate the
reporter gene in combination with GAD-FHY3 or GAD-FAR1. B,
Quantification of the relative B-galactosidase activities for various
combinations shown in A. Error bars represent sp of six replicates.

(Essers et al., 2000; Michel et al., 2003). We previously
showed that the transcriptional activation activity of
FHY3 is abolished by either one of two amino acid
substitutions (G305R or D283N) located in the central
domain of FHY3. This region shares the most extensive
sequence similarity with the core catalytic transposase
domain of MULE transposases and a group of bacte-
rial transposases (Eisen et al., 1994; Babu et al., 2006;
Lin et al., 2007). In this region, FHY3, FAR1, and
Mutator-like transposases also carry a putative DDE
catalytic triad motif (or closely related variants) that is
critical for transposase/integrase function (Boeke,
2002; Lin et al., 2007). These conserved residues might
be important for the function of FHY3 and FARI1
proteins and for catalytic activities of MULE transpos-
ases. In this study, we showed that mutation in D288,
which corresponds to the first D residue in the
predicted DDE catalytic triad of FHY3, caused a partial
reduction in the transcriptional activation activity and
abolished the ability to form homodimers or hetero-
dimers with FAR1 in yeast cells (Figs. 4 and 7).
Furthermore, the FHY3p::D288A-YFP transgene con-
ferred partial rescue of the fhy3-4 mutant phenotype
(Fig. 5). Somewhat surprisingly, mutation in another
conserved residue, E323, did not significantly affect its
transcriptional activation activity in yeast and Arabi-
dopsis protoplasts, and the FHY3p::E323A-YFP trans-
gene completely rescued the fhy3-4 mutant phenotype
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(Figs. 4 and 5). Together with the previously observed
critical role of D283 and G305 (both in the central core
transposase domain of FHY3), our results argue that
both the central core transposase domain and the
C-terminal SWIM motif are essential for the transcrip-
tional activation activity and biological function of
FHY3 in vivo.

In addition to the N-terminal DNA-binding domain
and the central transcriptional activation domain, the
C-terminal portions of both FHY3 and FAR1 also share
a SWIM-type zinc finger motif of a CxCx,CXH pattern
(where x stands for any amino acid residue) with plant
MULE transposases (Makarova et al., 2002; Lin et al.,
2007). This motif also exists in all known retroviruses
(with the exception of spumaretroviruses), many nu-
cleic acid-binding proteins, and some retrotranspo-
sons, such as copia-like retrotransposons from tobacco
(Nicotiana tabacum) and Ty elements in yeast, and is
predicted to involve DNA binding or protein-protein
interaction (Yu et al., 2000; Makarova et al., 2002). The
functional significance of the SWIM motif in MULE
transposases and FHY3/FAR1 remains to be eluci-
dated. In this study, we showed that amino acid
substitution at the C579 (C579A) and H591 (H591A)
of the SWIM motif completely abolished its transcrip-
tional activation activity and its ability to form homo-
dimers or heterodimers with FAR1 (Figs. 4 and 7).

YFP

D288A

E323A

HE591A

Figure 8. D288A, E323A, and H591A do not affect nuclear localiza-
tion of FHY3. Confocal images of transgenic plants expressing FHY3p::
FHY3-YFP, FHY3p::D288A-YFP, FHY3p::E323A-YFP, and FHY3p:
H591A-YFP showing that the wild-type (WT) and mutant proteins (all
fused with YFP) are exclusively localized in the root nucleus (left
images). The middle images are bright-field images, and the right
images are merged images of the left and middle images. Bars = 25 um.
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Furthermore, the FHY3p:C579A-YFP and FHY3p:
H591A-YFP transgenes were not effective in rescuing
the fhy3-4 mutant phenotype (Fig. 6). Based on these
observations, we concluded that (1) both the central
core transposase domain and the C-terminal SWIM
motif of FHY3 are essential for mediating protein-
protein interaction (both homodimerization and het-
erodimerization with FAR1); (2) both the central core
transposase domain and the C-terminal SWIM motif of
FHY3 are essential for its transcriptional regulatory
activity; and (3) the ability of FHY3 to dimerize corre-
lates with its transcriptional regulatory activity in
plant cells. Collectively, these results support the
proposition that the transcriptional regulatory activity
of FHY3 and FARI1 is likely drawn from the ancient
Mutator-like transposase(s). Similar to this scenario,
MUSTANG possibly represents another class of tran-
scription factors derived from Mutator-like transpos-
ases, although its biological function remains unknown
(Cowan et al., 2005). Our results provide functional
support and extend the observation that maize trans-
posons could influence nearby gene expression in a
heritable fashion, acting as “controlling elements” in
the genome as proposed by McClintock over half a
century ago (McClintock, 1956).

An intriguing issue for future studies is to under-
stand the molecular and structural basis underlying
the domestication process changing a Mutator-like
transposase into a novel transcription factor, in this
case FHY3 and FAR1, which are essential for phyA-
mediated FR light signaling in Arabidopsis. It will also
be interesting to determine the selection pressure that
caused this domestication event and the adaptive
advantage of having these domesticated host genes
during evolution. Notably, FHY3/FAR1-like genes ap-
pear to be restricted to angiosperms (Lin et al., 2007).
Coincident with this, innovation of phyA was pro-
posed to occur prior to the origin of angiosperms, and
this event has been hypothesized to confer adaptive
advantage to the successful colonization of the first
angiosperms (Mathews, 2005). It would be highly
interesting to determine whether FHY3/FARI-like
genes exist and whether they play a similar role in
regulating phyA signaling in early basal angiosperms,
and how these domesticated genes might have con-
ferred an increased fitness to the early angiosperms
during their establishment on earth.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The fhy3-4 and far1-2 mutants of Arabidopsis (Arabidopsis thaliana) are of the
Nossen-0 ecotype and were described previously (Wang and Deng, 2002). Seeds
were sterilized by incubation in freshly prepared 30% bleach plus 0.01% (v/v)
Triton X-100 for 15 min and then washed four times with sterile water. The
surface-sterilized seeds were sown on Murashige and Skoog germination plates
(1X Murashige and Skoog medium supplied with 1% Suc) and were cold treated
for 3 d at 4°C. After exposure to white light for 24 h to stimulate germination,
plates with seeds were transferred to FR light conditions (fluence rate of
approximately 0.5 umol m 2 s™") for 4 d at 22°C before phenotypic analysis.
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Site-Directed Mutagenesis and Plasmid Construction

To generate various mutations in the C2H2 zinc finger domain, the plasmid
pTA-FHY3FL (Lin et al., 2007) was used as the template using the QuikChange
Multi Site-Directed Mutagenesis Kit (Stratagene) according to the manufac-
turer’s instruction. The resulting plasmids are pTA-FHY3Bml containing
C157A single mutation, pTA-FHY3Bm11 containing C118A single mutation,
pTA-FHY3Bm13 containing C118A C157A H180A H182A quadruple mutation,
and pTA-FHY3Bm14 containing C157A H180A H182A triple mutation. The
primers used were as follows: C118A, 5'-GTTTATTGATGCGAAGTTTG-
CTGCCTCTAGGTATGGTACTAAAAGAG-03'; C157A, 5'-GAACATGTGCG-
AAAACCGATGCCAAAGCTAGTATGCATGTTAAGAG-3'; HI180A-H182A,
5'-CACAGCTTTGTGAGGGAGGCTAATGCTGAGCTTTTACCTGCACA-
AGC-3'.

To generate TOPO-FHY3-D288A, TOPO-FHY3-E323A, TOPO-FHY3-C579A,
and TOPO-FHY3-H591A constructs, the plasmid TOPO-FHY3 (Lin et al., 2007)
was used as the template in the site-directed mutagenesis. The primers used
were as follows: D288A, 5'-ATGTTGTTTCTCTAGCCACCACCTACGTAAG-3’;
E323A, 5'-CCTTAATATCCGATGCGAGTGCAGCAACATATTC-3'; C579A,
5'-AGGCTGAAGTCTCTTGCATCGCTCGGTTATTTGAG-3'; H591A, 5'-AGG-
GTATCTCTGCAGAGCCACTCTTAATGTTCTTC-3'. All constructs were
validated by sequencing.

To facilitate downstream cloning, the Xhol-HindIIl fragments of FHY3-
D288A, FHY3-E323A, FHY3-C579A, and FHY3-H591A were released from
their corresponding TOPO vectors and then subcloned into pTA-FHY3FL
plasmid at Xhol and HindIII sites, generating pGEM-FHY3-D288A, pGEM-
FHY3-E323A, pGEM-FHY3-C579A, and pGEM-FHY3-H591A, respectively.

To make the FHY3p::FHY3, FAR1p::FAR1, FHY3p::FARI1, and FARIp:FHY3
transgenes, the FHY3 and FARI genomic DNA (including the coding region
and 3'-untranslated region) were amplified by PCR from Columbia wild-
type DNA and then cloned into pGEM-T Easy vector (Promega), generat-
ing pGEM-FHY3G and pGEM-FARIG, respectively. The primers used for
the FHY3 gene are FHY3Gl (5'-TGGATCCATGGATATAGATCTTCGAC-
TAC-3') and FHY3G2 (5'-TGTCGACTGCCTAAAAGCTCTATTTGCC-3').
The primers used for the FARI gene are FAR1G1 (5'-TGGATCCATGGA-
TTTGCAAGAGAATCTG-3') and FAR1G2 (5'-TCTCGAGGCAAATGTTT-
CTTTTGACCAACTC-3'). A BamHI-Sall fragment containing FHY3 and a
BamHI-Xhol fragment containing FARI were released from pGEM-FHY3G
and pGEM-FARIG and cloned into BamHI-Sall-digested pPZP-FHY3p inter-
mediate vector (Lin et al., 2007) to produce FHY3p:FHY3 and FHY3p::FARI,
respectively. Similarly, the same FHY3 and FARI fragments were ligated into
BamHI-Sall-digested pPZP-FAR1p intermediate vector (Lin et al., 2007) to pro-
duce FARIp::FHY3 and FAR1p::FARI1, respectively.

To generate various FHY3 fusions with YFP, the coding region of YFP was
first amplified from pCitrine-3 plasmid (Griesbeck et al., 2001) and then
cloned into the pGEM-T Easy vector to produce pGEM-YFP. The YFP gene
was released from pGEM-YFP by BamHI and Sall digestion and then
subcloned into pPZP-FHY3p at BamHI and Sall sites, resulting in pPZP-
FHY3p-YFP. FHY3 and its various mutant forms D288A, E323A, C579A, and
H591A were released from their corresponding TOPO vectors by Nhel and
BamHI digestion and then subcloned into pPZP-FHY3p-YFP vector at Xbal
and BamHI sites, giving rise to FHY3p:FHY3-YFP, FHY3p:D288A-YFP,
FHY3p::E323A-YFP, FHY3p::C579A-YFP, and FHY3p::H591A-YFP, respectively.

To construct binary vectors for C2H2 zinc finger domain mutations,
FHY3Bm1, FHY3Bm11, FHY3Bm13, and FHY3Bm14 fragments were released
from their corresponding pTA vectors digested by BamHI and Sall and then
inserted into pPZP-FHY3p at BamHI and Sall sites, generating FHY3p::Bm1,
FHY3p::Bm11, FHY3p::Bm13, and FHY3p::Bm14, respectively.

To construct vector for DNA binding in yeast one-hybrid assay, various
FHY3 mutated genes were released from their pTA vectors cut by Mfel and Sall
and then inserted into the JG4-5 (Clontech) digested by EcoRI and Xhol,
resulting in GAD-Bm1, GAD-Bm11, GAD-Bm13, and GAD-Bm14, respec-
tively. To generate plasmid for transcriptional activation assay, various FHY3
mutated genes were released from their pGEM vectors by Mfel and Sall and
then cloned into EG202 (Clontech) at the EcoRI and Sall sites, producing LexA-
D288A, LexA-E323A, LexA-C579A, and LexA-H591A, respectively.

To generate plasmids for protoplast transient expression assay, FHY3-
D288A, FHY3-E323A, FHY3-C579A, and FHY3-H591A fragments were digested
from their corresponding pGEM vectors by Mfel and Sall and then cloned into
pUC-SPYCE (Walter et al., 2004) vector at the BamHI and Sall sites, resulting in
pUC-D288A, pUC-E323A, pUC-C579A, and pUC-H591A, respectively.

To generate vectors for GST fusion protein expression, the N-terminal
fragments containing the first 200 amino acids of FHY3Bm1, FHY3Bm11, and
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FHY3Bm13 were amplified by PCR using their corresponding pTA vector as
the template with primers FHY3-BM (5'-GGATCCCAATTGATGGATATA-
GACCTTCGACTAC-3") and FHY3-N200 (5'-CATGTCGACTCATGCAGCA-
TATATCTTTCTGG-3'). The PCR fragments were digested with Mfel and Sall
and then inserted into the pGEX 5X-1 vector (Amersham Biosciences) at the
EcoRI and Sall sites, generating GST-Bm1N, GST-Bm11N, and GST-Bm13N,
respectively.

The FHY1p:LacZ, FHLp:LacZ, FHY1p:LUC, LexA-FHY3, LexA-D283N,
LexA-G305R, GAD-FHY3, GAD-FAR1, pUC-FHY3, and GST-FHY3N plas-
mids were described previously (Lin et al., 2007).

Plant Transformation

The binary vectors were electroporated into the Agrobacterium tumefaciens
strain GV3101 and transformed into the fhy3-4 or far1-2 mutant via the floral
dip method (Clough and Bent, 1998). About forty kanamycin-resistant T1
transgenic lines for each transgene were selected. Phenotypic analyses were
performed in the T2 generation and confirmed in the T3 generation. Homo-
zygous plants with comparable expression levels were used in all experi-
ments.

Yeast One-Hybrid and Two-Hybrid Assays

The yeast one-hybrid and two-hybrid assays were performed essentially as
described by Lin et al. (2007) and Wang and Deng (2002), respectively.
The yeast strain EGY48 was used in these assays.

Semiquantitative Reverse Transcription-PCR

The procedures for plant total RNA extraction, reverse transcription (RT)-
PCR, and primers were described previously (Lin et al., 2007).

Chlorophyll and Anthocyanin Measurement

Measurement of chlorophyll and anthocyanin content was performed as
described previously (Lin and Wang, 2005). About 100 seedlings per genotype
were used for each measurement.

Yeast Protein Extraction and Immunoblot Assay

Protein extraction from the yeast strain was performed according to the
Yeast Protocols Handbook (Clontech). The LexA fusion protein was detected
with anti-LexA antibody (Santa Cruz Biotechnology), and the GAD fusion
protein was detected against anti-hemagglutinin-epitope antibody (Roche).
The proteins were visualized by incubating with goat anti-mouse secondary
antibody conjugated with alkaline phosphatase in the presence of 5-bromo-
4-3-indolyl-phosphate and nitroblue tetrazolium as substrates.

Transient Expression in Arabidopsis Protoplast

The protoplast transient expression assay was carried out as described
previously (Lin et al., 2007).

EMSA

Various GST-FHY3N mutant recombinant fusion proteins were expressed
in the Escherichia coli BL21 (DE3) strain and purified using glutathione-
Sepharose 4B beads (Amersham Bioscience). The recombinant proteins are of
the same M, based on SDS-PAGE analysis. The EMSA procedure was
described previously (Lin et al., 2007). The sequence of the FHY1 oligonucle-
otide probe is 5'-AACACGTAGACTCTTTTCACGCGCCAAATCAAACAC-
CAT-3'.

Confocal Microscopy Observation

Transgenic seedlings of various genotypes were grown in darkness for 4 d
before examination. The whole seedlings were mounted on a slide, and YFP
fluorescence was observed with a confocal microscope (SP5; Leica). Repre-
sentative images were taken from the same region of roots with identical
settings.
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Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers (in parentheses): FHY3 (NP_
188856), FAR1 (AAD51282), FHY1 (NP_001078018), FHL (NP_001078521),
PHYA (NP_001117256).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. RT-PCR analysis of transgene expression.

Supplemental Figure S2. Amino acid alignment of Arabidopsis FHY3 and
FAR1 with the maize MURA and Jittery transposases.

Supplemental Figure S3. RT-PCR analysis of FHY3 transgene expression.
Supplemental Figure S4. FHY3-YFP rescues fhy3-4 mutant phenotype.
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