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Phytochromes are red- and far-red-sensing photoreceptors that
detect the quantity, quality, and duration of light throughout the
entire life cycle of plants. Phytochromes accumulate in the cyto-
plasm in the dark. As one of the earliest responses after light
illumination, phytochromes localize to the nucleus where they
become associated with discrete nuclear bodies (NBs). Here, we
describe the steady-state dynamics of Arabidopsis phytochrome B
(phyB) localization in response to different light conditions and
define four phyB subnuclear localization patterns: diffuse nuclear
localization, small and numerous NBs only, both small and large
NBs, and large NBs only. We show that phyB nuclear import is not
sufficient for phyB NB formation. Rather, phyB accumulation in NBs
is mainly determined by the percentage of the total amount of
phyB protein that is in the active phyB conformer, with large NBs
always correlating with strong phyB responses. A genetic screen to
identify determinants required for subnuclear localization of phyB
resulted in several phyB mutants, mutants deficient in phyto-
chrome chromophore biosynthesis, and mutations in at least one
previously uninvestigated locus. This study lays the groundwork
for future investigations to identify the molecular mechanisms of
light-regulated partitioning of plant photoreceptors to discrete
subnuclear domains.

Because plants are sessile, they are particularly sensitive to
environmental changes. Light is one of the most important
environmental cues, controlling plant development throughout
the life cycle, from seed germination to floral induction (1).
Plants perceive light by using a suite of photoreceptors that
absorb light of different wavelengths. Of these, the red (R)/far-
red (FR)-absorbing phytochromes play a crucial role in every key
developmental and growth decision (2-4). During seedling
development, phytochromes control the transition from etio-
lated to photoautotrophic growth by modulating the expression
of many light-regulated genes (5-7). During this transition, the
seedling develops an optimal body plan for photosynthetic
growth, which results in the inhibition of the rate of stem growth
and the expansion and greening of cotyledons. Later in devel-
opment, phytochromes continue to play a role in differential
growth responses and ultimately are involved in regulating the
floral transition.

Phytochromes are purified as homodimers. Each monomer
consists of an ~125-kDa polypeptide and a covalently linked
linear tetrapyrrole chromophore, called phytochromobilin,
which is derived from heme. The prototypical phytochrome
apoprotein is composed of an N-terminal phytochromobilin
binding domain, a C-terminal signaling domain that contains
PAS repeats and a histidine-kinase-related domain (HKRD),
and a hinge region that links the N-terminal photosensing and
C-terminal domains. Some phytochromes have been shown to be
light-activated Ser/Thr kinases (8, 9), although the precise
function of phytochrome kinase activity in phytochrome signal-
ing is still poorly understood. It has been widely believed that the
N-terminal chromophore-binding domain is the photosensing
domain and the C-terminal PAS repeat domains and HKRD are
involved in signal transmission; however, a recent report suggests
that dimers consisting of only the N-terminal half of Arabidopsis
phytochrome B (phyB) have phytochrome activity (10). Thus,
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the C-terminal PAS repeat domain and HKRD may be regula-
tory domains required for N-terminal function. Phytochromes
have two long-lived spectral forms: Pr (Amax, 660 nm) and Pfr
(Amax, 730 nm). The Pr form absorbs R light and converts to the
Pfr form, which absorbs FR and converts back to Pr. Pfr is
correlated with biological responses and is considered to be the
active form. The percentage of active Pfr conformers of the total
phytochrome enables plants to respond appropriately to differ-
ent environmental light conditions (3).

In Arabidopsis, phytochromes are encoded by five genes,
PHYA-PHYE, with PHYA and PHYB playing the most promi-
nent roles in seedling establishment and flowering (11, 12).
Despite their high identity and similar spectral properties, phyA
and phyB control plant development by different mechanisms
(2). phyA is photolabile and primarily responsible for irreversible
responses to FR light, whereas phyB is photostable and respon-
sible for reversible R/FR light responses (2). Both phyA and
phyB accumulate in the cytoplasm in the dark and translocate
into the nucleus after light illumination (13-15). However, phyA
and phyB have different light-quality requirements and kinetics
for nuclear import. phyA nuclear import is fast and induced by
either FR or R; in contrast, phyB nuclear import is relatively
slow, is induced only in R, and can be reversed by FR. Nuclear
import of phyB also depends on the fluence rate of R (13-16).
In the nucleus, phytochromes localize to discrete subnuclear foci
(13-15, 17), which appear similar to nuclear bodies (NBs)
defined in other systems (18, 19). The localization of phyto-
chromes to NBs has been reported by using both phy::GFP
overexpression lines and in wild-type plants by immunolocaliza-
tion (15, 17). Several studies support the interpretation that
localization to NBs is associated with phytochrome functions.
These reports include molecular genetic studies using known
phytochrome mutant proteins, which either lead to the loss of
phytochrome NBs or result in different NB patterns. Moreover,
localization of phyA, phyB, phyC, and phyE to NBs has been
shown to be regulated by diurnal oscillations (17).

Despite growing data about regulated phytochrome translo-
cation, detailed and standardized characterization of phyto-
chrome NB patterns or their regulation by light still has not been
done. In this report, we characterize the steady-state patterns of
localization of Arabidopsis phyB by using a 35S-phyB::GFP
(PBG) line. We define four different phyB subnuclear localiza-
tion patterns that are regulated by the ambient light conditions,
including no NBs, small and numerous NBs, both small and large
NBs, and large NBs only. We demonstrate that phyB NB
formation depends on the percentage of active Pfr conformer of
phyB, with large phyB NBs correlated with strong phyB re-
sponses. A genetic screen for phyB mislocalization identified a
number of phyB mutant alleles, mutations in the enzymes for
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phytochromobilin biosynthesis, and several mutations that map
to loci in which phyB fails to associate with large NBs. Our results
suggest that phyB nuclear import is not sufficient for phyB’s
association with NBs. Moreover, phyB’s localization to discrete
subnuclear foci can be precisely manipulated by changes in
ambient light conditions. These studies thus provide a critical
framework for future analyses of the initial events associated
with phyB signaling.

Materials and Methods

Plant Material. The PBG line of Arabidopsis thaliana (ecotype
Landsberg er) was described in Yamaguchi et al. (13). Wild-type
Arabidopsis (Landsberg er) and the phyB-5 mutant were also
used as controls for hypocotyl measurements. Mutant lines from
the phyB mislocalization screen were crossed to phyB-9 to
distinguish intragenic phyB mutations from extragenic muta-
tions. Mapping of dsfI was done on the F, progeny of a cross of
dsfl and phyB-9. Transgenic Arabidopsis lines with
phyB-28::YFP were generated in phyB-9.

Growth Conditions and Hypocotyl Measurements. Arabidopsis seeds
were surface-sterilized in 50% bleach and 0.01% Triton X-100
for 15 min and washed five times with sterile water before plating
on Murashige and Skoog salts (GIBCO), 0.8% (wt/vol) Phytagar
(GIBCO), and 1X Gamborg’s B5 vitamin (Sigma). The plates
were kept in the dark at 4°C for 4 days for stratification.
Germination was induced with a 4-h white-light treatment. For
both microscopy and hypocotyl measurements, plants were
grown at 22°C in a light-emitting diode chamber (Percival
Scientific, Perry, IA) under appropriate light conditions for 4
days. Fluence rates of light were measured by using a LiCor
LI-1800 spectroradiometer (LiCor, Lincoln, NE). For hypocotyl
length measurements, 4-day grown seedlings were scanned, and
hypocotyls were measured by using NIH IMAGE (http://
rsb.info.nih.gov/nih-image). Biliverdin (BV)-feeding experi-
ments were done according to Parks and Quail (20). Arabidopsis
plants were germinated and grown on 0.1 mM BV IXa (Frontier
Scientific, Logan, UT) for 4 days under R or FR light before
hypocotyls were measured.

Calculation of Percentage of Pfr Conformer. Pfr/P was calculated as
ki/(ki + ky + kq), where P is the total amount of phyB, ki, k2,
and kg4 are constants for Pfr to Pr photoconversion, Pr to Pfr
photoconversion, and dark reversion. The constant of k; and k»
were calculated according to Kendrick and Kronenberg (ref. 1,
chapter 4.7). In brief,

A2 A2
ki = ENiURi 1k, = ENiUFRi-
i=)\ i=\

In the equations, N; is the fluence rate at a specific wavelength,
and both ogr; and opgr; from measurements of phytochromes
purified from dark-grown oat and rye seedlings were used (1, 21,
22). The kg4 of phyB PfrPr to PrPr was calculated from ¢, of yeast
expressed phyB (23, 24). kg = In(2)/t12, t12 = 180 s. Therefore,
ka = 3.8 X 1073 s71. Because PfrPfr conformer of phyB has a
much slower dark-reversion rate than that of PfrPr (24), the Pfr
percent is underestimated by this method in high-fluence rates
of R.

Sequencing of Mutant Lines. Sequencing was done on PCR-
amplified fragments at The Salk Institute Sequencing Facility.
The PHYB transgene was sequenced in all 25 mutant lines that
were less sensitive to R. To avoid sequencing the endogenous
PHYB locus, we designed primers across exon/exon junctions.
PHYB fragments were amplified by PCR from genomic DNA of
the mutant lines by using the following primer pairs: ATGGTT-
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TCCGGAGTCGGGGGTAG and TTCTTTTCCTCGTC-
CCCTCT; TTCTCGTGCTTTGAGAGGGG and TCTTTA-
GAACAAATGAACCG; and GAAAGCATTGAAGACG-
GTTC and CTAATATGGCATCATCAGC. For HY2 sequenc-
ing, the coding region was PCR-amplified from genomic DNA
by using the following primer sets: TTGAAGAGAGTGTC-
CGAGGAAG and AGTCATTTACACCTCAGCATTAG, and
TCAGGTCTGTATTGTCCAAACTGA and CGTCCTCTT-
GTGTTGATGACTC. In HY1 sequencing, two primer sets were
used to amplify the coding region: GTGCAACACTCAACG-
CACTGTC and CCTAAGTAGCCAATAGAATCTG and
GCACTTCCCATATAGGTACAGTG.

Fluorescence Microscopy. Seedlings grown under different light
conditions were mounted on glass slides by using PBS as a
mounting medium in dim green light, and then the slides were
transferred in a dark box. PhyB::GFP patterns in cells of the
upper portion of the hypocotyl were observed by using a
DeltaVision deconvolution microscope (Applied Precision, Is-
saquah, WA). Specific filter sets were used for GFP (490 * 10
excitation, 510 = 5 emission) and enhanced yellow fluorescent
protein (500 *= 10 excitation, 530 = 5 emission). Color was
artificially added in PHOTOSHOP 6.0 (Adobe Systems, Mountain
View, CA). For each condition, at least 20 seedlings were
observed; a representative image is presented.

Results

Characterization of phyB Nuclear Bodies in Different Light Conditions.
To understand the relationship between the dynamics of Ara-
bidopsis phyB localization and to correlate this with the response
of the plant to light, we investigated whether altering the
percentage of phyB in its Pfr conformer affected the pattern of
phyB-containing NBs. Previous studies examined phyB nuclear
import during the transition to photoautotrophic growth. Here,
we focused on the steady-state patterns of phyB under constant
R, where the ratio of Pfr to total phyB is the important
parameter. Two ways exist to manipulate the relative amount of
Pfr to total phyB: the R/FR ratio of incident light and the
fluence rate of R. It has been shown that Pfr of Arabidopsis phyB
is thermally unstable and could convert back to Pr rapidly
without FR illumination, a phenomenon called dark reversion.
The PfrPr heterodimer of phyB has been reported to convert
rapidly to PrPr conformer with a half-life of 1-4 min (24). Thus,
under R only and especially low-fluence rates of R, where most
phyB is in the PfrPr isoform, the percent of phyB Pfr conformer
is the result of the balance between the fluence rate of R light
and dark reversion. Because the dark-reversion rate is a con-
stant, different R intensities shift the balance between Pfr
and Pr.

We first examined phyB NB patterns under different fluence
rates of R by using a PBG line (13), and measured hypocotyl
length as a readout for phyB light response. Conditions where
hypocotyl elongation follows an inverse log relationship with
light input are well established (1). The PBG line was generated
by selecting for a single-copy insertion of a 35S-driven
PHYB::GFP transgene into a phyB null allele, phyB-5 (13). As
such, phyB responses resulted solely from the 35S-PHYB::GFP
transgene. We found four distinctive phyB nuclear and sub-
nuclear patterns under different R intensities, which, to our
surprise, were similar to the patterns of phyB::GFP described
during etiolated to light-grown transitions (13). At low-fluence
rates of R (0.1 and 0.2 umol'm~2s~!, 1% of total phyB estimated
to be Pfr), phyB::GFP localized to both the nucleus and the
cytoplasm, with nuclear phyB::GFP being evenly dispersed
throughout the nucleoplasm (Fig. 14). Under 0.5 umol'm~2s!
of R (10% of total phyB estimated to be Pfr), most phyB::GFP
was found to be evenly dispersed in the nucleoplasm, with little
cytoplasmic fluorescence. This finding indicated that nuclear
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Fig. 1. Characterization of phyB::GFP NB patterns in response to changing

fluence rates of R light. (A) Steady-state phyB::GFP localization patterns in
hypocotyl cells of 4-day-grown PBG seedlings under different fluence rates of
R with different percentages of Pfr in the total. See text for details. (B)
Hypocotyl length measurements of 4-day-grown PBG seedlings under differ-
ent fluence rates of R. (C) NB pattern of phyB::GFP in hypocotyl cells growing
in 8 pmol'm=2s~"! of R and 8 umol'm~2s~! of FR was similar to that of cells
growing in 1 umol-m~2s~"' of R only. (Bar = 10 um.) The number labels
represent fluence rates with a unit of umol'm=2s=1,

import of phyB was the major event under low-fluence rates of
R and was R-fluence-rate-dependent. The R-light dependence
of phyB nuclear import is consistent with reports using tobacco
phyB::GFP (16). In addition, this result clearly demonstrates that
nuclear import of phyB is not sufficient for phyB’s localization
to NBs, even though the seedling is responding to R light in a
phyB-dependent way. We defined these phyB patterns with the
evenly distributed nuclear phyB:GFP as ‘“stage 1.” At 1
pmol-m~2s~! and 15% of phyB estimated to be Pfr, hundreds of
small phyB::GFP NBs were observed (Fig. 14). These phyB NBs
were uniform in size and evenly distributed throughout the
nucleoplasm. We called this stage of phyB nuclear localization
pattern “stage I1.” In 2 umol'm~2s~!of R (=24% Pfr), a few
very large phyB-containing NBs and many small NBs were seen.
This pattern of both large and small NBs was defined as “stage
III,” and this stage was never reported by other studies. At
fluence rates of R higher than 8 umolm~=2s~! (>43% phyB
estimated to be Pfr), only large NBs were observed with little
fluorescence in the nucleoplasm. The number of large NBs
varied from cell to cell, ranging from 1 to 10 per nucleus. This
pattern was defined as “stage I'V.” These results suggest that the
amount of Pfr to total phyB must reach a certain threshold to
form NBs, and large NBs were formed only when the percent of
phyB that is Pfr was high.

To assess this hypothesis with a different experiment, we
examined phyB::GFP NB patterns after growing seedlings under
different R/FR ratios of light. We found that PBG plants
growing under different R/FR schemes resulted in similar
phyB::GFP subnuclear NB patterns as growing plants under
different fluence rates of R as long as the percent of phyB that
is Pfr was kept similar. As examples, plants growing either under
1 wmol'm~2s~! of R alone or growing under 8 umol'm~2s~! of
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R and 8 umol'm~2s~! of FR each have about 15% of the total
phyB in the Pfr conformer, and in each case, phyB::GFP showed
the stage II pattern (Fig. 1C). In all R treatment experiments,
hypocotyl length decreased with increasing fluence rate of R,
which results in more Pfr phyB (Fig. 1B). This finding suggests
a correlation between phyB NB pattern and phyB responses,
with large phyB NBs associated with the strongest response to
light.

PhyB::GFP Mislocalization Screen. To get a handle on the physio-
logical significance of phyB’s localization to nuclear bodies and
to determine whether other proteins are required for this
localization, we designed a mutant screen. PBG seeds (20,000)
were mutagenized with ethylmethanesulfonate. We screened
visually for mutants with elongated hypocotyls compared with
the PBG control line growing in 1 umol'm~2s~! of R for 4 days.
From, 40,000 M2 seedlings, 60 R-light-hyposensitive lines were
selected. A secondary screen was done subsequently on M3
plants by examining phyB::GFP nuclear localization patterns on
4-day-grown seedlings under high (8 wmol'm~2s~!) R condi-
tions, in which phyB::GFP localized to a few very large NBs
(stage IV pattern). Of the 60 lines from the primary screen, 35
lacked any GFP signal, and we did not carry these lines forward.
For the remaining 25 lines with GFP signal, two experiments
were done for further characterization. First, seedlings were
grown under continuous FR to examine whether they were also
hyposensitive to FR. Five lines were found to be less sensitive to
both FR light and R. The remaining 20 lines were hyposensitive
to R light specifically. Second, phyB::GFP NB patterns were
examined in the 25 M3 lines. Various phyB::GFP patterns were
observed in these lines, including seven lines with diffuse
phyB::GFP nucleoplasmic fluorescence (stage I), five lines with
similarly few but much smaller NBs than the PBG control, six
lines with intermediate NB patterns of stage III or II, and seven
lines with the same NB pattern as the parental PBG line. These
latter lines, with normal phyB NBs, may represent downstream
components of the phyB-signaling pathway and are beyond the
scope of this investigation.

Intragenic phyB Mutations. To distinguish intragenic phyB muta-
tions from second-site mutations, we sequenced the phyB::GFP
transgene in all 25 mutant lines. Seven missense phyB alleles
were recovered: G118R, C327Y, A372T, AS5S87T, G674D,
AT719V, and E812K (Fig. 2 4 and C). Two alleles (G118R and
E812K) have been reported before (25, 26); the other five
(C327Y, A372T, AS8TT, G674D, and A719V) are new alleles
that have not been described in previous phyB mutant screens.
In all these lines, no phyB::GFP NBs could be detected (Fig. 2B),
although phyB::GFP was present as diffuse fluorescence in the
nucleus. These phyB mutations were localized throughout the
phyB protein, in the N-terminal chromophore-binding domain
(G118R, C327Y, and A372T), the hinge region (A587T), and the
C-terminal PAS domains (G674D, A719V, and E812K) (Fig.
2A). PhyB::GFP levels were detected by Western blot by using
GFP antibody. Although the three N-terminal and hinge domain
mutants showed a reduction in phyB::GFP protein levels, the rest
of the lines contained a similar amount of phyB::GFP protein
compared with the PBG line (Fig. 2D).

None of the isolated pAyB mutations mapped to the HKRD at
the C terminus of phyB. To investigate whether phyB’s HKRD
is required for phyB’s localization to NBs, we determined
localization patterns of a previously characterized phyB allele,
phyB-28 (25), which lacks most of the HKRD of phyB. We
generated a 35S-driven phyB-28::YFP transgene and trans-
formed it into the phyB-9 background. The NB dynamics of
phyB28::YFP was studied in transgenic lines under different
fluence rates of R light. At low-fluence rates of R, phyB28::YFP
was in stage I similar to that of PBG lines, which suggested that
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Fig. 2. Mutants with defective phyB apoproteins do not form NBs under R.
(A) phyB mutations were found throughout the PHYB gene. (B) Evenly dis-
tributed phyB::GFP pattern in phyB mutants under 8 umol'-m=2s~! of R.
PhyB-28::YFP showed small NBs under 8 umol-m~2s~1 of R. (C) Hypocotyl
length of phyB mutants under the same fluence rates of R. (D) PhyB::GFP levels
were determined by Western blot analysis with a GFP antibody. (Bar = 10 um.)

nuclear import of phyB28 was not likely impaired. However,
phyB28::YFP did not localize to large NBs under high-fluence
rate R light. Only small NBs were observed even in high-fluence
rate R (>8 umol'm~2s~1) (Fig. 24). These results suggest that
the HKRD is required for phyB to associate with large NBs.

Chromophore-Deficient Mutants. Five mutants with smaller phyB
NBs were less sensitive to both R and FR light (Fig. 3 A-E).
Previous studies have shown that mutants with this phenotype
are defective in phytochromobilin synthesis. Two enzymes are
involved in phytochromobilin biosynthesis: a heme oxygenase,
which converts heme to BV IXa, and a phytochromobilin
synthase, which converts BV into phytochromobilin. Arabidopsis
has two genes encoding heme oxygenases, HY1/HO1 and HO2
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Fig. 3. Phytochrome chromophore mutants contain smaller NBs in high-

fluence rates of R. (A-D) PhyB::GFP patterns in R/FR hyposensitive lines under
8 umol'm~2s~1 of R. These mutants have a similar number of NBs; however,
the size of the NBs was much smaller than that of the PBG line. (E) Hypocotyl-
length measurements under 8 umol'm~2s~1 of R or 16 umol-m~2s~1 of FR. (F)
Mutant hy1-201 is rescued by BV feeding. (Bar = 10 um.)

(27, 28). Phytochromobilin synthase is encoded by the HY2 gene
(29). One way to distinguish heme oxygenase mutants from hy2
is by feeding with BV. Mutants of heme oxygenases can be
rescued by BV, whereas hy?2 alleles cannot. When the five mutant
lines were grown on plates containing BV, only one line was
partially rescued (Fig. 3F). This finding suggested that this line
was defective in either the HOI or HO2 gene. We sequenced the
coding region of both genes in this line. A G-to-A change was
found in the HOI (HY1) gene, which led to a change of amino
acid 265 from Glu to Lys. Glu-265 has been shown to be highly
conserved in heme oxygenases from Arabidopsis, cyanobacteria,
algae, and animals (30). We named this line hy/-201. For the
remaining four lines, we sequenced the HY?2 locus and found a
mutation in each mutant line. We named these four lines iy2-201
to hy2-204. hy2-201 had a premature stop codon at R319,
resulting from a single nucleotide deletion. 4y2-202 had a change
in amino acid 319 from Arg to Cys. Both hy2-203 and hy2-204
carried the same missense mutation P128S, which was similar to
previously reported hy2-1 and hy2-104 (P128L) alleles. There-
fore, all five lines in this group were chromophore-deficient. The
size of phyB NBs were much smaller in these lines than that of
the PBG line, which was most likely due to less phyB holoprotein.
However, the pattern of phyB NBs in these lines was still the
same as that of the PBG line. Under high-fluence rates of R, all
the chromophore-deficient lines contained 1-10 relatively large
NBs and no smaller NBs. This result suggests that the dynamics
of phyB NB formation was not affected by the amount of phyB
holoprotein.

Dsf (Deficient in Speckle Formation) Mutants. The last group of six
R-specific hyposensitive mutants showed stage II or III patterns
under very high fluence rates of R light (Fig. 4 A and B). None
of them had mutations in the PHYB::GFP transgene, and they
complemented a phyB null allele, phyB-9, indicating that they

Chen et al.
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Fig.4. dsfmutantswith big and small NBs define extragenic factors required
for phyB’s localization to stage IV NBs. (A) phyB::GFP NB pattern in dsf mutants
grown in 8 umol-m~2s~1 of R. (B) dsf mutants were specifically less sensitive to
R. (C) phyB::GFP levels were similar to that of the PBG line by Western blot
analysis with GFP antibodies. (Bar = 10 um.)

were not allelic to phyB. In line 13-6, no large phyB-containing
NBs were formed. Rather, this line appeared to be arrested in
stage II with only small NBs. The rest of the mutants had both
large and small phyB:GFP NBs in high-fluence rates of R (stage
III). phyB::GFP protein levels were not affected in these mu-
tants, suggesting that the phenotype was caused by deficiency in
phyB signaling rather than reduced phyB protein (Fig. 4C). We
named this class of mutant dsf (Deficient in Speckle Formation).
These DSF genes thus define determinants that are required for
the proper response of phyB to high-fluence rates of R light. As
an initial attempt to clone these genes, we rough-mapped dsf1 (9,
10) to chromosome III between SSLP marker GAPAB and
CAPS marker AFC1. To our knowledge, no known phyB-
signaling component maps to this interval of chromosome III,
indicating that DSF1 is a previously uninvestigated phyB-
signaling component.

Discussion

In recent years, it has been largely accepted that nuclear import
of phytochromes is a prerequisite for the majority of their
functions (3, 31). One current model for phytochrome’s signaling
mechanism involves phytochrome’s association with transcrip-
tion factors on DNA to regulate the expression of genes in
response to light (32-34). Although it has been shown that phyB

Chen et al.

NB

o |

NB
Formation

Low R High
PrPr =——= PfrPr PfrPr =——=PfrPfr
Dark reversion
and FR
Responses
Cytoplasm Nucleus

Fig. 5. Model of Arabidopsis phyB-regulated translocation. Red-light-
induced phyB subnuclear localization comprises two steps, nuclearimport and
localization to NBs. Whereas PfrPr is sufficient for nuclear import, a higher
percent of Pfr (likely PfrPfr) is required for phyB localization to NBs. NB
formation may serve as a desensitization mechanism to control the amount of
active nucleoplasmic phyB. This process could also be feedback-enhanced by
phyB responses. DSFs may be components in the phyB-signaling pathways
leading to the feedback loop. In dsf mutants, defective phyB NB formation
could be due to reduced phyB responses.

or phyB::GFP is imported to the nucleus in a red-light-
dependent manner, and that it localizes to NBs that are dynamic
in nature in terms of the diurnal cycle, the physiological signif-
icance of phyB’s localization to discrete nuclear sites is still
unclear. In this report, we show that we can predictably and
precisely manipulate the size and number of phyB-containing
NBs by changes in light quality or fluence rate, which is
correlated with the percentage of phyB that is active (Pfr). Large
phyB NBs always appear at higher fluence rates of R when phyB
responses are the strongest, whereas at low-fluence rates,
phyB:GFP was imported into the nucleus but remained dis-
persed throughout the nucleoplasm. These results were corrob-
orated by a genetic screen, which also showed a correlation
between phyB responses and NB formation. Specifically, muta-
tions that resulted in changes in the phyB apoprotein, deletion
of the HKRD, and extragenic dsf mutants did not form stage
IV NBs and were less sensitive to high-fluence rates of R. In
addition, among the phyB mutations recovered from our screen,
E812K, which is the same as phyB-101, was isolated and exten-
sively characterized (26, 35). The ES812K mutation causes insta-
bility of the Pfr form. This is consistent with our observation that
Pfr appears to be required for NB formation.

Our results suggest that phyB nuclear import and its localiza-
tion to discrete subnuclear foci are two independent processes
(Fig. 5). In this model, we take into account two observations:
(i) phytochromes are dimers, and (ii) no reports exist that
photoconversion of one monomer to Pfr affects the other
monomer. Thus, in low-fluence-rate R light, phyB might exist as
a PfrPr heterodimer, which is capable of moving into the nucleus,
but unable to localize to NBs. In contrast, phyB localizes to NBs
under high-fluence rates of R, conditions in which phyB is likely
to be PfrPfr homodimers. This finding suggests that a PfrPr
heterodimer is sufficient for nuclear import, but may be insuf-
ficient for localization to NBs. Based on this notion, we had
expected to isolate mutations affecting either phyB nuclear
import or NB formation. However, it is somewhat surprising that
all phyB alleles and dsfs from our screen affected phyB NB
formation rather than nuclear import. One explanation is that
our genetic screen is unlikely to be saturated. However, this
might also indicate that the regulation of phyB NB formation is
complex, requiring more cis and trans elements than those for
nuclear import.

Both our data and data of others indicate that nucleoplasmic
dispersed phyB is active. Under low-fluence rates of R, conditions
in which phyB is evenly dispersed throughout the nucleoplasm,
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plants still respond to R light (Fig. 1). Published studies (16, 20) and
our own results from the phyB mislocalization screen further
corroborate this conclusion. Mutations in the phyB apoprotein do
not form NBs in high-fluence rates of R. However, all these mutants
retain some phyB function (Fig. 2). Moreover, recently published
results demonstrate that nucleoplasm-dispersed N-terminal phyB is
even more active than full-length phyB (10). Thus, it is clear that
some phyB functions are performed in the nucleoplasm.

The function of phyB NBs is still unclear. The NB may be a site
of sequestration of plant photoreceptors or a signaling site for some
phyB functions. In the first model (Fig. 5), phyB is inactive when
sequestered in NBs. NB formation might serve as a desensitization
mechanism to draw phyB from where it functions under high-light
conditions. This is consistent with the data of Matsushita et al. (10)
who suggested that the C terminus of phyB antagonizes the
N-terminal signaling functions. These authors also showed that
phyB’s C terminus is both necessary and sufficient for NB local-
ization and that nuclear-localized truncations of phyB that elimi-
nate the C terminus are more active than full-length phyB. As such,
phyB’s C terminus may negatively regulate N-terminal function by
directing phyB NB formation. This model is also supported by our
observation that the localization of phyB shifts from nucleoplasm
to NBs with an increase in the intensity of R, i.e., an enhanced phyB
response. Such a high correlation between phyB response and NB
formation implies a feedback enhancement of phyB NB localization
from phyB responses. In this model, DSFs might be phyB-signaling
components leading to the feedback loop, and the deficiency of
phyB NB formation in dsfs would be caused by reduced phyB
responses. Although this model is attractive, it should be noted that
no direct evidence exists that phyB is inactive in NBs.

Several observations still cannot be explained by this model.
For example, this model does not explain why most phyB PAS
domain mutations from our studies and reports (17, 36) do not
form phyB NBs but are loss-of-function alleles and why no
loss-of-function mutation has been isolated with normal or
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enhanced phyB NB formation. Therefore, we propose an alter-
native model, in which phyB is active both in the nucleoplasm
and in NBs with different signaling mechanisms to respond to
low and high intensities of R, respectively. The correlation
between strong phyB responses and large NB formation supports
this model. This model is also consistent with the results from our
genetic screen, from which mutations in phyB or other factors
affecting NB formation would lead to deficiencies in phyB
responses under high intensities of R.

Numerous functions of NBs have been suggested in the higher
eukaryotic nucleus, including transcription regulation and pre-
mRNA splicing and processing (18, 37, 38). One possible func-
tion for phyB NBs may be to regulate downstream-signaling
components, such as transcription factors. Recently, LAF1, a
putative transcription factor involved in phyA signaling, was
demonstrated to colocalize with COP1 in NBs, and COP1 has
been shown to recruit a separate transcription factor, HYS, to
NBs (39, 40). COP1 is an E3 ubiquitin ligase (40). It has been
proposed that COP1 NBs are the site for LAF1 degradation (40),
which may be required for the transcriptional response initiated
by plant photoreceptors. However, it is unknown whether phyB
colocalizes with COP1 in the same NBs. Moreover, it has also
been shown that phyB enhances the plant response to blue light
(by cryptochrome), perhaps by direct interactions of phyB and
CRY, and phyB and CRY2 have been shown to colocalize to
NBs in vivo (41). Regardless of the model, phyB NBs appear to
be unique and dynamic with respect to the ambient-light envi-
ronment and are crucial to the regulation of phyB signaling. Our
ability to reliably manipulate the size and number of phyB NBs
provides a unique opportunity to unravel the mechanisms of
light signaling in plants and to gain insight into the molecular
basis of function and regulation of NBs in eukaryotes.
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