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HFR1 encodes an atypical bHLH protein
that acts in phytochrome A signa

transduction

Craig D. Fairchild,' Michael A. Schumaker, and Peter H. Quail®

Department of Plant and Microbial Biology, University of California, Berkeley, California 94720, USA; and US Department
of Agriculture/Agricultural Research Service, Plant Gene Expression Center, Albany, California 94710, USA

Phytochromes are informational photoreceptors through which plants adapt their growth and development to
prevailing light conditions. These adaptations are effected primarily through phytochrome regulation of gene
expression by mechanisms that remain unclear. We describe a new mutant, hfr1 (long hypocotyl in far-red),
that exhibits a reduction in seedling responsiveness specifically to continuous far-red light (FRc), thereby
suggesting a locus likely to be involved in phytochrome A (phyA) signal transduction. Using an insertionally
tagged allele, we cloned the HFR1 gene and subsequently confirmed its identity with additional alleles derived
from a directed genetic screen. HFR1 encodes a nuclear protein with strong similarity to the bHLH family of
DNA-binding proteins but with an atypical basic region. In contrast to PIF3, a related bHLH protein
previously shown to bind phyB, HFR1 did not bind either phyA or B. However, HFR1 did bind PIF3,
suggesting heterodimerization, and both the HFR1/PIF3 complex and PIF3 homodimer bound preferentially to
the Pfr form of both phytochromes. Thus, HFR1 may function to modulate phyA signaling via
heterodimerization with PIF3. HFR1 mRNA is 30-fold more abundant in FRc than in continuous red light,
suggesting a potential mechanistic basis for the specificity of HFR1 to phyA signaling.

[Key Words: gravitropism; photomorphogenesis; transcription factor; high irradiance response; T-DNA tagging;

light-regulated gene]
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Plants modify their growth and development in ways
that allow them to adapt to their immediate environ-
ment. They do so by sensing a variety of environmental
parameters and integrating the resulting information
into coherent developmental decisions. Light is crucial
to a plant’s survival, and thus it is not surprising that
plants have evolved an intricate set of photoreceptor sys-
tems through which they can track this parameter (Ken-
drick and Kronenberg 1994; Fankhauser and Chory
1997). The regulatory photoreceptors that sense red light
(R) and far-red light (FR) are the phytochromes. These
molecules undergo photoconversion between two spec-
troscopically and conformationally distinct forms, Pr (R-
absorbing) and Pfr (FR-absorbing), and conversion to Pfr
is required for signal transmission. We are interested in
the mechanisms by which phytochrome photoconver-
sion effects change in gene expression.

Seedling de-etiolation is not only an important phyto-
chrome-regulated phase of development but also pro-

Present address: Department of Chemistry and Biochemistry, Worcester
Polytechmic Institute, Worcester, MA 01609, USA.

2Corresponding author.

E-MAIL quail@nature.berkeley.edu; FAX (510) 559-5678.

Article and publication are at www.genesdev.org/cgi/doi/10.1101/
gad.82800.

vides a convenient model system for dissecting the mo-
lecular basis of phytochrome signal transduction. De-
etiolation can be thought of as a switch between two
developmental programs: from skotomorphogenesis (or
etiolation) in darkness to photomorphogenesis in light
(McNellis and Deng 1995). These two programs differ in
aspects that range from macroscopic morphology to the
expression of a large number of light-regulated genes
(Terzaghi and Cashmore 1995).

Though there are five phytochromes in Arabidopsis,
designated phyA through phyE (Clack et al. 1994), two of
these, phyA and phyB, predominate in the regulation of
seedling de-etiolation (Reed et al. 1994). Most aspects of
de-etiolation can be induced by either R or FR, with the
strongest responses being induced by continuous light
(Mancinelli 1994; Smith 1994). phyB predominates in re-
sponses to continuous red light (Rc), whereas responses
to continuous far-red light (FRc) are exclusively medi-
ated by phyA, providing a useful tool for distinguishing
between the two photoreceptor systems (Deng and Quail
1999). The basis for the different photosensory specifici-
ties of phyA and phyB is not well understood but may
result in part from differences in their abundance in Rc
and FRc (Fairchild and Quail 1998; Hennig et al. 1999).

There has recently been a dramatic change in our un-
derstanding of phytochrome signal transduction, stem-
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ming from two key discoveries. First, it has been shown
that, whereas phytochromes are cytoplasmic when syn-
thesized in their Pr forms, they are induced to translo-
cate to the nucleus by photoconversion to Pfr (Sakamoto
and Nagatani 1996; Kircher et al. 1999; Yamaguchi et al.
1999). Second, the DNA-binding bHLH protein, PIF3,
has been shown to bind phyB in a highly Pfr-preferential
manner in vitro (Ni et al. 1999), as well as to interact
with both phyA and phyB C-terminal fragments in yeast
two-hybrid assays (Ni et al. 1998). The involvement of
PIF3 in phyB signaling and, to a lesser extent, phyA sig-
naling in vivo has been corroborated by alterations in
light sensitivity observed in seedlings with reduced or
increased PIF3 expression (Ni et al. 1998; Halliday et al.
1999). Moreover, PIF3 has been shown to bind specifi-
cally to G-box DNA motifs present in various light-regu-
lated promoters, and phyB is induced to bind to DNA-
bound PIF3 on conversion to the active Pfr form (Mar-
tinez-Garcia et al. 2000). Together, these results suggest
that an important form of phytochrome regulation of
gene expression is the direct interaction of activated phy-
tochrome with sequence-specific DNA-binding proteins
in the nucleus.

Genetic approaches to identification of phytochrome
signaling intermediates have also been used, and a con-
siderable number of de-etiolation mutants have been iso-
lated in various genetic screens (Deng and Quail 1999;
Nagy and Schifer 2000; Neff et al. 2000). Some of these
mutants are affected specifically in Rc or FRc responsive-
ness. The photosensory specificity of these mutants sug-
gests loci important to early events in separate phyB and
phyA signaling pathways, respectively. Also, two hyper-
responsive mutants, spal (Hoecker et al. 1998) and eid1
(Biche et al. 2000) have been shown to be specific to
phyA signaling by epistasis analysis.

As the genes responsible for the remaining phyto-
chrome signaling mutants are characterized, a clear pic-
ture of phytochrome signal transduction may emerge,
but only isolated elements are visible now. This picture
may include the serine/threonine kinase activity ob-
served in preparations of plant phytochromes (Yeh and
Lagarias 1998) and shown to perform Pfr-enhanced phos-
phorylation of the cytoplasmic phytochrome-interacting
protein PKS1 (Fankhauser et al. 1999).

Because previous screens for mutants with a reduced
de-etiolation response to FRc were done in nearly satu-
rating light, we reasoned that screening in more limiting
FRc fluence rates, with an emphasis on mutants with
weak phenotypes, might allow us to detect mutants
in loci not previously implicated in phytochrome signal-
ing. These might include mutants in genes of partially
redundant function or hemizygous individuals carrying
a homozygous lethal mutation. The isolation of mutants
in previous FRe-screens has been limited by an inherent
difficulty in recovering mutants with a less than com-
plete loss of phyA signaling, as they inevitably bleach
and die after transfer to white light (Barnes et al. 1996).
We have devised a method for the efficient recovery of
all seedlings from FRc, including those with weak
phenotypes, thus enabling us to revisit the genetic
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screen for long-hypocotyl mutants under these light
conditions.

We report the isolation of the new mutant, hfrl, that
exhibits the desired partially FRc-responsive phenotype.
In the process, because of the need to isolate more alleles
than the single hfri-1 allele initially isolated, we also
developed a novel, directed genetic screen based on the
large-scale fertilization of a mutagenized male-sterile
population with hfr1-1 pollen. Using an insertionally
tagged allele of hfr1, we have cloned the HFR1 gene and
find that it encodes a bHLH protein with strong similar-
ity to PIF3. We explore the light-regulation of the HFR1
gene, the subcellular localization of the HFR1 protein,
and the propensity of HFR1 to interact with PIF3, phyA,
and phyB. Our results suggest that HFR1 may act in the
direct regulation of gene expression hypothesized for
phyA.

Results

Isolation of hirl mutants

Using a FRc fluence rate below saturation for the de-
etiolation response, we screened variously mutagenized
populations of Arabidopsis for a long-hypocotyl pheno-
type and selected seedlings displaying a partial response
to the FRe. The progeny of these candidates were tested
by germination and growth in darkness and in Rc, as well
as in FRc. Of those judged to have a FRc-specific long-
hypocotyl phenotype, 13 were assessed for allelism to
known FRc long-hypocotyl mutants. Eleven proved to be
allelic to phyA, and one to fhy3. One mutant resulting
from T-DNA mutagenisis, which we have named hfr1
(long hypocotyl in far-red), shows incomplete linkage to
phyA at the top of chromosome I and does not corre-
spond to any other mutant with a FRc-specific long-hy-
pocotyl phenotype (fhy1, fhy3, fin2, farl, patl).

To obtain additional alleles of hfr1 beyond the one
initially isolated, hfr1-1, we employed a directed genetic
screen (see Materials and Methods). In this approach, the
population screened is F1 seed that results from cros-
sing a mutant to a second line, where one parent has
been mutagenized. To obtain loss-of-function alleles
from a dominant, gain-of-function mutation, the mutant
parent is further mutagenized (Timpte et al. 1994); to
obtain additional alleles of a recessive, loss-of-function
mutation like hfri-1, the wild-type parent is muta-
genized. The method we devised overcomes the primary
obstacle to directed screening, namely, the tedious na-
ture of standard techniques for the cross-pollination of
Arabidopsis. For our screen, ethylmethanesulfonate-mu-
tagenized, male-sterile plants were fertilized in bulk
with pollen from hfri-1, and 12 F1 progeny with long
hypocotyls in FRc were selected for F2 analysis. Two
of the twelve mutants lacked wild-type segregants in
their progeny, indicating the presence of new hfr1 alle-
les, designated hfr1-2 and hfr1-3. One, hfr1-2, was iso-
lated in its homozygous state and grown for two gene-
rations with selection against deleterious mutations in
other loci.
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hfrl mutants are defective in a subset of seedling
responses to FRc

The seedling phenotype of hfrl mutants is shown in Fig-
ure 1. Seedlings of wild-type and mutant phyA and hfr1
seedlings all exhibit a normal etiolated phenotype when
grown in complete darkness (Fig. 1A). FRc suppresses
hypocotyl elongation in both the wild-type and the hfr1
mutants, but this response is significantly impaired in
the hfr1 mutants in moderate and strong FRc (Fig.
1B,C,E,F). This contrasts with the complete blindness to
FRc of the phyA mutant (Fig. 1B,C). This effect is FRc
specific, as the suppression of hypocotyl elongation in Rc
is not altered in the hfrl mutants (Fig. 1C,G,H). A quan-
titative examination of hypocotyl elongation responses
over a range of FRc and Rc fluence rates corroborates this
FRc specificity and shows that hfr1-2 is slightly more
impaired in this response than is hfrl-1 (Fig. 2A). The
reason for the slightly longer hypocotyls of wild-type and
phyA mutants than of the hfr1 mutants in darkness in
this experiment has not been determined. However, this
difference was not consistently observed in other experi-
ments.

A second response to FRc is also strongly affected in
the hfr1 mutants: the suppression of hypocotyl negative
gravitropism (Poppe et al. 1996, Robson and Smith 1996;
Hangarter 1997). Seedling hypocotyls extend vertically,
against gravity (negative gravitropism), when grown in
darkness (Fig. 1A). Moderate FRc greatly suppresses the
hypocotyl negative gravitropism of the wild type but
not of the hfr1 or phyA mutants (Fig. 1B). This defi-
ciency, like the reduced suppression of hypocotyl elon-
gation, is FRc specific: the suppression of hypocotyl
negative gravitropism by Rc is largely unaffected in hfr1
mutants.

Quantitation of the suppression of hypocotyl negative
gravitropism over a range of FRc fluence rates reveals a
stronger defect for hfr1-2 than for hfr1-1 (Fig. 2B), as was
seen for the suppression of hypocotyl elongation. The
hfr1 mutants, unlike phyA, do show some suppression of
hypocotyl negative gravitropism in higher fluence rates
of FRc. The FRc specificity of the gravitropic phenotype
is less absolute, in that there is a somewhat reduced
amplitude of Rc response in hfrl mutants as well as
phyA (Fig. 2B). Clearly, the suppression of wild-type hy-
pocotyl negative gravitropism by FRc does not have a
monotonic relationship with FRc fluence rate (Fig. 2B),
which may explain why the suppression of hypocotyl
negative gravitropism by phyA has been considered ex-
clusively a “very low fluence response” (Poppe et al.
1996; Robson and Smith 1996). The data shown here
implicate a phyA-mediated “high-irradiance response”
in the suppression of hypocotyl negative gravitropism,
which is diminished in hfr] mutants.

We have examined other seedling responses to FRc
that are absent in phyA null mutants and found them to
be unaltered in hfr1-1 over a range of fluence rates simi-
lar to those used in Figure 2B (data not shown). These
include apical hook opening and cotyledon separation
(Liscum and Hangarter 1993), anthocyanin production

HFR1 is a bHLH that acts in phyA signaling

(Kunkel et al. 1996), and lack of greening in FRc-grown
seedlings on transfer to white light (Barnes et al. 1996).

The loss of responsiveness to FRc observed in the hfr1
mutants could, in principle, result from a reduction in
phyA protein level or spectral activity (the ability to in-
terconvert between Pr and Pfr forms on absorption of
light). No difference in phyA protein levels between
wild-type and hfr1-1 was observed in darkness, and a
similar pattern of decline in levels for wild-type and mu-
tant was observed in Rc and FRc (data not shown). As the
decline in protein level of phyA depends on its spectral
activity, we can conclude that HFR1 does not act prima-
rily through the regulation of phyA level or spectral ac-
tivity.

Molecular cloning of the HFR1 locus

We were able to clone the HFR1 locus by virtue of an
inserted T-DNA “tag” in hfr1-1. Though T-DNA-born
kanamycin resistance did not cosegregate with the mu-
tation, a set of T-DNA right-border (RB) insertions, de-
tectable by Southern blotting, did cosegregate. The Ara-
bidopsis genomic sequence flanking one of these RB in-
sertions was cloned and found to be physically linked to
the nearest genetic marker known to be linked to hfrl
(cer1; Fig. 3A). Complete cosegregation of a codominant
marker for the T-DNA junction and hfrl was observed,
indicating a map distance between the T-DNA insertion
and hfr1 of <0.07 cM.

We determined 6 kb of DNA sequence around the T-
DNA insertion site (Fig. 3B). This sequence is identical
to that recently deposited by the Arabidopsis Genome
Project for the BAC T6A9. A candidate HFR1 gene was
obtained by analysis of transcribed regions near the T-
DNA insertion of hfrl-1. The insertion point was not
within a predicted gene, and a probe spanning the inser-
tion point did not allow detection of a transcript in a
Northern blot of wild-type RNA. Two transcribed se-
quences flanking the insertion point, each beginning
about 1 kb away, were delineated by a search of the set of
Arabidopsis ESTs in GenBank with the 6-kb genomic
sequence (Fig. 3B). The centromere-proximal transcript
contains regions with strong homology to plant proto-
porphyrinogen oxidases but lacks an ORF of significant
length and thus is unlikely to be the template for a func-
tional enzyme. The centromere-distal transcript has a
substantial ORF that includes homology to the bHLH
family of DNA-binding proteins. Northern analysis in-
dicated a greatly reduced level of this transcript in hfr1-1
relative to wild type (Fig. 4), making it an excellent can-
didate to be HFR1. We sequenced the corresponding ge-
nomic region in the two hfrl alleles derived from the
directed screen, hfr1-2 and hfri-3. Both had point muta-
tions in the transcribed region of the putative HFR1
gene, confirming its identity as HFRI. In addition, the
6-kb genomic region depicted in Figure 3B fully comple-
ments the hfr1-1 and hfr1-2 mutations when present as a
transgene (C.D. Fairchild, M.S. Schumaker, and P.H.
Quail, unpubl.).

The hfr1-2 allele was found to have two base changes
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Dark

FRc
(5 umol
m2 s1)

FRc
(42 umol
m-2s1)

wt hfr1-2 wit hfr1-2

FRc (42 pmol m2 s71) Rc (3.4 pmol m2 s1)

Figure 1. Visible defects in hfr1 seedling photomorphogenesis. Col-5 wild-type (wt) and mutant (phyA-211 [Reed et al. 1994], hfr1-1
and hfr1-2) seedlings were grown for 4 d in complete darkness or in various light conditions on vertically oriented agar surfaces. They
were then photographed without rearrangement. Seedlings grown in (A) darkness, (B) moderate FRc, (C) strong FRe, (D) Re. (E-H)
Representative wt (E,G) and hfr1-2 (F,H) seedlings grown in strong FRc (E,F) or in Re (G,H). In (E-H), the root/hypocotyl junction is
roughly marked by the empty seed coats.
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Figure 2. Hypocotyl responses of hfr1 mutants over a range of Rc and FRc fluence rates. (A) Mean hypocotyl lengths expressed for each
line as a percent of the respective value for seedlings grown in darkness (Dk); (insets) the same data expressed as lengths in millimeters.
Bars represent the standard error of the mean; where not visible, the bars are eclipsed by a symbol. (B) Mean hypocotyl angle from
vertical, a measure of hypocotyl negative gravitropism. An angle of 0° represents maximal negative gravitropism.

in the transcribed region of HFR1 (Fig. 3C). One, at resi-
due 159, results in a nonsense codon that truncates the
predicted HFR1 protein in the loop between helices of
the bHLH domain. With this truncation, more than half
of the predicted protein would be absent and the bHLH
domain inactivated. Thus, based on molecular data, the
hfr1-2 mutant would be predicted to have a more com-
plete loss of HFR1 function than has hfr1-1, which pro-
duces a lower level of unaltered mRNA, and this predic-

tion is in accord with the physiological data from the
two mutants.

The only base change in the transcribed region of
hfr1-3is in the 5’ untranslated region, 6 nucleotides from
the longest 5’ end of the HFR1 transcript as determined
by RACE (Fig. 3C). Preliminary evidence from Northern
blot analysis indicates that the size and abundance of the
hfr1-3 mRNA is similar to that of wild type in dark-
grown seedlings, suggesting that the hfr1-3 mutation
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Figure 3. Molecular cloning of the HFR1
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hfr1 mutants. (A) Genetic linkage of hfr1
to markers at the top end of Chromosome
L. (B) Diagram of the 6-kb region surround- B
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may reduce translation. We have not directly tested this
possibility.

HFR1 encodes a bHLH protein with strong similarity
to the phy-interactor PIF3

A search of GenBank with the HFR1 sequence revealed
that the closest homologs are two Arabidopsis bHLH
proteins, PIF3 (Ni et al. 1998) and a protein predicted
from genomic sequence, AAD24380. The homology to
both of these proteins is highest in the HLH region
(>50% identity) but extends in both directions beyond
the bHLH domains (Fig. 5A). There is no significant ho-
mology between HFR1 and these proteins beyond the
region shown. HFR1 lacks the PAS domain of PIF3. A
notable difference between them is in the basic region of
the bHLH domains, where there appears to be a deletion
in HFR1 relative to the others (discussed below). A com-
parison of HFR1 and representative members of the
broader HLH protein family (Fig. 5B) reveals extensive
conservation in HFR1 of residues that define the HLH
domain (Atchley et al. 1999).

The region amino-terminal of the HLH in HFRI has a
basic character, including residues 23-25 in the align-
ment (Fig. 5B) that are often basic in DNA-binding bHLH
proteins but not in HLH proteins that do not bind DNA,
such as ID1 (Atchley et al. 1999). The more amino-ter-
minal part of the basic domain corresponds to the appar-
ent deletion relative to PIF3 and AAD24380. In Figure
5B, these proteins are aligned to ungapped HFR1 to show
the lack of colinear similarity. This region of HFRI1 is not
similar to the corresponding region of most bHLH pro-
teins but does show strong similarity to the basic region
of the Achaete/Scute subfamily of animal bHLH proteins
(Fig. 5C).

Two amino acid residues of HFR1 that are notably
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different from most, or perhaps all, bHLH proteins are
indicated with arrows in Figure 5B,C. The indicated ar-

Dark FRc Re
whwhA whwhAwhwhHA
A" B BB =8 = HFR1

HFR1
mRNA

wt hfrl-1  phyA

Figure 4. HFR1 is a light-regulated gene with strongly reduced
expression in the hfr1-1 mutant. Northern blot analysis of total
RNA from 3-d-old seedlings grown under the indicated light
conditions. (A) HFR1 probe; w, wild-type; h, hfr1-1; A, phyA-
211. Duplicates of wild-type and hfr1-1 represent separate RNA
preparations. (B) 18S rRNA reprobe of the membrane from (A).
(C) HFR1 mRNA levels adjusted for 18§ signal and expressed
relative to the wild-type FRc value. Wild-type and hfr1-1 values
are averages of two samples.


http://www.genesdev.org

Downloaded from www.genesdev.org on August 16, 2006

HFR1 is a bHLH that acts in phyA signaling

A EFR1
PIF3
AAD24380

HFR1
PIF3
AAD24380

= 110 * 120 * 130 * 140 * 150 *
: 3 v MIEgs B B B T B

AMG! LERGEBEVNH

PSF B T e Fm B

HFR1
PIF3
AAD24380

B HFR1 EEF
PIF3 GPSR LGS
AAD24380 QARV

AhR RREPVQEY
Sim

R-Le GGAT G
Achaete N
Hairy
MyoD
Arnt
PHC4
ID1

HFRL v e veman e
PIF3
RACOOS0B1
AhR

Sim

R-Lec
Achaete
Hairy 4
MyoD e e e LN ug-
Arnt .‘.....31.13
PHOA  weww e wn

ID1

le

L-sc
Scute
Achaete
Mash2
Mashl
Asense

20

Wprrrannnnnsnnsrassnannnn

basic helix 1

Figure 5. Sequence comparison of HFR1 to other bHLH proteins. Identical amino acid residues are shaded black; similar residues are
shaded grey. (A) Alignment of HFR1 (amino acid residues 105-248) and its closest known homologs, the Arabidopsis protein PIF3
(GenBank accession no. AF100166) and predicted protein AAD24380, over the region of significant sequence similarity. Solid bars
indicate prospective monopartite nuclear localization signals in HFR1. (B) Alignment of a more restricted region of HFR1 (amino acid
residues 122-194) to a broader set of representative members of the bHLH protein family from various organisms. Arrows indicate key
positions where HFR1 is dissimilar to most (perhaps all) known bHLH proteins. GenBank accession nos.: AhR, P30561; Sim, P05709;
R-Lc, P13526; Achaete, P10083; Hairy, P14003; MyoD, CAA40000; Arnt, P41739; PHO4, P07270; ID1, P20067. (C) Similarity of the
basic region of the HFR1 bHLH domain (amino acid residues 132-153) to the basic regions of the Achaete/Scute bHLH subfamily. In
this alignment, only amino acid residues with similarity to HFR1 are shaded. GenBank accession nos.: L-sc, P09774; Scute, P10084;
MASH?2, P19360; MASHI1, P19359; Asense, P09775.
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ginine of HFR1 corresponds to a glutamate in >90% of
the known bHLH proteins (Atchley et al. 1999); notable
exceptions are AhR, with a serine, and Sim, with an ala-
nine. In no other bHLH is this a basic residue. The other
indicated residue, aspartate in HFR1, corresponds to an
arginine in about half of the known bHLH proteins
(Atchley et al. 1999) or can be hydrophobic (valine in the
Achaete/Scute subfamily; Fig. 5C) or hydrophilic (gluta-
mine, threonine), but in no other bHLH is this an acidic
residue.

HEFR]1 is constitutively nuclear localized when
transiently expressed in onion epidermal cells

The predicted HFR1 protein contains two potential
monopartite nuclear localization signals (Fig. 5A). These
signals and the similarity of HFR1 to DNA-binding pro-
teins suggest that HFR1 might function in the nucleus.
To test the subcellular localization of HFR1, and the
possibility that this localization might be light-regu-
lated, we fused the coding region of HFR1 to the reporter
B-glucuronidase (GUS) in a plant expression construct.
This construct was transfected into peels of onion epi-
dermis by particle bombardment. Whether the peels
were then incubated in darkness or in FRc, the GUS-
HFR1 protein was found predominantly in nuclei, in
contrast to the cytoplasmic localization of the GUS con-
trol (Fig. 6).

HFR1 expression is light regulated

HFR1I mRNA levels were assayed by Northern blot
analysis of seedlings grown in darkness, FRc, or Rc. The
HFR1 mRNA is about 1.3 kb in size, as predicted from
5'-RACE and the poly-A ends of the cDNA clones, and is
detectable in all light conditions (Fig. 4A). The mRNA
shows more than twofold induction in wild-type seed-
lings grown in FRe, but a 14-fold decrease in Re-grown
seedlings relative to those grown in darkness (Fig. 4C).
Thus, there is 30-fold more HFR1 mRNA in FRc than in
Rc. Many genes in seedlings are either induced or re-
pressed by both FRc and Rc compared to darkness (Ter-
zaghi and Cashmore 1995), but to our knowledge, only

the HD-Zip-encoding genes ATHB-2 and ATHB-4 have
been shown to exhibit a similar induction by FR and
suppression by R (Carabelli et al. 1993, 1996). The FRc
induction of HFR1 is absent in the phyA mutant, sug-
gesting that this induction is a result of phyA signaling.
By contrast, the Rc suppression of HFR1 mRNA levels is
like wild type in the phyA mutant, implicating a phyto-
chrome other than phyA in this regulation.

HFR1 lacks affinity for phyA or phyB

A simple mechanism by which HFR1 might provide FRc
specificity in its action is by binding preferentially to
phyA itself. We explored the possibility of an HFR1/
phyA interaction by two methods used previously to
demonstrate interactions between PIF3 and phyto-
chromes: the yeast two-hybrid assay and coimmunopre-
cipitation. PIF3 has been shown to bind the C-terminal
halves of both phyA and phyB in two-hybrid assays (Ni et
al. 1998). These interactions are used here as positive
controls (Fig. 7A). However, in the analogous experiment
with HFR1, there is no indication of an interaction with
either phytochrome fragment (Fig. 7A).

We also looked for evidence of phyA/HFR1 binding in
vitro. PIF3 has also been shown to bind full-length phyB
in vitro with a dramatic preference for the Pfr form (Ni et
al. 1999). Ni et al. used the GAL4 activation domain
(GAD) as an epitope tag fused to PIF3 (GAD-PIF3) as
“bait,” unfused GAD as a negative control bait, and phyB
as prey. They expressed phyB in vitro and combined it
with chromophore to make spectrally active holopro-
tein; bait proteins were produced in Escherichia coli. In
the experiment described here, all proteins were ex-
pressed in vitro (Fig. 8A). We were able to establish con-
ditions that allow not only the preferential precipitation
of phyB Pfr by GAD-PIF3 (Fig. 8B, lanes 15,16; Fig. 8C,
right, GP) but also the preferential precipitation of phyA
Pfr (Fig. 8B, lanes 7,8; Fig. 8C, left, GP). Under these
conditions, even with a greater amount of GAD-HFR1
bait than GAD-PIF3, there is no sign of phyA or phyB
binding to GAD-HFRI1 (Fig. 8B, lanes 3,4,11,12; Fig. 8C).
Thus, both by two-hybrid and immunoprecipitation as-
says, we have no evidence for a direct interaction be-
tween HFR1 and phyA or phyB.

Dark FRe

GUS

Figure 6. HFRI1 protein is constitutively

nuclear localized when transiently ex-

pressed in onion epidermal cells. Onion epi- GU‘;
dermal peels were bombarded with con- stain
structs for expression of either the GUS re-
porter only or a GUS-HFR1 chimera. The
peels were then incubated in darkness or
FRc for 17 h before staining. In the top row,
blue color results from GUS activity; be-
low, the fluorescence from DAPI stain
shows the position of the nucleus in each
cell. Bar, 100 pm.
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HFR1 can bind PIF3

In many cases, HLH proteins can form both homodimers
and heterodimers with other HLH proteins. Frequently,
the heterodimers involve related HLH domains. PIF3 is
the closest known relative to HFR1 and appears to act in
phytochrome signaling through a direct interaction with
phytochrome. Thus, another possible mechanism by
which HFR1 might act in phyA signaling is through in-
teraction with PIF3.

By the yeast two-hybrid assay, positive signals for an
HFR1/PIF3 interaction were obtained in both arrange-
ments of the chimeras (Fig. 7A). Positive signals were
also obtained from the combinations PIF3/PIF3 and
HFR1/HFR1. The HFR1 homodimerization signal is rela-
tively weak but is significantly above the HFR1/phyA
background (Fig. 7A, inset). The relative intensity of
these signals may not have a simple relationship to the
relative affinities of the proteins, as immunoblots with
monoclonal antibodies to the GAL4 domains indicate a
lower level of expression in yeast for the HFR1 chimeras
than for the PIF3 chimeras. The positive results for HFR1
interaction with PIF3 verify the efficacy of the HFR1

trol (4) and GAD-HFRI1 (5).

two-hybrid chimeras and lend credence to the lack of
interaction observed between HFR1 and phyA or phyB.
We were able to confirm the propensity of HFR1 and
PIF3 to form a complex by coimmunoprecipitation of the
two proteins coexpressed in vitro. GAD was again used
as an epitope tag fused to HFR1 (GAD-HFR1) or PIF3
(GAD-PIF3) baits, with unfused GAD as a negative con-
trol bait, but here the prey is untagged HFR1 or PIF3. The
proteins were expressed in vitro to roughly similar con-
centrations. HFR1 coprecipitates with either GAD-
HFR1 or GAD-PIF3 to a similar extent (Fig. 7B, lanes
1-3). In the reverse arrangement, untagged PIF3 copre-
cipitates efficiently with GAD-HFR1 (Fig. 7B, lanes 4,5).
These results suggest similar affinities for homo- and
heterodimerization for HFR1 and PIF3.

Like PIF3, an HFR1/PIF3 complex preferentially binds
the Pfr form of phyA and phyB

As HFR1 can bind PIF3 and PIF3 can bind phyA and
phyB, it was of interest to test for the ternary complexes
HFR1-PIF3-(phyA or phyB). In the same conditions under
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Figure 8. Both phyA and phyB bind as Pfr in vitro to both the
PIF3 homodimer and a HFR1/PIF3 complex. (A) PhyA or phyB
apoproteins were expressed separately in vitro (apo-phy), and
combined with chromophore (PCB) to make spectrally active
holoprotein (holo-phy); portions of each phytochrome solution
were then irradiated with either FR or R to form predominantly
Pr (A-Pr; B-Pr) or Pfr (A-Pfr; B-Pfr) forms, respectively. Bait beads
were prepared by binding GAD-tagged proteins (G; alone or co-
expressed with untagged PIF3 [P]), GAD-HFR1 (GH), or GAD-
PIF3 (GP) to MAD-Protein A-beads, and then washing to remove
loosely bound protein. Bait proteins were labeled at 2% of the
specific activity of the phytochromes. (B) Autoradiograms of
proteins separated by SDS-PAGE. Input phyA (A) and phyB (B)
lanes were loaded with one-fifth the fraction of each binding
reaction that was loaded for washed precipitates. (C) Quantita-
tion of the phytochrome precipitated in (B).

which we fail to see precipitation of phytochrome by
GAD-HFRI (Fig. 8B, lanes 3,4,11,12; Fig. 8C, GH), the
GAD-HFR1/PIF3 complex does preferentially precipitate
phyA and phyB Pfr forms (Fig. 8B, lanes 5,6,13,14; Fig.
8C, GH + P), with an efficiency similar to that of GAD-
PIF3 alone (Fig. 8B, lanes 7,8,15,16; and Fig. 8C, GP).
Almost all of the PIF3 in the GAD-HFRI1/PIF3 bait is
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present by virtue of its association with HFR1 because
the GAD-HFR1/PIF3 complex bait was prepared under
conditions that remove most of the PIF3 from beads in-
cubated with coexpressed GAD and PIF3 (see Fig. 8B,
lanes 1,2,9,10). The negative control bait, GAD with re-
sidual PIF3, has scant preferential affinity for the phyto-
chrome Pfr forms (Fig. 8B, lanes 1,2,9,10; Fig. 8C,G [+P]).
Thus, like the PIF3 homodimer, the HFR1/PIF3 complex
binds preferentially to the Pfr forms of phyA and phyB.

Discussion

Considerable progress has been made in recent years in
efforts to define phytochrome signal transduction path-
ways (Wei and Deng 1999; Nagy and Schafer 2000; Neff
et al. 2000). Genetic and molecular approaches have
identified a significant number of components that po-
tentially function as signaling intermediates and have
provided evidence of both shared and separate pathway
branches for individual phytochrome family members
(Soh et al. 1998; Bolle et al. 2000; Biiche et al. 2000; Neff
et al. 2000; Osterlund et al. 2000). However, lacking un-
til recently was evidence of a contiguous transduction
pathway, consisting of identified molecular intermedi-
ates, that leads from phytochrome photoconversion to
changes in gene expression. The recent discoveries that
phytochromes translocate to the nucleus in response to
light (Sakamoto and Nagatani 1996; Kircher et al. 1999;
Yamaguchi et al. 1999) and that phyB can interact di-
rectly with the bHLH protein, PIF3, bound to a DNA
target site (Martinez-Garcia et al. 2000) have suggested
that one mode of phytochrome signal transduction is the
direct transcriptional regulation of target genes. PIF3 was
initially isolated as a phytochrome-interacting factor in a
yeast two-hybrid screen. Here we have genetically iden-
tified a second member of the bHLH family, HFR1, in a
screen for components specific to the phyA signaling
pathway and have shown that HFR1 can heterodimerize
with PIF3. These data support and extend the hypothesis
that phytochromes can regulate target genes directly and
open up the possibility that they may do so via multiple
heterodimerizing members of the bHLH family of tran-
scription factors, which might regulate gene expression
in combinatorial fashion.

The observation that loss-of-function mutations in
HEFR]1 result in a FRc-specific phenotype indicates that
HFR1 functions positively in the phyA signaling path-
way. Furthermore, the normal, or even increased, level of
phyA protein and its normal photoconversion activity in
hfrl mutants imply that HFR1 is an authentic signal
transducer, rather than a protein involved in phyA syn-
thesis or assembly. In these respects, hfrl mutants are
similar to other FRe-specific, loss-of-response mutants
that have been identified previously, far1 (Hudson et al.
1999), fhy1 and fhy3 (Whitelam et al. 1993), fin2 (Soh et
al. 1998), and pat1 (Bolle et al. 2000).

However, the subset of developmental responses to
FRc that are affected in hfr1 mutants differs from the
subset affected in other phyA-signaling mutants. The
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most consistent hfr1 phenotype is limited to a clear, par-
tial loss of FRc-suppression of hypocotyl elongation and
negative gravitropism. The hypocotyl elongation and
gravitropism defects of hfr1-1 strictly cosegregate, and
this correlation is maintained in the hfr1-2 homozygotes
that lack the hfr1-1 T-DNA insertion, thereby indicating
that both defects result from mutation of HFR1. Except
for fin2, which appears to show a loss of FRc suppression
of hypocotyl gravitropism similar to hfrl (Soh et al.
1998), the effects on hypocotyl gravitropism of muta-
tions in other phyA-signaling loci have not been estab-
lished. In phyA-signaling mutants other than hfrl, a
wider range of responses to FRc is affected, including the
stimulation of anthocyanin production and the loss of
greening on transfer to white light (Barnes et al. 1996;
Soh et al. 1998; Hudson et al. 1999; Bolle et al. 2000).
These FRc responses are consistently unaffected in hfr1
mutants. The specificity of the hfrl phenotype for par-
ticular FRc responses suggests that HFR1 may direct
phyA signals primarily to the subset of phyA-regulated
genes that drive these responses.

Although three other genes specific for phyA signaling
have been molecularly cloned—SPA1 (Hoecker et al.
1999), FAR1 (Hudson et al. 1999) and PAT1 (Bolle et al.
2000)—HEFR]1 is the only one of these whose sequence
offers an obvious prediction of its biochemical role. The
sequence homology of HFR1 to members of the bHLH
family of transcription factors, along with potential
nuclear localization signals, suggests that it might be a
transcription factor. The demonstrated constitutive
nuclear localization of transiently expressed HFR1 in on-
ion epidermal cells and the binding affinity of HFR1 for
its closest homolog, PIF3, are consistent with this sug-
gestion. PIF3 has similarly been shown to be constitu-
tively nuclear (Ni et al. 1998), and there is more substan-
tial evidence that PIF3 may act as a transcription factor.
PIF3 alone can bind DNA, with a strong preference for
the G-box core motif and some specificity for one flank-
ing base on either side of it (cCACGTGg), and appears to
be involved in the induction of the genes CCAT and LHY
within 1 h of a light signal (Martinez-Garcia et al. 2000).
In addition, the PIF3 two-hybrid chimera with the GAL4
DNA-binding domain has transcriptional activation ac-
tivity in yeast (Ni et al. 1998). However, we have not yet
attempted to determine whether HFR1 binds directly to
DNA, and in contrast to PIF3, the analogous HFR1 two-
hybrid chimera exhibits no detectable intrinsic tran-
scriptional activation activity in yeast.

Does the unusual basic region of HFR1 predict a lack
of affinity for DNA or DNA binding with a sequence
specificity distinct from that of other bHLH proteins? In
all reported cases, other bHLH proteins that have un-
usual basic regions ultimately have been found to bind
DNA with an altered sequence specificity (Littlewood
and Evan 1998; Atchley et al. 1999). The two key differ-
ences between HFR1 and a consensus basic region (Fig.
4B, arrows) are partly reflected in other bHLH proteins.
The highly conserved glutamate residue (arginine at po-
sition 22 in Fig. 5B), which is integral to E-box (CAnnTG)
sequence recognition (Atchley et al. 1999), is not re-

HFR1 is a bHLH that acts in phyA signaling

tained in some members of the bHLH-PAS family. In
AhR, it is a serine, in Sim an alanine. The 5’ recognition
sequence half-sites preferred by AhR (T(c/t)GC) and Sim
(GT(a/g)C) are distinct from the E-box half-sites (CAn)
preferred by their heterodimerizing partner Arnt and
other conventional bHLH proteins (Sogawa et al. 1995;
Swanson et al. 1995). By analogy, HFR1 would be ex-
pected to recognize a non-E-box sequence. Similarly, the
other unusual HFR1 residue (aspartate at position 26 in
Fig. 5B) is an arginine in G-box binding bHLH proteins,
including PIF3. Substitutions for this arginine, which is
involved in the recognition of the central CG of the G-
box (CACGTG), confer specificity for a different central
pair within the E-box core (Littlewood and Evan 1998;
Atchley et al. 1999). Together, the unusual substitutions
in the HFR1 basic region may specify a recognition ele-
ment that lacks similarity to the G-box preferred by
PIF3.

Our demonstration that HFR1 is a PIF3-binding bHLH
protein may be the first indication that a network of
bHLH proteins is involved in the regulation of plant de-
velopment by phytochromes. Many animal bHLH pro-
teins act as components of complex regulatory networks
that include cross-dimerizing DNA-binding activators
and repressors of transcription, as well as HLH inhibitors
of bHLH DNA-binding (Littlewood and Evan 1998; Atch-
ley et al. 1999; Massari and Murre 2000). This type of
bHLH network has not been demonstrated in plants,
though a small number of bHLH proteins have been im-
plicated in various processes, including the regulation of
tissue-specific production of anthocyanin by the R/B pro-
teins (Ludwig and Wessler 1990; Lesnick and Chandler
1998), and the induction of a dehydration-response gene
by rd22BP1 (Abe et al. 1997). Many more bHLH proteins
of unknown function have been revealed by genomic se-
quencing of Arabidopsis. Perhaps some of these bHLH
proteins will be found to be involved in light regulation
of gene expression in collaboration with PIF3 and HFR1.

Whatever the nature of HFR1 activity, it appears to be
largely specific for responses to FRe, though essentially
the same phenotypic responses are induced by Rc in
wild-type Arabidopsis. An attractively simple hypo-
thetical mechanism for HFR1 FRc specificity would be
for HFR1 to bind phyA specifically. However, we failed
to find any evidence for a direct HFR1/phyA interaction,
either by yeast two-hybrid or coimmunoprecipitation as-
says. It remains possible that a direct HFR1/phyA inter-
action requires a plant-specific posttranslational modifi-
cation of HFR1 or phyA, but we have no evidence for
this.

The HFR1/phytochrome complex that we have dem-
onstrated here requires PIF3, which might act as a bridge
between its individual interactors, HFR1 and phyto-
chrome (Fig. 9, middle). The HFR1/PIF3 complex is
drawn as a heterodimer rather than a higher-order com-
plex, though we have only very preliminary evidence for
this from native gel electrophoresis of proteins expressed
in vitro (C.D. Fairchild and P.H. Quail, unpubl.). The
evidence for an HFR1/PIF3/phytochrome complex does
little to explain the observed FRc specificity of HFR1
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Figure 9. A model for the role of HFR1
in phytochrome signaling. FRc, acting

through phyA, enhances HFR1 transcrip- FRe Re
tion and Rc, acting through phyB or an-

other phytochrome, suppresses HFRI1 ‘l‘
transcription. Phytochromes in their Pfr ~ PhYA phyB?

form (phy) translocate to the nucleus,
where they are recruited to target gene
promoters in genomic DNA (thick black
bars, with recognition sequences overlaid
and with arrows representing transcrip-

N/

wrm1 ] —> KB

phy-regulated genes:

phyB-specific
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tion initiation sites) by PIF3 (P). Whereas the PIF3 homodimer recognizes a G-box and potentially regulates gene expression in response
to Rc or FRg, the heterodimer of PIF3 and HFR1 (H), formed predominantly in FRe, recognizes a distinct sequence in phyA-specific gene

targets.

function, given that PIF3 binds both phyA and phyB. It is
tempting to speculate that in place of, or in addition to
PIF3, a phyA-specific binding protein might bridge HFR1
and phyA. Obvious candidates for such a phyA-specific
binding protein are the apparently phyA-specific signal
transducers that have been identified genetically, but no
evidence has yet been presented for a phyA-specific in-
teracting protein.

The 30-fold greater abundance of HFR1 mRNA in FRc
relative to Rec that we have observed might be sufficient
to explain the FRc specificity of HFRI1 action, if this
difference in mRNA level translates to a similar differ-
ence in HFR1 protein activity in the two light condi-
tions. The role of HFR1 could be to confer a different
DNA sequence specificity on the PIF3/phyA complex
and, thus, to adjust the gene-regulatory output of phyA
(Fig. 9). The apparent FRc-specificity of HFR1 activity
might then be determined by a complex, reciprocal regu-
lation of HFR1 abundance by Rc and FRc (Fig. 9).

Materials and methods

Isolation of mutants

As part of a comprehensive screen of available mutagenized
populations for long-hypocotyl mutants in FRec, we used T2 seed
from 2000 T-DNA transformed parents, which were a gift from
Robert Fischer (University of California, Berkeley). The Fischer
lines had been transformed with T-DNA from a vector that was
derived from pBI121 (Jefferson et al. 1987) by deletion of the
GUS gene. Seedlings were grown in FRc (2-3 pmole m™> sec™?)
for a total of 4-5 d before mutant selection.

In the directed screen for additional alleles of hfrl, F2 seed
from a cross of Ler wild type to the male-sterile mutant ms1 (Ler
background) was mutagenized in 0.3% or 0.45% (v/v) ethyl-
methanesulfonate for 13 h and sown onto mesh-covered soil at
a rate of 400 per 4-inch pot. All self-fertile plants (three-quarters
of the population) were weeded out as they became evident by
the presence of elongating siliques, leaving 10-40 male-sterile
plants per pot and a mutagenized male-sterile population total-
ing ~5000. Concurrently, several flats of hfri-1 plants were
grown as a source of pollen. We found that dragging the flow-
ering, male-sterile plants through a dense stand of young, flow-
ering hfr1-1 was an effective mass cross-pollination method.
Cross-pollination was most efficient at midday, when flowers
were open to their widest extent. Several rounds of pollination
were performed on each pot of male-sterile plants over the
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course of one week. The result was cross-pollination at a rate of
several seeds per inflorescence branch. Seed was collected in
pools of two pots each and screened directly for long-hypocotyl
mutants in FRc. Leaf tissue samples were taken from the young
rosettes of selected putative mutants for small-scale DNA
preparation.

New, noncomplementing alleles of hfrl were confirmed by
testing F2 progeny in FRc for the presence of wild-type seedlings
(for hfr1-2, >2000 F2 individuals; for hfr1-3, 200).

Genetic mapping and complementation tests

An F2 population resulting from a cross of hfr1-1 to Ler wild-
type was used for mapping; DNA for PCR was prepared from
leaf samples (Edwards et al. 1991). With the assessment of 16
PCR markers (CAPS and SSLP; Konieczny and Ausubel 1993;
Bell and Ecker (1994) in a population of 17 hfr1-1 homozygotes,
along with the visible markers er and g1 in a larger population,
hfr1 was mapped to the top of chromosome I. This map position
excluded the possibility of allelism to some long-hypocotyl mu-
tants. Others that were linked (phyA) or unmapped (fhyI and
fhy3) failed to complement hfr1-1 in the F1 and were confirmed
as nonallelic by the segregation of wild types in the F2 genera-
tion.

The expanded mapping population (758 individuals) consisted
largely of hfr1 homozygotes and a few homozygous wild type.
As hfri-1 exhibits partial dominance and a subtle phenotype, a
larger population of potential hfr1 homozygotes was picked, and
then heterozygotes for flanking markers cerl and nF21B7 were
rejected as probable hfr1 heterozygotes. For F2 individuals with
an apparent recombination between these markers, the hfr1/
hfr1 genotype was confirmed by a lack of wild-type segregants
in the F3 population.

Seedling growth and measurements

For seedling growth, seeds were surface sterilized, sown on agar-
solidified medium (lacking sucrose) in petri dishes, and germi-
nated in darkness or under defined light conditions as previ-
ously described (Hudson et al. 1999). For mutant screening, seed
was suspended in sterile 0.15% agar (aq.) and sown densely in
horizontal rows. For hypocotyl length and gravitropism mea-
surements, seeds in 0.15% agar were spotted one per 0.5 cm? in
a staggered grid pattern. For RNA and protein extractions, seed
was sown on filter paper laid over agar-solidified medium.

For most purposes, seedlings were germinated and grown in
vertically oriented petri dishes, such that both hypocotyls and
radicals grew along the agar surface, with horizontal R or FR
illumination. Seedlings for RNA and protein extractions were
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grown in petri dishes in the normal, horizontal orientation with
illumination from above. For measurement of hypocotyl length
and angle-from-vertical, measurements (~40 per genotype at
each fluence rate) were made from digital images of unrear-
ranged seedlings using the program NIH Image.

For recovery of seedlings germinated in FRc for further growth
in white light, seedlings were aseptically transferred under dim
green light (in some cases after taking digital images in green
light) to growth medium containing 1% or 2% sucrose. These
seedlings were then kept in darkness for 3 d, exposed to filtered
room light for 3 h, and then transferred to full white light. After
1 wk, during which the seedlings partially greened and initiated
normal leaves, they were transferred to soil.

Yeast two-hybrid binding assays

HFRI1 yeast two-hybrid vectors were constructed from the plas-
mids pGAD424 and pGBT9. The other two-hybrid constructs,
based on the same plasmids, were described previously (Ni et al.
1998). The yeast strain Y187 was transformed with combina-
tions of vectors, and LacZ activity was assayed with ONPG as
a substrate according to the Clontech Yeast Protocols Hand-
book (Clontech). The LacZ activities are the mean of six values
from two independent cultures of each vector combination as-
sayed in triplicate.

In vitro binding assays

Immunoprecipitations were performed as previously described
(Ni et al. 1999) with the following variations. All proteins for
immunoprecipitations were expressed from T7 promoters in the
TnT in vitro transcription/translation system (Promega) in the
presence of 3°S-methionine. The GAD-HFR1 vector was con-
structed by replacement of PIF3 by HFR1 in the GAD-PIF3 vec-
tor. The HFR1 prey construct consisted of the HFR1 coding
region in pBluescript (Stratagene). The PIF3 prey was inserted
into the Ncol/BamHI sites of the vector pET21 (Novagen) with
the addition of a six-His tag at its N terminus. PhyA was ex-
pressed from the new plasmid T7-A.BS, which consists of phyA
under the control of the T7 promoter and untranslated leader
from pET3 in a pBluescript backbone.

For coimmunoprecipitation with PIF3 as prey, the PBS bind-
ing buffer (pH 7.2) contained 0.1% (v/v) Tergitol NP-40 (Sigma),
1 mM EDTA, 0.1% BSA, and Complete protease inhibitors. PIF3
and GAD or GAD-HFR1 were coexpressed. Mixtures of ex-
pressed proteins were precleared by incubation for 1 h at 4°C
with Protein A-agarose in binding buffer, and the supernatants
were added to pelleted anti-GAD/Protein A beads. After 4 h at
4°C, beads were pelleted and washed once with 1 mL binding
buffer and once with 1 mL binding buffer without BSA or pro-
tease inhibitors.

Coimmunoprecipitations with HFR1 as prey were performed
similarly, with the exceptions that the binding buffer contained
50 mM Tris-HCI (pH 7.5 at 25°C) in place of PBS (Tris binding
buffer), paramagnetic Protein A-beads were used (Dynabeads
Protein A; Dynal) in place of Protein A-agarose, and both final
washes contained 0.5% Tergitol NP-40.

For coimmunoprecipitations with phyA or phyB as prey, bait
beads were prepared and mixed with separately expressed phy-
tochrome. For bait beads, bait proteins expressed individually or
in combinations were bound to anti-GAD/Protein A paramag-
netic beads in PBS binding buffer. The beads were then washed
three times with 1.4 mL PBS binding buffer with 0.5% Tergitol
NP-40 and once with Tris binding buffer with 150 mM NaCl.
Holo-phytochrome was formed by a 1 : 4 dilution of TnT solu-
tion into Tris binding buffer containing 30 uM phycocyanobilin.

HFR1 is a bHLH that acts in phyA signaling

Precleared phyA or phyB in the Pr or Pfr form was mixed with
washed bait beads. After 6 h at 4°C, the beads were collected
and washed once with 1.4 mL Tris binding buffer containing
0.5% Tergitol NP-40.

Samples for SDS-PAGE were mixed with SDS sample buffer
and either boiled or heated to 65°C for 5 min (paramagnetic
beads). Gels were fixed and then dried for autoradiography by
phosphor screen (Phosphorlmager Storm 860, Molecular Dy-
namics). For relative quantification of precipitated phyto-
chrome, in-lane backgrounds of mock precipitation controls
were subtracted and the amount precipitated expressed as a per-
cent of the precleared input phytochrome.

Subcellular localization

For the determination of subcellular localization of a GUS-
HFR1 chimeric protein, the HFR1 was fused to GUS in the
vector TEX2. TEX2, onion epidermal cell transient transfection,
and staining were as described previously (Ni et al. 1998).

HFR1 mRNA analysis

Northern blot analysis of mRNA levels in seedlings was as de-
scribed previously (Hoecker et al. 1999). The HFR1 probe was
the insert from the cDNA clone EST 209K19T7. By 5'-RACE,
the HFRI transcript was found to extend beyond the 5'-end
indicated by this cDNA clone and to, thus, include the hfr1-3
mutation site.

Molecular cloning of HFR1

Genetic linkage of the hfr1-1 mutation to inserted T-DNA was
established by Southern hybridization of a RB probe to EcoRI-
digested DNA from 10 homozygous hfr1 and nine homozygous
wild type from the hfr1-1 x Ler F2. A subset of the eight to 10 RB
fragments visible on this blot cosegregated with hfr1-1.

RB-flanking plant DNA was cloned by the splinkerette
method of PCR walking (Devon et al. 1995), using nested RB
primers and EcoRI-digested hfr1-1 DNA. Two major fragments
were characterized. One corresponded to a sequenced portion of
the genome distant from hfr1, the other overlapped with the
sequenced T7 end of the BAC T6H24, which was anchored at its
other end to the sequenced BAC T7123 at the top end of chro-
mosome I. This flanking region was found to cosegregate with
hfr1 in the limited mapping population used for RB segregation
analysis by Southern blot.

The wild-type sequence of the genomic region surrounding
this flanking sequence was obtained by a combination of in-
verse PCR and primer walk along two long PCR products to
flanking islands of genomic sequence. A three-primer, codomi-
nant PCR marker was designed for the junction of this flanking
sequence and the T-DNA border: the RB primer CRF2 (CTC-
CAGAAACCCGCGGCTGAGTG) and flanking region primer
c004 (CATCGCACCTGCTCGGTGTAT) amplify a 305-bp
fragment from hfri-1, and c004 and c007-R (AACCAAGAAC-
TGTAATGCACAACGG), a primer from the other side of the
T-DNA insertion, amplify a 600-bp fragment from the wild type
(2 min, 68°C annealing/extension; Advantage cDNA PCR Kkit,
Clontech). The 48 hfri-1 x Ler F2 plants exhibiting a recombi-
nation between hfr1 and the flanking markers cerl and nF21B7
were tested with this codominant marker, and complete coseg-
regation of the T-DNA junction and the hfrl mutation was
observed.

To determine exons and introns, cDNA clones from the tran-
scribed regions flanking the hfr1-1 T-DNA insertion were se-
quenced: proximal transcript, EST 153A23T7; distal transcript
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(HFR1), EST 209K19T7 (Arabidopsis Biological Resource Cen-
ter). The HFR1 coding region for various constructs was derived
from EST 209K19T7.
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