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Background: Light is an important factor for plant growth and development.

Results: GBF1 interacts with two other bZIP proteins, HY5 and HYH, in light signaling.

Conclusion: This work demonstrates the functional interconnections of GBF1, HY5, and HYH.

Significance: The knowledge gained in this study will help to understand light-controlled plant growth and development.

Arabidopsis bZIP transcription factor, GBF1, acts as a differ-
ential regulator of cryptochrome-mediated blue light signaling.
Whereas the bZIP proteins, HY5 (elongated hypocotyl 5) and
HYH (HY5 homologue), are degraded by COP1-mediated pro-
teasomal pathways, GBF1 is degraded by a proteasomal pathway
independent of COP1. In this study, we have investigated the
functional interrelations of GBF1 with HY5 and HYH in Arabi-
dopsis seedling development. The genetic studies using double
and triple mutants reveal that GBFI largely acts antagonistically
with HY5 and HYH in Arabidopsis seedling development. Fur-
ther, GBF1 and HY5 play more important roles than HYH in
blue light-mediated photomorphogenic growth. This study
reveals that GBF1 is able to form a G-box-binding heterodimer
with HY5 but not with HYH. The in vitro and in vivo studies
demonstrate that GBF1 co-localizes with HY5 or HYH in the
nucleus and physically interacts with both of the proteins. The
protein-protein interaction studies further reveal that the bZIP
domain of GBF1 is essential and sufficient for the interaction
with HY5 or HYH. Taken together, these data demonstrate the
functional interrelations of GBF1 with HY5 and HYH in Arabi-
dopsis seedling development.

In unfavorable environmental conditions, an intact and
healthy seed remains dormant in a dry state. In Arabidopsis
thaliana, seed dormancy is terminated by environmental sig-
nals, such as light, temperature, nutrient availability, and dura-
tion of storage in the dried state (1). After germination, seed-
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lings are able to follow two developmental patterns, depending
upon the presence or absence of light. Skotomorphogenesis (or
etiolation) in the dark is characterized by long hypocotyl, closed
cotyledons protected by apical hooks, and the development of
proplastids into etioplasts. By contrast, growth in the light
results in photomorphogenesis (or de-etiolation), character-
ized by short hypocotyl, open cotyledons, and the development
of mature green chloroplasts (2—4).

A wide spectrum of light, in particular far red, red, blue, and
ultraviolet (UV) light, induces photomorphogenesis (5). It is
therefore not surprising that plants have adopted the ability to
sense multiple parameters of ambient light signals, including
light quantity (fluence), quality (wavelength), direction, and
duration. Light signals are perceived through at least four dif-
ferent types of photoreceptors, which include phytochromes,
cryptochromes, phototropins, and recently identified UV-B
photoreceptor, UVR8 (5-9). The dramatic morphological
change from skotomorphogenic to photomorphogenic growth
involves a regulated change in the expression of an estimated
one-third of the genes in Arabidopsis (10). The results indicate
that the massive change in gene expression is mediated by sev-
eral transcriptional cascades (11). The genomic expression pro-
files show that a large percentage of early responsive genes
(induced in <1 h) are transcription factors, whereas it takes
several h before many of the genes associated with photomor-
phogenic development are highly expressed (11). These results
suggest that photoreceptors transduce the signal to a set of key
transcription factors that in turn rapidly induce expression of a
new set of transcriptional regulators. This results in an exten-
sive branching of the signal and the promotion of photomor-
phogenic development.

Transcriptional regulatory networks have a key role in medi-
ating light signaling through the coordinated activation and
repression of specific downstream genes. So far, HY5 and
CAM7/ZBFS3 are two positive regulators known of light signal-
ing pathways that act downstream of multiple photoreceptors,
including phytochromes and cryptochromes (5, 12-14). HY5
has been genetically defined as a positive regulator of photo-
morphogenesis based on its partially etiolated phenotype in
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light-grown mutant seedlings (15-18). HYS encodes a bZIP*
protein that can physically interact with COP1 (12). DNA-pro-
tein interaction studies have revealed that HY5 specifically
interacts with the G-box and is required for the proper activa-
tion of G-box-containing promoters in light (12, 19, 20). Recent
ChIP-on-chip studies have shown that HY5 binds to the pro-
moters of a large number of regulatory genes in Arabidopsis (21,
22).

HYH, a bZIP protein and a close homologue of HY5, works as
a positive regulator of photomorphogenesis in blue light (23).
HY5 and HYH proteins have an overlapping yet non-redundant
function in blue light-mediated inhibition of hypocotyl elonga-
tion. Furthermore, HY5 and HYH form heterodimers and
mediate light-regulated expression of overlapping as well as
distinct target genes (23). The synergism between red and blue
light for control of gene expression and seedling development
has also been reported where HY5 and HYH were found to
enhance the phyB signaling output (24). Both of these proteins
are degraded by COP1-mediated proteasomal pathways in the
dark (13, 23).

GBF1 (G-box-binding factor 1)/ZBF2 (Z-box-binding factor
2), a bZIP transcription factor, has been shown to bind to the
G-box of RBCS-1A or the Z-box of the CABI promoter and
regulate the expression of these genes (25—27). It has been fur-
ther reported that the G- and Z-box are functionally equivalent
with context to GBF1 (27). The examination of physiological
functions of GBF1 has revealed that it functions in crypto-
chrome-mediated blue light signaling and plays a differential
regulatory role in Arabidopsis seedling development (27). Fur-
ther studies have revealed that GBF1 protein is degraded by a
proteasomal pathway in the dark, which is independent of
COP1 and SPA1 (28). COP1 physically interacts with GBF1 and
is required for the optimum accumulation of GBF1 protein in
light-grown seedlings (28).

Transcription factors are capable of activating or repressing
gene expression by binding to specific cis-elements in the pro-
moter. The bZIP transcription factors have a basic region that
binds DNA and a leucine zipper region. The leucine zipper
region is a-helical and can form dimer via a coiled-coil struc-
ture (29). Plant bZIP proteins preferentially bind to the cis-
elements that have an ACGT core sequence, such as G-box
(CACGTG), C-box (GACGTC), Z-box (ATACGTGT), and
A-box (TACGTA). The formation of homo- and heterodimers
offers a combinatorial flexibility to the bZIP proteins to regu-
late transcription. Although there are several transcription fac-
tors known to function in light signaling pathways, the genetic
and molecular interrelations among them are largely unknown.
In fact, such interrelations among the handful of bZIP proteins
known in light signaling pathways are not clearly understood.
The genetic and molecular relationships between HY5 and
HYH have been investigated (23); however, the interrelations of
GBF1 with HY5 and HYH are unknown. In this study, we have

“The abbreviations used are: bZIP, basic leucine zipper; WL, white light; FR, far
red light; RL, red light; BL, blue light; FL, full-length; FP, forward primer; RP,
reverse primer; GW, Gateway®-compatible; AMV, avian myeloblastosis
virus; CFP, cyan fluorescent protein; Ni-NTA, nickel-nitrilotriacetic acid;
BiFC, bimolecular fluorescence complementation; CDS, coding sequence;
aa, amino acids.
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investigated the genetic and molecular relationships of GBF1
with HY5 and HYH in Arabidopsis seedling development.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—The wild type Ara-
bidopsis thaliana used in this study is the segregated wild type
obtained from the genetic crosses of various mutants in Col-0
or Wassilewskija (WS) background. The ghfI-1 mutant (27) is
in Col-0 accession, whereas hy5-ks50 (18), hyh (23), and
GBF1O0E (27) are in WS. The hy5 hyh double mutant lines are as
described previously (23). The gbfI hy5, gbf1 hyh, and gbf1 hy5
hyh mutants are constructed by genetic crosses of ghf1-1 indi-
vidually with hy5-ks50, hyh, and hyS hyh, respectively. The hyS
GBF1OE and hyh GBF1OE mutant transgenic lines were gen-
erated by genetic crosses of GBF1OE individually with /1y5-ks50
and hyh, respectively. Unless stated otherwise, seeds were sur-
face-sterilized and plated on Murashige and Skoog medium
supplemented with 0.8% Bactoagar (Difco) and 1% sucrose. The
plates were then cold-treated at 4 °C for 4 days and transferred
to light chambers maintained at 22 °C with the desired light
intensities. Hypocotyl length measurements were performed
with the help of Image] 1.41 software (National Institutes of
Health, Bethesda, MD).

Electrophoretic Mobility Shift (Gel Shift) Assay—GST-GBF1
and GST-HY5 were induced and overexpressed in Escherichia
coli using 1 and 0.5 mm isopropyl thio-B-galactoside, respec-
tively. Both of the overexpressed fusion proteins were affinity-
purified following the manufacturer’s protocol (Amersham
Biosciences). The 196-bp fragment of native RBCS-1A pro-
moter (from —320 to —125) (19) was digested with HindIII and
Xhol, purified, and 3'-end-labeled by filling 3'-recessed ends
for use as probe for the DNA binding assays. One ng of labeled
DNA was used for each binding reaction. Both of the proteins
were mixed and incubated at 55 °C for 5 min. The DNA binding
assays were performed at room temperature in a final volume of
30 wpl with a binding buffer of 15 mm Hepes, pH 7.5, 35 mm KCl,
1 mm EDTA, pH 8.0, 6% glycerol, 1 mm DTT, 1 mm MgCl,, and
1 pg of poly(dI-dC). The samples were incubated at room tem-
perature for 30 min and then run on the 4% polyacrylamide gel
containing acrylamide/bisacrylamide (29:1) at 10 mA. After
drying, the gels were autoradiographed.

Chromatin Immunoprecipitation (ChIP) Assays—The ChIP
assays were carried out as described previously (30) with some
modifications. Briefly, a 4-day-old constant WL or BL (20
wmol/m?/s)-grown 1.5-mg seedling was harvested and
immersed in buffer A (0.4 M sucrose, 10 mm Tris-HCI pH 8.0, 1
mm EDTA pH 8.0, 1 mm PMSF, 1% formaldehyde) and kept
under vacuum for 10 min. Glycine was added to a final concen-
tration of 0.25 M to stop the cross-linking. Seedlings were
rinsed, excess water was dried off using tissue paper, and seed-
lings were frozen in liquid nitrogen. Then the tissues were
ground into fine powder and suspended in lysis buffer (50 mm
HEPES, pH 7.5, 150 mMm NaCl, 1 mm EDTA, pH 8.0, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mm PMSF, 10
mM sodium butyrate, and 1X plant protease inhibitor (Sigma)).
Chromatin was sheared to about 0.5-1.0-kb fragments by son-
ication. After centrifugation, the supernatant was precleared
with 60 ul of salmon sperm DNA/protein A-agarose for 60 min
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at 4 °C. An appropriate amount (5-10 ul) of anti-GBF1 poly-
clonal antibody was added to the supernatant and was further
incubated overnight at 4 °C. 60 ul of salmon sperm DNA/pro-
tein A-agarose was added the next day and incubated further
for 2 h. The agarose beads were then washed with 1 ml of the
following buffers for 3minat4 °C:two times with lysis buffer,
one time with LNDET buffer (0.25 m LiCl, 1% Nonidet P-40, 1%
sodium deoxycholate, 1 mm EDTA, pH 8.0, 10 mm Tris-HCl,
pH 8.0), and two times with TE buffer (10 mm Tris-HCI, pH 8.0,
1 mMm EDTA, pH 8.0). The immunocomplexes were collected
from beads with 250 ul of elution buffer (1% SDS, 0.1 m
NaHCOQO,), incubated at 65 °C for 20 min with agitation. 0.3 M
NaCl was added to each tube, and cross-linking was reversed by
incubation at 65 °C for 6 — 8 h. Residual protein was degraded by
the incubation with 20 mg of Proteinase K in 10 mm EDTA
and 40 mm Tris-HCI, pH 8.0, at 45 °C for 1 h, followed by
phenol/chloroform/isoamyl alcohol extraction and ethanol
precipitation. DNA pellets were washed with 70% ethanol and
suspended in 30 ul of sterile water. About 10% of non-immu-
noprecipitated sonicated chromatin was reverse cross-linked
and used as input DNA control. Both immunoprecipitated
DNA and input DNA were analyzed by real-time PCR (Light
Cycler; Roche Applied Science). Otherwise, after reverse cross-
linking by boiling for 25 min, it was resolved on SDS-PAGE.
Both the input and immunoprecipitation were probed with
anti-GBF1 antibodies. The sequence of the primer pair (result-
ing products of 135 bp) used was as follows: RBCS-1A PROMO
FP, 5'-TAAGATTCATGGAATTATC-3'; RBCS-1A PROMO
RP, 5'-GGATTTTGAGTGTGGATA-3'".

In Vitro Binding Assays—GST and GST fusion proteins were
expressed in E. coli strain BL21/DE3 after cloning full-length
coding sequence (CDS) in pGEX-4T-2 vector (Amersham Bio-
sciences). Proteins were purified using glutathione-Sepharose
4B beads (GE Healthcare) as described previously (31). HY5-
His, and HYH-Hisg recombinant proteins were obtained by
cloning full-length CDS in pET-20b (+) (Novagen) vector and
were purified using Ni-NTA-agarose beads (Qiagen) after over-
expressing in E. coli strain BL21/DE3. For in vitro pull-down
assays, 2 ug of GST and GST fusion proteins were bound to
glutathione-Sepharose 4B beads. 2 ug of precleared HY5-His,
and HYH-His, was incubated with fusion proteins bound to
glutathione-Sepharose 4B beads for 2 h at 4 °C in in vitro pull-
down buffer (50 mm Tris-HCI, pH 7.5, 100 mm NaCl, 0.2% (v/v)
glycerol, 0.1% (v/v) Triton X-100, 1 mm EDTA, pH 8.0, 1 mm
PMSEF, 0.1% (v/v) Nonidet P-40). After washing three times
with the same buffer, pulled-down proteins were separated on
10% SDS-polyacrylamide gels and were detected by Western
blot using anti-HY5 and anti-His antibodies.

For pull-down assays using plant protein extract, HY5-His,
and HYH-His, proteins were bound to the Ni-NTA beads, fol-
lowed by a 6-h incubation at 4 °C with precleared plant protein
extract in a pull-down buffer consisting of 50 mm Tris-HCI, pH
7.5, 100 mm NaCl, 10% (v/v) glycerol, 1 mm PMSF, 0.1% (v/v)
Tween 20, and 1X plant protease inhibitor mixture (Sigma).
After washing three times with the same buffer, pulled down
proteins were separated on 10% SDS-polyacrylamide gel and
were detected by Western blot using anti-GBF1 and anti-actin
antibodies.
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Co-immunoprecipitation Assays—4-day-old BL (20 wmol/
m?/s) grown seedlings of wild type and various mutants were
harvested for total protein extraction in Arabidopsis total pro-
tein extraction buffer (400 mm sucrose, 50 mm Tris-Cl, pH 7.5,
10% glycerol, 2.5 mm EDTA). 500 mg of total protein of each
line was used for co-immunoprecipitation in co-immunopre-
cipitation buffer (50 mm Tris-HCl, 100 mm NaCl, 10% glycerol,
5 mm EDTA, 0.1% Triton X-100, 0.2% Nonidet P-40) using
10-15 pl of affinity-purified HY5 polyclonal antibody for 6 h at
4.°C. Then 30 ul of preblocked protein A-agarose beads (Sigma)
were added and further incubated for 2 h at 4 °C. After the
beads were washed three times with co-immunoprecipitation
buffer, they were kept in a boiling water bath in 2X protein-
loading dye for 10 min and then run in SDS-PAGE and probed
with anti-GBF1 antibodies.

Co-localization Experiments—For co-localization studies,
full-length CDS of GBFI and HYH were cloned at EcoRI and
Ncol sites of pAM-PAT-35SS-CFP vector (32) to produce
GBF1-CFP and HYH-CFP fusion proteins. Similarly, GBF1-
YFP and HY5-YFP fusion proteins were obtained by cloning
full-length CDS of GBFI or HY5 at EcoRI and Ncol sites of
PAM-PAT-35SS-YFP vector (32). For transient expression,
particle bombardment was performed using onion epidermal
cells. In brief, gold particles (1.0-um diameter) were washed
with 100% ethanol and coated with 10 ug of each plasmid.
DNA-coated gold-particles were bombarded using the Biolistic
particle delivery system (Bio-Rad) PDS-1000. 0.5-0.6 mg of
gold particles/shot were used with a chamber vacuum of 27
inches Hg. Particles were accelerated with a pressure of
1100 p.s.i. The distance between the projectile source and the
samples was 6 cm. After bombardment, samples were incu-
bated for 24 —48 h at room temperature in the dark and then
visualized under a confocal microscope (Leica). Both CFP and
YEP fluorescence were visualized at the same parameters using
respective lasers. Red false color was given to CFP fluorescence
images, and green false color was given to YFP fluorescence
images to obtain a different color (yellow) of the merged image.

Bimolecular Fluorescence Complementation (BiFC) Exper-
iments—For BiFC experiments, full-length CDS of GBFI was
cloned in the vectors pUC-SPYNE and pUC-SPYCE (33) at
BamHI and Sall sites to obtain GBF1-YFPN"**" and GBF1-
YFP<**" fusion proteins, respectively. To obtain HY5-YFP<
and HYH-YFPN"**" fusion proteins, full-length CDS of HYS and
HYH was cloned at BamHI and Sall restriction sites of pUC-
SPYCE and pUC-SPYNE vectors, respectively. BiFC experi-
ments were carried out in onion epidermal cells using a PDS-
1000 Gene-gun (Bio-Rad), as described under “Co-localization
Experiments.” Either empty vectors or BiFC constructs were
bombarded along with pCAMBIA-1302 vector (CAMBIA,
Canberra, Australia). The GFP fluorescence of pCAMBIA-
1302 vector was used as a marker for transformed cells.

For the domain-wise study, both the split domains of HY5,
AZIP (aa 1-115) and bZIP (aa 77-168), were cloned into the
pUC-SPYCE vector at Sall and BamH1 sites, whereas the AZIP
(aa 1-100) and bZIP (aa 74 —149) domains of HYH were cloned
into the pUC-SPYNE vector at Sall and BamHI sites. The AZIP
(aa 1-243) and bZIP (aa 221-315) domains of GBF1 were
cloned in both the BiFC vectors at Sall and BamHI sites. BiFC
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analysis of these truncated domains was done similarly to full-
length BiFC constructs.

Gene Expression Analysis—Wild type and different mutant
seedlings were grown in the dark for 5 days and then transferred
to continuous blue light at 30 wmol/m?/s for 12 or 24 h, and
total RNA was extracted using the RNeasy plant minikit (Qia-
gen). cDNA was synthesized from 1 ug of the total RNA using
RT-AMYV reverse transcriptase (Titan One Tube RT-PCR Sys-
tem, Roche Applied Science). Real-time PCR analyses were car-
ried out by using the Thermal Cycler Applied Biosystem
StepOne™ and Light Cycler Faststart DNA Master?™ SYBR
Green 1 systems (Roche Applied Science). The transcript levels
of CAB1 were determined by using FP CABI (5'-GTTAACAA-
CAACGCATGGC-3’) and RP CABI (5'-CCTCTCACACT-
CACGAAGCA-3’'), and transcript levels of RBCS-1A were
determined using FP RBCS-1A (5'-TCGGATTCTCAACT-
GTCTGATG-3") and RP RBCS-1A (5'-ATTTGTAGCCG-
CATTGTCCT-3'). The transcript levels were normalized
with the level of actin2 transcript abundance using FP Actin2
(5'"-TGATGCACTTGTGTGTGACAA-3") and RP Actin2
(5'-GGGACTAAAACGCAAAACGA-3').

Chlorophyll and Anthocynin Estimations—For chlorophyll
estimation, 6-day-old WL-grown seedlings were immediately
frozen in liquid nitrogen. The frozen tissue was ground in a
1.5-ml microcentrifuge tube with a disposable pestle, and chlo-
rophyll was extracted repeatedly into 80% acetone in the dark
until the pellet appeared colorless. Chlorophyll 2 and b con-
tents were calculated using MacKinney’s specific absorption
coefficients, in which chlorophyll a = 12.7(A445) — 2.69(Ag4s5),
and chlorophyll b = 22.9(A¢,5) — 4.48(A44;). The total specific
chlorophyll content is expressed as ug of chlorophyll & and b
normalized by g, fresh weight, of tissue.

For anthocyanin estimation, frozen plant tissues were
ground in a 1.5-ml microcentrifuge tube with a disposable pes-
tle, and total plant pigments were extracted overnight in 0.3 ml
of 1% HCI in methanol. After the addition of 0.2 ml of H,O,
chlorophyll was separated from the anthocyanin by extraction
with an equal volume of chloroform. The quantity of anthocy-
anin was determined by spectrophotometric measurements by
taking readings at wavelengths of 530 and 657 nm. The total
anthocyanin content was calculated with the help of the for-
mula, (A3, — 0.33445,)/g of fresh weight.

Transient Expression Analysis in Arabidopsis Protoplasts—
Protoplast isolation and transformation was performed essen-
tially as described previously (34). For construction of RBCS-
1A-NAN construct, a 355-bp region of RBCS-1A promoter
upstream of the start codon was amplified from genomic DNA
of WT (Col-0) using FP RBCS-1A Pro HindIII (5'-CCCAAGC-
TTGGGCCAAGTCCACCAGGCAAG-3') and RP RBCS-1A
Pro Xbal (5'-GCTCTAGATGTTCTTCTTTACTCTTTG-3').
pBIB-HYG vector, which has a CaMV 35S promoter fused to
the NAN reporter (35), was digested with HindIII and Xbal to
remove the CaMV 35S promoter, and then the amplified
RBCS-1A promoter was ligated in place of it. The digested
CaMV 35S promoter was used to replace GAL-UAS in pGAL-
UAS:GUS vector (36), which resulted in p35S:GUS construct,
which was used as an internal control to normalize the trans-
fection efficiencies. For construction of effector constructs,
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full-length CDS of GBF1, HY5, and HYH was individually
cloned into Gateway®-compatible (GW) vector p355-HA-GW
(36) under the control of the CaMV 35S promoter. For reporter
gene assays, 16 ug of reporter, 20 ug of each effector, and 4 ug
of internal control plasmid, p35S:GUS, were transformed in the
Arabidopsis protoplasts. The overall amount of DNA was set to
80 ug by adding p35S-HA-GW plasmid DNA. After transfor-
mation, protoplast samples were incubated in continuous BL
(40 umol/m?/s) for 12—14 h. After incubation, half of the pro-
toplasts were harvested for total RNA extraction, and the rest
were used for NAN and GUS activity measurements. NAN and
GUS enzyme assays were performed essentially as described
previously (35).

RESULTS

GBF1 and HYS Form DNA-binding Heterodimer at RBCS-1A
Promoter—The b-ZIP proteins bind as dimers to their palin-
dromic DNA targets. The spatial orientation resulting from
leucine zipper dimerization leads two opposed protein mono-
mers to interact symmetrically at the site of the DNA palin-
drome (37). GBF1, HY5, and HYH have previously been shown
to bind to the G-box light-responsive element present in the
RBCS-1A minimal promoter, and furthermore HY5 and HYH
form a heterodimer at this element (19, 23, 26). Considering
their comparable affinity to the RBCS-1A minimal promoter,
we wanted to investigate whether GBF1 heterodimerizes with
HY5 or HYH and binds to the G-box light-responsive element
present in the RBCS-1A minimal promoter.

We carried out electrophoretic mobility shift assays (gel
shift) using GST fusion proteins and a 196-bp minimal pro-
moter fragment of RBCS-1A (19). Pre-existing homodimeric
complexes were dissociated by incubation of an equimolar mix-
ture of GST-GBF1 and GST-HY5 at 50 °C for 5 min prior to its
addition to the DNA. Although added individually, GBF1 and
HY5 form discrete protein-DNA complexes that are readily
resolved, as shown in Fig. 1A (lanes 3 and 4). It is worth men-
tioning here that the HY5 monomer is predicted to migrate at
~18 kDa; however, it migrates at the ~30 kDa region (13). This
may be the reason, while individually incubated with DNA,
GST-GBF1 runs much faster than GST-HY5 (Fig. 14). When
GBF1 and HY5 were mixed together, a complex with interme-
diary mobility was detected (Fig. 14 and supplemental Fig. 1A4).
Because the DNA probe contains only one copy of the G-box
motif, our result suggests the formation of GBF1-HY5 het-
erodimers. We carried out similar experiments to determine
the possible heterodimer formation between GBF1 and HYH
during DNA binding; however, no such heterodimerization
was observed.

To further substantiate the above result, we carried out ChIP
experiments. We used Arabidopsis transgenic lines overex-
pressing GBF1 (27). We introduced the 35S-GBFI transgene
individually into /y5 or hyh mutant backgrounds by genetic
crosses and obtained the homozygous transgenic mutant lines.
The GBF1 protein was immunoprecipitated using affinity-pu-
rified antibody to GBF1 (28). The co-immunoprecipitated
genomic DNA fragments with GBF1 were then analyzed by
real-time PCR. The amount of DNA fragment of RBCS-1A pro-
moter co-immunoprecipitated from the GBF1 overexpresser
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FIGURE 1. GBF1 and HY5 form a G-box-binding heterodimer. A, electro-
phoretic mobility shift assays (EMSAs) using recombinant GBF1 and HY5 pro-
teins bind to the G-box of the RBCS-1A minimal promoter. Approximately 100
ng of each of the proteins was mixed and incubated at 50 °C for 5 min to
dissociate pre-existing dimers prior to their addition to radioactively labeled
probe. Approximately 200 ng of GST protein was added in lane 2. The protein-
DNA complexes were resolved on a 4% native 0.5X TBE polyacrylamide gel.
Plus and minus signs show the presence and absence of the components in
respective lanes. The starindicates the heterodimer complex. B, ChIP assays of
RBCS-1A promoter of white light-grown WT, mutant, and overexpresser trans-
genic seedlings using antibodies to GBF1. The result of the real-time PCR is
presented as the ratio ofimmunoprecipitated DNA to input DNA from various
backgrounds. Error bars, S.D. n = 3 independent experiments with similar
results. G, in vivo interactions of GBF1 and HY5 proteins in ChIP assays. The
cross-linked complex of GBF1-HY5 with the RBCS-1A promoter was pulled
down by antibodies to HY5. The complex was reverse cross-linked and
resolved onto SDS-PAGE. Both the input and immunoprecipitates were
probed with antibodies to GBF1. D, ChIP assays of the RBCS-1A promoter of
blue light-grown WT, mutant, and overexpresser transgenic seedlings using
antibodies to GBF1. The result of the real-time PCR is presented as the ratio of
immunoprecipitated DNA to input DNA from various backgrounds. Error bars,
S.D. n = 3 independent experiments with similar results. £, analysis of GBF1
protein levels in wild type, mutant, and overexpresser transgenic lines by
Western blots using antibodies to GBF1.

transgenic seedlings (GBF1OE) was found to be about 14-fold
enriched as compared with the ghfI mutant background (Fig.
1B). Whereas the level of enrichment of RBCS-1A promoter
fragment was reduced to about 6-fold in the transgenic hy5
mutant background, it remained at the similar level in trans-
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genic iyh mutants. Examination of the GBF1 protein level in
various mutants and overexpresser transgenic backgrounds
revealed that the accumulation of the protein remained at sim-
ilar levels in wild type, #y5, and syl mutants and at higher and
comparable levels in GBF1OE, hy5 GBF1OE, and hykh GBF10E
transgenic lines (Fig. 1E). Taken together, these results demon-
strate the preferred G-box-binding heterodimer formation of
GBF1 and HY5 proteins.

The in vivo heterodimerization of GBF1 and HY5 was further
examined by ChIP assays. For this experiment, ghfI mutants,
GBF1OE and /y5 GBF1OE transgenic lines were individually
used to immunoprecipitate the RBCS-1A promoter-GBF1-HY5
complex by using antibody to HY5. The immunoprecipitated
complex was processed and subjected to Western blot analyses
using antibodies to GBF1. Although no GBF1 protein was
detected in /7y5 GBF1OE transgenic lines, a significant amount
of GBF1 was detected in the GBF1OE transgenic line (Fig. 1C).
These results in combination with the ChIP-quantitative PCR
results clearly demonstrate the preferred heterodimer forma-
tion of GBF1 and HY5 proteins at the RBCS-1A promoter.

To determine whether GBF1, a negative regulator of hypo-
cotyl growth in BL (27), and HY5 form a heterodimer at the
RBCS-1A promoter in BL, we performed ChIP assays using wild
type, gbfI mutants, GBF10E, hy5 GBF1O0E, and hyh GBF10E
transgenic lines grown in BL. As shown in Fig. 1D, the amount
of the DNA fragment of RBCS-1A promoter co-immunopre-
cipitated from the GBF1OE transgenic seedlings was about
10-fold higher than the ghfI mutant background. The level of
enrichment of the RBCS-1A promoter fragment was reduced to
about 5-fold in the transgenic sy5 mutant background; how-
ever, it remained at a similar level in transgenic /#yh mutants.
Taken together, these results demonstrate that GBF1 and HY5
proteins form a heterodimer at the G-box of RBCS-1A pro-
moter in BL-grown Arabidopsis seedlings.

GBF1 Physically Interacts with HYS and HYH—Because the
DNA-protein interaction studies suggest the formation of het-
erodimer between GBF1 and HY5, we examined the possible
physical interactions of GBF1 with both HY5 and HYH proteins
in the absence of DNA, through protein-protein interaction
studies. First, we carried out in vitro binding assays, in which we
used poly-His or GST fusion proteins. For these experiments,
HY5-His, protein was separately passed through columns con-
taining glutathione-Sepharose 4B beads attached to GST, GST-
GBF1, or GST-COP1 (used as a positive control) proteins. The
a-HY5 immunoblot showed that the amount of HY5-His,
retained by GST-GBF1 was comparable with GST-COP1 and
significantly higher than the background level retained by GST
alone (Fig. 2, A and E). In a similar experiment, HYH-His, pro-
tein was separately passed through columns containing gluta-
thione-Sepharose 4B beads bound to GST, GST-GBF1, or GST-
HY5 (used as positive control) proteins. The immunoblot
analyses using anti-His antibodies showed that GST-GBF1
retained HYH-His, comparable with GST-HY5, whereas no
detectable HYH-His, protein was retained by GST alone (Fig.
2C). Taken together, these results indicate that GBF1 physically
interacts with HY5 and HYH proteins.

To further substantiate the above results, we carried out in
vitro pull-down assays using the total plant protein extracts. In
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FIGURE 2. GBF1 Interacts with HY5 and HYH. A, in vitro binding assays using 2 ug of bacterially expressed HY5-His, separately incubated with 2 ug of
glutathione-Sepharose-bound GST-COP1 (used as control), GST-GBF1, and GST proteins. The blot was probed with anti-HY5 antibodies. The signal in super-
natantserves as a loading control. B, in vitro pull-down assays using 100 mg of total plant protein extract of WT, gbf1-1,gbf1-2, gbf1 hy5,and GBF 1 OE1 separately
incubated with Ni-NTA-agarose-bound HY5-His,. The blot was probed with anti-GBF1 antibodies. The anti-actin immunoblot serves as a loading control. The
arrowheads show the bands respective to proteins detected in immunoblot. C, in vitro binding assays using 2 ug of bacterially expressed HYH-His, separately
incubated with 2 ug of glutathione-Sepharose-bound GST-HY5 (used as a control), GST-GBF 1, and GST proteins. The blot was probed with anti-HIS antibodies.
Signal in supernatant serves as loading control. D, in vitro pull-down assays using 100 mg of total plant protein extract of WT, gbf1, and GBF1 OE1 separately
incubated with Ni-NTA-agarose-bound HYH-His,. The blot was probed with anti-GBF1 antibodies. An anti-actin immunoblot serves as loading control. The
arrowheads show the bands respective to proteins detected in the immunoblot. E, quantification of the results in A. The error bars represent S.E. of three
independent experiments with similar results. F, co-immunoprecipitation (ColP) experiments using 500 ug of total protein from WT, cry1, gbf1, hy5, and cop1
mutants grown in BL. The co-immunoprecipitation experiments were carried out with antibodies to HY5, and then input (10%) and the immunoprecipitated
(IP) fractions were fractionated onto SDS-PAGE and probed with antibodies to GBF1.

this experiment, HY5-His, recombinant fusion protein was
bound to Ni-NTA-agarose beads and incubated with total pro-
tein extracts of wild type, GBF1OE, or various mutant lines. As
shown in Fig. 2B, when protein extract from wild type and
GBF1OE lines was passed through an HY5-His,/Ni-NTA col-
umn, GBF1 protein was retained in the column. A higher level
of retention was also observed in GBF1OE lines compared with
wild type background while probed with «GBF1. However, the
Western blot analyses using «GBF1 did not show any detecta-
ble band, whereas the protein extracts from gbfi-1, gbf1-2, or
gbf1 hy5 were passed through the column. These results suggest
that GBF1 and HY5 proteins physically interact with each
other. Similarly, to determine the physical interaction between
GBF1 and HYH, HYH-His, recombinant fusion protein was
bound to the Ni-NTA-agarose beads and separately incubated
with the total protein extracts of wild type, gbf1, or GBF10E
seedlings. As shown in Fig. 2D, when crude protein extract from
wild type or the GBF1OE line was passed through the HYH-
Hiss/Ni-NTA column, GBF1 protein was retained in the col-
umn; however, no protein was detected from the protein
extract of ghfI mutant seedlings. Taken together, these results
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strongly suggest that GBF1 physically interacts with HY5 and
HYH proteins.

GBF1 is known to work downstream from the cryl photore-
ceptor (27). It has also been shown that the optimum accumu-
lation of GBF1 required COP1 (28). To examine whether GBF1
is able to interact with HY5 in the absence of cryl or COP1, we
carried out co-immunoprecipitation experiments using cryl,
copl, and hy5 (as control) mutant seedlings grown in BL. The
co-immunoprecipitation experiment was carried out using
antibody to HY5. The complex was processed and subjected to
Western blot analyses using antibodies to GBF1. Whereas no
GBF1 protein was detected in #y5 mutant lines, GBF1 protein
was detected in the cryl mutant background (Fig. 2F). Because
GBF1 protein accumulates at a very low level in copI mutants
(28), very faint, if any, GBF1 protein band was detected in the
copl mutant background (Fig. 2F). Taken together, these
results demonstrate that GBF1 and HY5 physically interact in
vivo in the absence of CRY1.

GBF1 Co-localizes with HY5 and HYH in Onion Cells—HY5
and HYH display diffused and uniform nuclear fluorescence
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Bi-FC

FIGURE 3. GBF1 co-localizes and interacts with HY5 and HYH in the nucleus of onion epidermal cells. In A-C, a shows CFP channel fluorescence, changed
toared color; b shows YFP channel fluorescence, changed to a green color; c shows a merged image of a and b; and d shows the corresponding bright field
image. The arrowheads indicate the positions of the nuclei. A, pAM-PAT-355S-CFP and pAM-PAT-35SS-YFP vectors were co-transformed into onion
epidermal cells. B, pAM-PAT-35SS-GBF1-CFP and pAM-PAT-35SS-HY5-YFP constructs were co-transformed into onion epidermal cells. C, pAM-PAT-
35SS-HYH-CFP and pAM-PAT-35SS-GBF1-YFP constructs were co-transformed into onion epidermal cells. In D-F, a shows GFP channel fluorescence
produced by GFP of pCAMBIA-1302 vector, serving as a control of transformation; b shows the YFP channel image produced by reconstruction of YFP;
¢ shows the respective bright field image; and d shows a merged image of a, b, and c. The arrowheads indicate the position of the nuclei. D, empty BiFC
vectors and pCAMBIA-1302 vector (GFP) were co-transformed into onion epidermal cells. £, GBF1-YFPN**" and HY5-YFP<*" constructs were co-ex-
pressed into onion epidermal cells along with GFP. F, HYH-YFPN*" and GBF1-YFP<'®" constructs were co-expressed into onion epidermal cells along

with GFP. DIC, differential interference contrast.

when expressed in onion epidermal cells (12, 23). In order to
determine subcellular localization of interaction events of
GBF1 with HY5 and HYH, we prepared cyan fluorescent pro-
tein (CFP) or yellow fluorescent protein (YFP) fusion proteins
of GBF1, HY5, and HYH and co-expressed GBF1 with HY5 or
HYH in onion epidermal cells. Similar to HY5 and HYH, GBF1
was also uniformly localized in the nucleus (Fig. 3, B and C).
Superimposition of the images of GBF1-CFP with HY5-YFP or
of GBF1-YFP with HYH-CFP showed obvious color changes in
fluorescence (Fig. 3, B and C). The images of empty vectors are
shown in Fig. 3A. Taken together, these results suggest that
GBF1 co-localizes with HY5 or HYH in the nucleus of onion
epidermal cells.

GBF1 Physically Interacts in Vivo with HYS and HYH—To
confirm the physical interactions of GBF1 with HY5 and HYH
in vivo conditions, a BiFC experiment was performed. For this,

JULY 27,2012+VOLUME 287 +NUMBER 31

GBF1 full-length (FL) CDS was fused to the N terminus of YFP
in the pUC-SPYNE vector, and HY5 FL CDS was fused to the C
terminus of YFP in the pUC-SPYCE vector (33). These con-
structs were co-bombarded into the onion epidermal cells
along with pCAMBIA-1302 vector, which has a GFP tag and
was used as a positive control for transformation. Although
empty vectors did not give any YFP fluorescence (Fig. 3D),
interaction of GBF1 and HY5 produced strong YFP fluores-
cence in the nucleus (Fig. 3E). Similarly, to confirm the in vivo
physical interactions between GBF1 and HYH, GBF1 FL CDS
was fused to the C terminus of YFP in pUC-SPYCE vector, and
HYH FL CDS was fused to the N terminus of YFP in the pUC-
SPYNE vector. Upon co-bombardment, interaction of GBF1
and HYH produced strong YFP fluorescence in the nucleus
(Fig. 3F). The bright field image and image merged with fluo-
rescence confirm the nuclei positions. Taken together, these
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results demonstrate the in vivo physical interactions of GBF1
with HY5 and HYH proteins.

The bZIP Domain of GBF1 Is Necessary and Sufficient for Its
Interaction with Full-length HY5 and HYH Proteins—In the
bZIP proteins, the basic region is usually responsible for DNA
sequence recognition, binding, and nuclear localization, and
the leucine zipper is important for the creation of hetero- or
homodimers (37-39). To determine the specific domains of
GBF1, HY5, and HYH that are mediating the direct protein-
protein interaction, we split each protein into two domains: 1)
the N-terminal domain (AZIP), which contains only the N-ter-
minal part of the protein but excludes the leucine zipper
domain; 2) the C-terminal domain (bZIP), which contains only
the C-terminal bZIP part of the protein. Because the basic
region is important for nuclear localization, and the proteins
were found to be interacting in the nucleus, the basic region was
included in both of the truncated domains. To analyze the HY5
domain that mediates its interaction with GBF1, the AZIP (aa
1-115) and bZIP (aa 77-168) domains of HY5 were individually
fused with YFP<*" and were subsequently co-expressed with
full-length GBF1-YFPN""*" in onion epidermal cells along with
pCAMBIA-1302 vector. Cells positive for GFP fluorescence
were further examined for BiFC fluorescence. As shown in Fig.
4, A and B, both AZIP and bZIP domains of HY5 were unable to
produce BiFC fluorescence with full-length GBF1. To examine
whether any specific HYH domain could interact with full-
length GBF1, the AZIP (aa 1-100) and bZIP (aa 74-149)
domains of HYH were individually fused with YFPN""*" and sub-
sequently coexpressed with full-length GBF1-YFP<*" in onion
epidermal cells along with pCAMBIA-1302 vector. As shown in
Fig. 4, C and D, neither of the truncated domains of HYH was
able to produce BiFC fluorescence with full-length GBF1. The
lack of interaction of truncated versions of HY5 and HYH with
full-length GBF1 protein suggests that the overall structure of
HY5 and HYH is important for interaction with GBF1.

In parallel experiments, to dissect the structural requirement
of GBF1 protein for interaction with full-length HY5 or HYH,
the AZIP (aa 1-243) and bZIP (aa 220-315) domains of GBF1
were individually fused with YFP<*" and YFPN"*" and then
co-expressed with FL HYH-YFPN"" and FL HY5-YFP<*,
respectively, along with pCAMBIA-1302 vector, in onion epi-
dermal cells. As shown in Fig. 4, E-H, although the AZIP
domain of GBF1 was unable to produce any BiFC fluorescence
with both FL HY5 and FL HYH proteins, the bZIP domain of
GBF1 produced the yellow fluorescence of reconstructed YFP.
Altogether, these results suggest that the bZIP domain of GBF1
is necessary and sufficient for mediating its interaction with the
FL HY5 and FL HYH proteins.

To examine the formation of homodimer of GBF1, we used
FL GBF1 and also the bZIP domain of GBF1 in BiFC experi-
ments. As shown in supplemental Fig. 1, Band C, the FL as well
as the bZIP domain of GBF1 produced the yellow fluorescence
of reconstructed YFP. These results suggest that FL GBF1 pro-
tein and the bZIP domains are able to form the homodimer.

GBF1 and HYS5 Show Light Intensity-dependent Epistatic
Relationship for White Light-mediated Hypocotyl Elonga-
tion—Earlier studies have shown that GBF1 plays a negative
regulatory role in WL- and BL-mediated inhibition of hypo-
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FIGURE 4. The bZIP domain of GBF1 interacts with full-length HY5 and
HYH proteins. In A-H, a shows GFP channel fluorescence produced by GFP of
pCAMBIA-1302 vector, serving as a control of transformation; b shows the YFP
channel image produced by reconstruction of YFP; ¢ shows the respective
bright field image; and d shows a merged image of g, b, and ¢. A and B,
full-length GBF1 (fused to YFPN®") and domains of HY5 (fused to YFPCte")
co-expressed in onion epidermal cells along with GFP. C and D, full-length
GBF1 (fused to YFP<**") and domains of HYH (fused to YFPN*") co-expressed
in onion epidermal cells along with GFP. E and F, full-length HY5 (fused to
YFP<*") and domains of GBF1 (fused to YFPN""*") co-expressed in onion epi-
dermal cells along with GFP. G and H, full-length HYH (fused to YFPN**") and
domains of GBF1 (fused to YFP<™") co-expressed in onion epidermal cells
along with GFP.

cotyl elongation, whereas HY5 exhibits a positive regulatory
role for hypocotyl elongation at various wavelengths of light
(16, 27). Because GBF1 physically interacts with HY5, we
wanted to examine the physiological significance of such
interactions during Arabidopsis seedling development. To
determine that, we constructed gbfI hyS double mutants and
investigated the morphology of the seedlings in dark and
various light conditions. In darkness, gbf1, hy5, and gbf1 hy5
exhibited skotomorphogenic growth similar to wild type
seedlings (Fig. 5, A and H). While examining the growth of
gbf1 hy5 double mutants at various intensities of WL, it was
observed that the inhibition of hypocotyl elongation in gbfI
hyS double mutants was similar to gbfI at lower fluence rates
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FIGURE 5. GBF1 genetically interacts with HY5. The visible phenotypes of the seedlings grown in constant dark (A), WL (5 wmol/m?/s) (B), WL (15 wmol/m?/s)
(C), WL (30 wmol/m?/s) (D), WL (60 wmol/m?/s) (E), WL (90 wmol/m?/s) (F), and BL (15 wmol/m?/s) (G). In each panel, 6-day-old segregated wild type (WT) and
various mutant lines are shown. H, quantification of hypocotyl length of 6-day-old seedlings grown in constant dark or at various fluences of WL. /, quantifi-
cation of hypocotyl length of 6-day-old seedlings grown in constant dark or at various fluences of BL. J, quantification of hypocotyl length of 6-day-old
seedlings grown at various fluences of FR. K, quantification of hypocotyl length of 6-day-old seedlings grown at various fluences of RL. Approximately 30
seedlings were used for the measurement of hypocotyl length. Error bars, S.D. n = 3 independent experiments with similar results.
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(Fig. 5, B and H). However, at moderate light intensities of
WL, gbf1 hyS displayed hypocotyl length similar to wild type
(Fig. 5, C, D, and H). Furthermore, at higher fluence rates of
WL, gbfl hy5 double mutants exhibited hypocotyl length
similar to #y5 mutants (Fig. 5, E, F, and H). These results
revealed altered functional relationships between GBF1 and
HY5, depending upon light intensity. Whereas gbf1 is epi-
static to iy5 at lower fluences of WL, gbfI and hy5 work
antagonistically at moderate fluence rates of WL. At higher
fluence rates, hy5 is epistatic to gbfI in the regulation of
hypocotyl growth.

To examine whether the light intensity-dependent genetic
interaction between GBFI and HYS was also present in BL, we
monitored the growth of gbfl hy5 double mutants in BL. As
shown in Fig. 5, G and I, gbfI hyS seedlings displayed hypocotyl
length in between gbf1 and hy5 single mutants at various flu-
ence rates of BL, suggesting that ghf1 and hy5 function antago-
nistically to each other in BL-mediated inhibition of hypocotyl
elongation. To further test the genetic interaction of GBFI and
HY5inred light (RL) and far red (FR), we monitored the growth
of gbf1 hy5 double mutants in RL and FR. As shown in Fig. 5, ]
and K, gbf1 hyS5 seedlings displayed hypocotyl length similar to
hy5, suggesting that the additional loss of function of GBFI
does not affect the hypocotyl growth of #y5 mutants in RL and
ER.

The Additional Mutation in HYH Alters Hypocotyl Length of
gbfl Mutants—HYH, a close homologue of HY5, acts as a pos-
itive regulator of hypocotyl growth specifically in BL (23). To
determine the possible physiological relationship between
GBF1 and HYH, gbfl hyh double mutants were generated
through genetic crosses, and the hypocotyl length of ghfI hyh
double mutants was examined in the dark and at various flu-
ences of WL and BL. The gbfI, hyh, and gbfl hyh seedlings
displayed skotomorphogenic growth similar to wild type seed-
lings in the darkness (Fig. 6A). As reported earlier, gbfI mutants
showed shorter hypocotyl than wild type, whereas /y/ mutants
showed hypocotyl length similar to wild type in WL (Fig. 6, B
and D) (23, 27). The hypocotyl length of ghfl hyh double
mutants was found to be significantly higher than gbfI mutants,
suggesting that hyh partially suppresses the gbfI phenotype
under WL conditions (Fig. 6D). The gbf1 hyh double mutant
seedlings displayed hypocotyl length similar to wild type in
BL, suggesting that GBFI and HYH play antagonistic roles in
light-mediated inhibition of hypocotyl elongation in BL (Fig. 6,
Cand E).

Genetic Interactions of GBFI with HY5 and HYH Modulate
Physiological Responses and Light-regulated Gene Expres-
sion—Earlier studies have shown that /iys# mutant seedlings
accumulate a reduced level of anthocyanin as compared with
wild type, although there is no defect in chlorophyll accumu-
lation (23). The hy5 mutants accumulate lower levels of
anthocyanin and chlorophyll than the wild type seedlings
(16). On the other hand, it has been shown that gbfI mutant
seedlings accumulate a reduced level of chlorophyll com-
pared with wild type; however, there is no significant change
in anthocyanin accumulation (27). To determine the genetic
interactions of GBFI with HY5 and HYH for anthocyanin
and chlorophyll accumulation, we examined the chlorophyll
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FIGURE 6. GBF1 Genetically Interacts with HYH. The visible phenotypes of
seedlings grown in constant dark (A), WL (15 wmol/m?/s) (B), and BL (30 wmol/
m?/s) (C). In each panel, 6-day-old segregated wild type (WT) and various
mutant lines are shown. D, quantification of hypocotyl length of 6-day-old
seedlings grown at various fluences of WL. E, quantification of hypocotyl
length of 6-day-old seedlings grown at various fluences of BL. Approximately
30 seedlings were used for the measurement of hypocotyl length. Error bars,
S.D. n = 3 independent experiments with similar results.

and anthocyanin levels in various single and double mutant
backgrounds. The anthocyanin content in gbfI hy5 double
mutants was found to be similar to /1y5 seedlings, suggesting
that the additional loss of GBFI function does not alter the
anthocyanin accumulation in #y5 mutants (Fig. 7B). On the
other hand, whereas the accumulation of anthocyanin was
found to be similar to wild type in gbfI and slightly reduced
in hyh single mutants, there was significant reduction in the
accumulation of anthocyanin in gbfl hyh double mutants.
These results suggest a synergistic effect of GBFI and HYH
in anthocyanin accumulation (Fig. 7B).

Examination of chlorophyll content revealed that gbfI
mutants had a lower level of chlorophyll accumulation than
wild type, and the chlorophyll accumulation was drastically
reduced in the #y5 mutant. Measurements of chlorophyll con-
tents in gbf1 hy5 double mutants revealed that the chlorophyll
accumulation was further reduced in gbfI hy5 double mutants
as compared with either of the single mutants (Fig. 7A). These
results indicate an additive effect of HY5 and GBFI in chloro-
phyll accumulation. The accumulation of chlorophyll was
found to be similar to the wild type level in syh mutants; how-
ever, the chlorophyll accumulation was further reduced in gbfI
hyh double mutants as compared with gbfI alone (Fig. 7A).
These results suggest that HYH and GBFI work synergistically
to regulate the accumulation of chlorophyll.
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FIGURE 7. Modulation of physiological responses and light-induced gene expression in gbf1 hy5 and gbf1 hyh double mutants. A, quantification of
chlorophyll content in 6-day-old WT (segregated wild type) and various mutant seedlings grown in WL (60 pumol/m?/s). B, quantification of anthocyanin
accumulation in 6-day-old WT and various mutant seedlings grown in WL (60 wmol/m?/s). Cand D, real-time PCR analysis of RBCS-1A and CABT transcript levels,
respectively, from 5-day-old constant dark grown seedlings transferred to BL (30 wmol/m?/s) for 12 and 24 h. ACT2, actin 2, used as control. Error bars, S.D.n =

3 independent experiments with similar results.

The light-mediated induction of CABI and RBCS-1A gene
expression is differentially regulated by GBF1 (27). GBF1 acts as
a positive regulator of CABI but negatively regulates RBCS-1A
gene expression. HY5 acts as a positive regulator for induction
of both CABI and RBCS-1A gene expression (19-21, 40). HYH
directly binds to the G-box of the RBCS-1A promoter (23),
although the effect of HYH on RBCS-1A expression is not clear.
To determine the effect of genetic interactions of GBFI with
HY5 and HYH on light-regulated expression of CABI and
RBCS-1A, 5-day-old dark-grown seedlings were transferred to
BL for 12 and 24 h, and real-time PCR was performed. As
expected, an elevated level of induction of RBCS-1A expression
in gbfl1 mutants was observed as compared with wild type. The
hy5 and hyh mutants showed a lower level of induced expres-
sion of RBCS-1A than wild type. The expression of RBCS-1A in
gbf1 hy5 and gbf1 hyh double mutants was found to be between
the corresponding single mutants (Fig. 7C). These results indi-
cate that GBF1 acts antagonistically to HY5 and HYH in the
regulation of RBCS-1A expression. The induction of CABI
expression was found to be less than that of wild type in gbfl,
hy5, and hyh mutants. In gbf1 hyS5 or gbf1 hyh double mutants,
the induction of CABI was further reduced as compared with
corresponding single mutants, suggesting that GBFI additively
functions with HY5 and HYH to regulate CABI gene expression
(Fig. 7D).
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Combinatorial Regulation of Photomorphogenic Growth and
Gene Expression by GBF1, HYS, and HYH—Based on the find-
ings that GBF1 plays an antagonistic role with HY5 and HYH in
photomorphogenic growth, we wanted to examine the effect of
loss of function of GBF1 on hy5 hyh double mutants. It has been
shown that additional loss of HYH function enhances the hy5
phenotype in BL (23). We constructed gbfl hy5 hyh triple
mutants and examined the growth of the seedlings in the dark
and BL. The triple mutants displayed skotomorphogenic
growth similar to wild type seedlings in the darkness (Fig. 84).
While examining the growth of the seedlings in BL, hypocotyl
length of the gbf1 hy5 hyh triple mutant seedlings was found to
be similar to that of the gbfI hy5 double mutants (Fig. 8, B and
C). These results together with the DNA-protein interaction
studies suggest that GBF1 and HY5 are likely to play more
important roles than HYH in BL-mediated inhibition of hypo-
cotyl elongation.

In order to study the interplay of these three bZIP proteins in
gene expression, we analyzed the blue light-regulated RBCS-1A4
expression by multiple combinations of these proteins. For BL-
mediated RBCS-1A expression analysis, we studied transient
gene expression in Arabidopsis protoplasts using the RBCS-1A
promoter-reporter construct. As shown in Fig. 8D, the
RBCS-1A promoter construct driving the expression of a NAN
reporter, was co-transformed with effector plasmids of GBF1,
HY5, and HYH. NAN is a synthetic sialidase reporter gene that
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FIGURE 8. Concerted function of GBF1, HY5, and HYH in light-regulated gene expression and photomorphogenic growth. A, representative picture of
dark-grown seedlings. Shown from the left are segregated wild type (WT), gbf1, hy5, hyh, hy5 hyh, gbf1 hy5, gbf1 hyh, and gbf1 hy5 hyh. B, representative picture
of 6-day-old BL (30 umol/m?/s)-grown seedlings. Shown from the left are segregated wild type (WT), gbf1, hy5, hyh, hy5 hyh, gbf1 hy5, gbf1 hyh, and gbf1 hy5 hyh.
C, quantification of hypocotyl length of 6-day-old BL-grown seedlings. Approximately 30 seedlings were used for the measurement of hypocotyl length. The
error bars indicate S.D. D (top), schematic representation of promoter-reporter, effectors, and internal control construct used in transient expression analysis in
Arabidopsis protoplasts. The 355-bp RBCS-1A promoter upstream from the start codon was fused to the NAN reporter. Effector constructs are under the control
of the CaMV 35S promoter. A Pro355:GUS construct was used as an internal control to normalize the differences in the transfection efficiencies. D (bottom),
quantification of the RBCS-1A promoter-reporter activity in the presence of given combinations of effectors in transiently transformed Arabidopsis leaf
protoplasts. After transfection, protoplast samples were incubated in continuous BL (40 wmol/m?/s) for 1214 h. Half of the protoplast samples were harvested
for total RNA extraction, and the other half were used for the reporter activity measurements. The NAN/GUS activity was then normalized against the relative
transcript of the effectors in each combination of the effectors. The x axis values are expressed as NAN activity relative to GUS. Given are mean and S.D. values
of three replicates. n = 3 independent experiments with similar results. £, a model of interaction of GBF1 with HY5 and HYH. GBF 1, HY5, and HYH homodimers
bind to the G-box light-responsive element. GBF 1 and HYH heterodimerize with HY5 and bind to the G-box. Physical interaction of GBF 1 with HYH does not lead
to their heterodimerization at the G-box; however, the GBF1-HYH pool results in the reduction of GBF1 and HYH pools available for the formation of GBF1-HY5
and HY5-HYH heterodimers, respectively.

possesses kinetic properties similar to those of the GUS report-
er; however, it is more sensitive than GUS (35). Because GBF1
and HYH are BL-specific transcription factors and the gene
expression analysis in single and double mutants was per-
formed in BL (Fig. 7), we analyzed the promoter-reporter activ-
ity in BL conditions. As shown in Fig. 8D, expression of 35S:
GBF1 resulted in the reduction of activity of RBCS-1A-NAN,
consistent with the negative regulatory role of GBF1 in
RBCS-1A expression. Similarly, the expression of 35S:HY5 and
358:HYH resulted in an increase of reporter activity, suggesting
the positive regulatory roles of HY5 and HYH, respectively, in
RBCS-1A expression. Co-expression of both 35S:HY5 and 358:
HYH resulted in further enhancement of the reporter activity
compared with either 35S:HY5 or 35S:HYH, indicating an addi-

26006 JOURNAL OF BIOLOGICAL CHEMISTRY

tive effect of HY5 and HYH on RBCS-1A expression. Co-ex-
pression of 35S:GBFI and 35S:HYS showed intermediate
reporter activity, demonstrating the antagonistic effect of GBF1
and HY5 on RBCS-1A expression. However, the antagonistic
effect on RBCS-1A expression observed in gbf1 hyh double
mutant (Fig. 7) was not found upon co-expression of 35S:GBF1
with 35S:HYH (Fig. 8D). Given the fact that GBF1 and HYH
physically interact and do not form the G-box-binding het-
erodimer (Figs. 1-3), it might be possible that their physical
interaction oppositely affects the negative regulation of
RBCS-1A expression by GBF1. Upon co-expression of all three
bZIP proteins, the RBCS-1A-NAN activity was found to be
higher than for individual expression of either 355:HY5 or 35S:
HYH; however, it was less than for co-expression of 35S:HY5
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and 35S:HYH. These results indicate that GBF1 antagonistically
regulates HY5-HYH heterodimer-mediated RBCS-1A expres-
sion. Altogether, these results, along with real-time gene
expression analysis, strongly suggest that the observed antago-
nistic interaction between GBF1 and HY5 for RBCS-1A expres-
sion is due to their direct co-binding to the RBCS-1A promoter;
however, the observed antagonistic effect between GBF1 and
HYH seems to be indirect.

DISCUSSION

Earlier studies have suggested that the massive change in
gene expression during photomorphogenic development
involves multiple transcriptional cascades (5). Although several
transcription factors involved in light-mediated seedling devel-
opment have been studied in fair detail, functional interactions
among themselves are not well established to provide sufficient
insights into these transcriptional cascades. In this study, we
have analyzed molecular and functional interrelationships of
GBF1 with two other bZIP proteins, HY5 and HYH, involved in
light-signaling pathways. The DNA-protein interaction studies
suggest that although GBF1 does not form the G-box-binding
heterodimer with HYH, it does so with HY5 protein. Further-
more, our results show that when both GBF1 and HY5 are incu-
bated together with the DNA, their homodimeric forms bind to
DNA more strongly compared with when they are individually
incubated with DNA. The ChIP data also support these results.
In the absence of functional HY5 protein, the binding of GBF1
to RBCS-1A promoter is decreased to about 2-fold compared
with when functional HY5 is present. Altogether, these results
suggest that HY5 not only forms a DNA-binding heterodimer
with GBF1; it also increases the GBF1 binding to the RBCS-1A
promoter. Similarly, GBF1 was also found to increase the bind-
ing of HY5 to the RBCS-1A promoter. However, when exam-
ined for GBF1-HYH heterodimer, no such regulation was
found. The domain-wise BiFC experiments suggest that the
N-terminal part of GBF1 is dispensable for dimerization with
HY5. Thus, considering the gel shift data together, it is tempt-
ing to speculate that whereas one full-length protein increases
the DNA-binding ability of the other, the N-terminal part of
GBF1 may have some inhibitory role in dimerization with HY5.

Several lines of experimental results, including protein-pro-
tein interactions through BiFC experiments and in vitro pull-
down assays using total plant protein extract, demonstrate the
physical interactions of GBF1 with both HY5 and HYH pro-
teins. One plausible mechanism of physical interaction of GBF1
and HYH may be that it controls the heterodimer pools of HY5-
GBF1 and HY5-HYH and thereby regulates gene expression
and photomorphogenic growth in BL (Fig. 8E). This notion is
supported by the protoplast experiments (Fig. 8D), where we
have observed that when all three heterodimers (GBF1-HY5,
HY5-HYH, and GBF1-HYH) are present, the activity of the
RBCS-1A reporter is between those of the GBF1-HY5- and
HY5-HYH-mediated RBCS-1A reporter expression, suggesting
that the GBF1-HYH heterodimer pool negatively regulates
both the GBF1-HY5 and HY5-HYH heterodimer pools. It is
reasonable to speculate that GBF1 or HY5 homodimers should
also be present to finely tune the regulation of gene expression
and seedling development. For example, in the absence of GBF1
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(in a null mutant background), HY5 homodimer and the HY5-
HYH heterodimer pool predominate and bind to the G-box and
thereby increase the transcript level of RBCS-1A. Similarly, in
the /1y5 mutant background, thew GBF1 homodimer level goes
up, down-regulating the expression of RBCS-1A. Therefore, in
wild type seedlings, the pool of homo- and heterodimers of
GBF1 and HY5 should be present in an appropriate proportion,
which results in the fine-tuning of gene expression. The het-
erodimerization of GBF1-HY5 or HY5-HYH thus might be a
potential mechanism to generate positive or negative regula-
tory responses specifically downstream from cryptochromes.

The co-localization experiment reveals that GBF1 co-local-
izes with HY5 or HYH in the nucleus. These observations are
further substantiated by BiFC experiments. The b-ZIP factors
form dimers, involving leucine zipper domain, and bind to
DNA with their basic domain as a dimer (37). Our domain-wise
interaction study reveals that the bZIP domain of GBF1 is nec-
essary and sufficient to mediate its interaction with HY5 and
HYH proteins. However, in the case of HY5 and HYH, we found
that the bZIP domain alone is not sufficient to mediate its inter-
action with FL. GBFLI. It is possible that in addition to the bZIP
domain, other motifs are also involved in their interaction with
FL GBF1. The bZIP domains of HY5 and HYH share the highest
sequence similarity (23), and our results show that the nature of
interaction of GBF1 with these two close homologous proteins,
HY5 and HYH, is very similar.

In order to analyze the physiological significances of the
observed protein-protein interactions, ghfI hy5 and gbfl hyh
double mutants were generated. Analysis of the ghfI hy5 double
mutant revealed that it exhibits altered photomorphogenic
growth in a light intensity-dependent manner in WL. At lower
intensity of WL, gbfI hy5 showed hypocotyl length similar to
that of gbfI, suggesting that GBF1 is functionally downstream
from HY5. However, moderate light intensities promoted the
antagonistic interaction between these two transcription fac-
tors. At higher intensities, however, the hypocotyl length of ghf1
hys5 is closer to that of 1y5 seedlings. These altered morpholo-
gies of gbfl hy5 could be attributed to altered interaction of
GBF1 and HY5 at the transcriptional level. In a recent chroma-
tin immunoprecipitation study, the GBFI upstream region was
found to be enriched in the immunoprecipitates with o«HA
antibody from 35S-HA:HY5 transgenic lines (21). These results
indicate that HY5 binds to the promoter of GBFI and thereby
suggest that GBF1 may act downstream from HY5. On the
other hand, antagonistic interaction between gbfI and hy5 at
moderate light intensities indicates that these two proteins may
physically interact and form heterodimers to regulate light-de-
pendent gene expression. At higher intensities of WL, long
hypocotyl phenotype of gbf1 hyS5 reveals the increasing essenti-
ality of functional HY5. It is worth mentioning here that earlier
studies have revealed more prominent morphological defects of
gbf1 at lower fluence rates, whereas /#y5 mutants display the
strong phenotype at higher fluence rates of WL (13, 27). In BL,
the hypocotyl elongation of gbfI hy5 is found to be largely the
outcome of antagonistic interactions of gbf1 and hy5. However,
in RL and FR, the gbfI hy5 double mutants displayed a pheno-
type similar to that of /#y5 mutants. Consistent with these
results, Bhatia et al. (41) have previously shown that mutation
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in SHW1I (short hypocotyl in white light 1) causes altered hypo-
cotyl elongation in WL, whereas no such effect was found in RL,
FR, and BL. It could be envisioned that because the wild type
plants in an ambient environment are exposed to various inten-
sities of light, altered genetic and molecular interactions are
required for optimum use of the available light sources.

The antagonistic effect of GBF1 and HYH for hypocotyl
growth is observed in BL. Furthermore, although /zy# mutants
do not display any morphological defects in WL (23), the hypo-
cotyl length of gbfI hyh double mutants indicates that /1y par-
tially suppresses the phenotype of gbfI mutants in WL. Such
redundant functional relationships have also been observed
with HY5 and CAM7 (14). Furthermore, BL-mediated induc-
tion of RBCS-1A was also found to be antagonistically regulated
by GBF1 and HY5 or HYH. The transient gene expression anal-
yses further suggest that the observed antagonistic interactions
between GBF1 and HY5 is direct; however, in the case of GBF1-
HYH, the antagonistic relationship is likely to be due to an
indirect effect. Analysis of CABI expression revealed that
GBF1, which acts as a positive regulator of CABI, acts additively
with both HY5 and HYH in its regulation.

Considering the heterodimer formation of HY5 with HYH
and GBF1 and the strong phenotype of #y5 mutants in WL and
in multiple wavelengths of light as compared with the BL-spe-
cific relatively weak phenotype of ghf1 and hyh, it is likely that
HYS5 plays the major role and functions in concert with wave-
length-specific regulators, such as GBF1 or HYH, in Arabidop-
sis seedling development. Furthermore, whereas ghf1 mutants
display the hypocotyl phenotype in BL and WL, the phenotype
of hyh mutants is restricted to BL only. Thus, taken together,
HY5 seems to be functionally more important than GBF1, and
furthermore, GBF1 appears to be functionally more important
than HYH in Arabidopsis seedling development. This notion is
further supported by the analyses of gbfl hy5 hyh triple
mutants.

Temporal and spatial availability of the proteins is important
for their combinatorial function. GBF1, HY5, and HYH pro-
teins have been shown to accumulate in light-grown seedlings
and to be degraded in the dark through the 26S proteosome-
mediated pathway. However, the role of COP1 has been found
to be opposite in the stability of GBF1 versus HY5 and HYH
proteins. COP1 destabilizes HY5 and HYH proteins in the dark,
whereas it stabilizes the GBF1 protein in the light (13, 23, 28,
42). Furthermore, it has been reported that COP1 is not
involved in the proteasome-mediated degradation of GBF1
protein in the darkness (28). GBF1, HY5, and HYH may be
directly related to the subcellular shuttling of COP1 from
nucleus to cytoplasm in response to the onset of light signal (23,
43, 44). Light might also regulate the subcellular localization of
transcription factors through phosphorylation (45). One plau-
sible mechanism might be that COP1 stabilizes GBF1 in the
cytoplasm of light-grown seedlings, and nuclear translocation
of this pool of GBF1 may be followed by GBF1-HY5 het-
erodimer formation based upon the light conditions and phys-
iological necessities. This supports the notion that in the
absence of functional COP1, GBF1 gets destabilized, and a
reduced pool of GBF1 in the nucleus may give rise to HY5
homodimer formation and up-regulation of RBCS1A promoter

26008 JOURNAL OF BIOLOGICAL CHEMISTRY

in copI seedlings grown in light (16). Positive signals from the
photoreceptors received by downstream transcription factors
are thus balanced and thereby result in finely tuned gene
expression and photomorphogenic growth.
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