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A Myb-Related Transcription Factor Is Involved in the
Phytochrome Regulation of an Arabidopsis Lhcb Gene

Zhi-Yong Wang, David Kenigsbuch,? Lin Sun,? Eitan Harel,® May S. Ong, and Elaine M. Tobin*
Department of Molecular, Cellular, and Developmental Biology, University of California, Los Angeles, California 90095-1606

We have isolated the gene for a protein designated CCA1. This protein can bind to a region of the promoter of an Arabi-
dopsis light-harvesting chlorophyll a/b protein gene, Lhcb1*3, which is necessary for its regulation by phytochrome.
The CCA1 protein interacted with two imperfect repeats in the Lhcb1*3 promoter, AAA/.AATCT, a sequence that is con-
served in Lhcb genes. A region near the N terminus of CCA1, which has some homology to the repeated sequence found
in the DNA binding domain of Myb proteins, is required for binding to the Lhcb1*3 promoter. Lines of transgenic Arabi-
dopsis plants expressing antisense RNA for CCA1 showed reduced phytochrome induction of the endogenous Lhcb1*3
gene, whereas expression of another phytochrome-regulated gene, rbcS-1A, which encodes the small subunit of ribu-
lose-1,5-bisphosphate carboxylase/oxygenase, was not affected. Thus, the CCA1 protein acts as a specific activator of
Lhch1*3 transcription in response to brief red illumination. The expression of CCA1 RNA was itself transiently increased
when etiolated seedlings were transferred to light. We conclude that the CCA1 protein is a key element in the function-
ing of the phytochrome signal transduction pathway leading to increased transcription of this Lhcb gene in Arabidopsis.

INTRODUCTION

Plants use several different photoreceptors to respond to
changes in environmental conditions. Among the best stud-
ied of these photoreceptors are the phytochromes, compris-
ing a family of closely related chromoproteins that are
involved in regulating a diverse array of developmental pro-
cesses in higher plants, including seed germination, photo-
morphogenesis, and flowering (Kendrick and Kronenberg,
1994). Phytochromes can exist in either of two photochemi-
cally interconvertible forms: Pr (absorption maximum in the
red region of the spectrum) and Pfr (absorption maximum in
the far-red region of the spectrum). A classical diagnostic
halimark of a phytochrome response is that it can be elicited
by brief red illumination (R), and the effect of R can be sub-
stantially reversed by far-red illumination (FR) given immedi-
ately after an R treatment. Although the primary mechanism
of action of any phytochrome is not known, activation of
phytochrome signal transduction by light has been shown to
affect transcription of a number of different genes. Different
phytochrome family members can have redundant func-
tions, and at least three phytochrome types can regulate the
expression of genes encoding light-harvesting chlorophyll a/b
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proteins associated with photosystem Il (Lhcb genes) (Furuya
and Schéfer, 1996).

A range of experimental approaches has been taken to
understand the ways in which phytochrome acts and to
identify components involved in transducing the original
light signal. There is biochemical and pharmacological evi-
dence that G proteins and a Ca?*/calmodulin system are in-
volved in phytochrome signal transduction mechanisms
(reviewed in Deng, 1994; Barnes et al., 1995; Quail et al.,
1995). Proteins affecting processes that can be regulated by
phytochrome have been identified by the mutation of genes
(designated DEETIOLATED [DET)/CONSTITUTIVE PHOTO-
MORPHOGENIC [COP)/FUSCA [FUS)) that have pleiotropic
effects, including repression of photomorphogenesis. Sev-
eral of these genes have now been cloned and character-
ized (reviewed in Chory et al., 1996; von Arnim and Deng,
1996). The proteins identified by this strategy include those
that are involved in a diverse array of responses and not
necessarily directly involved in mediating the action of phy-
tochrome, but there is evidence that the DET? and COP1
genes may play a specific role as repressors in photomor-
phogenesis (Chory et al., 1996; Wei and Deng, 1996).

Another approach to understanding the phytochrome sig-
nal transduction chain is to identify promoter sequences and
the cognate factors mediating the regulation of transcription.
There have been many studies of promoter regions respon-
sible for differences in gene expression between light-grown
and dark-treated plants, but fewer studies have focused
specifically on phytochrome regulation (Tobin and Kehoe,
1994; Terzaghi and Cashmore, 1995). Studies that have defined
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promoter regions involved in conferring phytochrome re-
sponsiveness have been performed with rbcS (encoding the
small subunit of ribulose-1,5-bisphosphate carboxylase/
oxygenase), Lhch, and PHYA (encoding an apoprotein of
phytochrome) genes (Nagy et al., 1987; Gilmartin and Chua,
1990; Bruce et al., 1991; Sun et al., 1993; Anderson et al., 1994;
Kehoe et al., 1994; Anderson and Kay, 1995; Kenigsbuch
and Tobin, 1995; Degenhardt and Tobin, 1996). Although
motifs that are necessary for phytochrome responsiveness
have been defined for some of these promoters, no single
consensus motif has been found for such regulation. in sev-
eral instances, it has been shown that multiple sequence
elements are needed for responsiveness (Kehoe et al., 1994;
Degenhardt and Tobin, 1996; Puente et al., 1996), and re-
cently, two different combinations of elements have been
used to confer phytochrome regulation to a reporter gene
(Puente et al., 1996): The hypothesis that multiple sequence
elements are involved is also supported by extensive analy-
sis of promoters of light-responsive genes {Argliello-Astorga
and Herrrera-Estrella, 1996).

The Lhcb1*3 gene of Arabidopsis (Jansson et al., 1992),
originally designated cab140 (for chlorophyll a/b binding
protein gene 140; Leutwiler et al., 1986), has been found to
be regulated by phytochrome action in etiolated seedlings,
with brief R resulting in a large increase in the level of its
mRNA (Karlin-Neumann et al., 1988). We have identified a
DNA binding activity, designated CA-1, that interacts with the
promoter of this gene (Sun et al., 1993). The region to which
CA-1 binds in the Arabidopsis Lhcb1*3 promoter is necessary
for both high-level expression and normal phytochrome regu-
lation of this gene (Kenigsbuch and Tobin, 1995). It is located
immediately downstream of an ACGT core sequence, which
occurs in many different plant promoters and binds tran-
scription factors of the basic leucine zipper type (Menkens
et al., 1995); however, the ACGT sequence is not itself criti-
cal for binding of CA-1 (Sun et al., 1993).

DNA binding proteins that can interact with phytochrome-
regulated promoters have been found in a number of differ-
ent species (reviewed in Tobin and Kehoe, 1994; Teakle and
Kay, 1995; Terzaghi and Cashmore, 1995). Several of these
interact with .sequences shown to be important for phyto-
chrome responsiveness. However, none of them thus far
has been shown to have a functional role in vivo specific for
phytochrome action. In this study, we report the identifica-
tion and characterization of a gene for such a transcription
factor, which interacts with the promoter of the Lhcb1*3
gene of Arabidopsis.

RESULTS

Isolation and Sequence Characterization of CCA1 cDNA
and Genomic Clones

An Arabidopsis A cDNA expression library was screened
with the radiolabeled A2 fragment of the Lhcb 7”3 promoter.

This fragment was used previously to identify CA-1 activity
in plant extracts. To isolate clones encoding proteins that in-
teract specifically with the CA-1 binding site, positive
plaques were also screened with a mutant probe (m1) for
which the CA-1 binding activity in plant extracts has little af-
finity (Sun et al., 1993). Two cDNA clones (21 and 24) were
found to produce proteins that showed specific binding to
the wild-type but not to the mutant probe. Sequence analy-
sis showed that the two clones overlap by 470 nucleotides
and are partial cDNAs derived from the same RNA. Clone 24
included a polyadenylated tail of 15 bases and therefore en-
compassed the entire 3’ region of the mRNA. The 5’ end of
the mRNA was determined by primer extension analysis
(Figure 1A), and this result demonstrated that clone 21 in-
cluded the complete 5’ region of the transcript. A full-length
cDNA clone, designated clone 25, was constructed by join-
ing the 5’ and 3’ fragments of clones 21 and 24, respec-
tively, at the unique Pstl site in the overlapping region.

Screening of an Arabidopsis genomic library with a cDNA
fragment allowed the isolation of the corresponding gene,
which we designated CCA7. The sequence of this gene is
shown in Figure 1B, along with the predicted amino acid se-
quence for the CCA1 protein. The gene sequence includes
seven introns, 237 nucleotides of 5’ untranslated sequence,
and 193 nucleotides of 3’ untranslated sequence. The 1824-
nucleotide open reading frame (ORF) encodes a protein of
608 amino acids with a calculated molecular weight of
66,970 and an isoelectric point of 5.6. An ORF of 24 nucle-
otides is present in the 5’ untranslated region of the tran-
script and is in phase with the main ORF. In several cases,
such ORFs have been shown to be involved in transla-
tional regulation of gene expression (Lohmer et al., 1993;
Hinnebusch, 1994) and have also been found in other plant
transcription factor genes (Singh et al., 1990; Ruberti et al.,
1991; Carabelli et al., 1993; Lohmer et al., 1993).

CCAT1 Is a Single-Copy Gene Encoding a Novel
Myb-Related Protein

The predicted amino acid sequence of the CCA1 protein has
a basic region at the N terminus (K-13 to K-107). Within this
region is a sequence similar to the repeat sequence highly
conserved in Myb-related proteins. Figure 1C shows the
predicted amino acid sequence of CCA1 from amino acid
residue 24 to 75 compared with the repeat sequences of
various Myb proteins from animals, plants, and yeast. Within
this sequence, there is a limited amino acid identity (16 of
52; 31%) and substantial similarity (29 of 52; 56%) when
compared with the third repeat of human c-Myb. The se-
quence identity includes two of the three conserved tryp-
tophans present in most Myb proteins. The conserved -
residues also include seven of the 11 residues that are
known to be important for forming the hydrophobic core
and maintaining the three-dimensional structure of the Myb
repeat, which forms a helix-turn-helix structure (Ogata et al.,
1992). However, the amino acid residues of human Myb that



contact the bases of DNA are not conserved in CCA1 (N-183
in hMyb; S in CCA1; K-182 versus R; N-186 versus Q; N-179
versus V) (Ogata et al., 1994). In contrast to most other Myb
proteins that have been characterized, this region is not re-
peated in the CCA1 protein. No other significant homology
to any protein in the database was found.

We tested whether CCA7 is a member of a gene family in
Arabidopsis by using genomic DNA gel blot analysis. The re-
sults of low-stringency hybridization of Arabidopsis DNA
with a CCA1 probe are shown in Figure 1D. There was a sin-
gle band of hybridization in the lanes that were digested with
EcoRl, Sstl, and Pstl, which have no cleavage site in the
probe fragment. There were two bands in the lane that was
digested with Hindlll, which has a cleavage site in the probe
188 bp from one end. An identical pattern was seen when
the blot was hybridized with the same probe under the high-
stringency conditions (see Methods; data not shown). The
DNA gel blots were also hybridized under both low- and
high-stringency conditions with a probe consisting of nucle-
otides 267 to 949 of the CCA1 cDNA, which includes the re-
gion of similarity to the Myb repeat. This probe gave no
evidence for any additional closely related sequences (data
not shown). We conclude that although the CCA7 gene in-
cludes a small region with amino acid sequence homology
to the Myb repeat, there are no genes that are closely re-
lated to CCAT1 in the Arabidopsis genome.

The Myb-Related Region of the CCA1 Protein
Is Required for DNA Binding

The fact that the two cDNA clones isolated in the initial filter-
binding screening each contained the sequence similar to
the Myb repeat suggested that this region is necessary for
DNA binding. We tested this possibility and further charac-
terized the CCA1 protein by expressing the polypeptides en-
coded by various fragments of the CCA1 cDNA. The CCA1
cDNA clones were fused to the coding sequence for glu-
tathione S-transferase (GST) and used to produce the
polypeptides in Escherichia coli. These constructs are dia-
grammed in Figure 2A. The polypeptides produced were
tested for their ability to bind to the A2 fragment of the
Lhcb1*3 promoter by electrophoretic gel mobility shift as-
says (EMSAs). The polypeptides corresponding to the
pXCA-23 and pXCA-23 constructs were produced as iso-
propyl B-D-thiogalactopyranoside (IPTG)-inducible GST fu-
sion proteins and were also tested as purified proteins after
cleavage from GST. Those corresponding to the cDNA
clones CCA1-21 and CCA1-25 (pXCA-21 and pXCA-25)
contained stop codons in the 5’ untranslated region of the
cDNA and thus were not produced as fusion proteins. Fig-
ure 2B shows an EMSA using either E. coli extracts (lanes 1
to 10, 15, and 16) or purified proteins before (lanes 11 and
13) and after (lanes 12 and 14) cleavage from GST. DNA
binding activities induced by IPTG were observed for pro-
teins produced from constructs pXCA-21, pXCA-24, and
pXCA-25, but binding activity could not be detected for the
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protein produced from construct pXCA-23, which lacked the
N-terminal 82 amino acids. In conjunction with the finding
that the N-terminal 11 amino acids are not necessary for
binding (construct pXCA-24), these experiments demon-
strate that the sequence containing amino acid residues 11
to 82 of CCA1, which includes the region with similarity to
the Myb DNA binding domain, is essential for the DNA bind-
ing activity of the CCA1 protein.

Binding Characteristics of CCA1 and CA-1

To compare the binding characteristics of the CCA1 protein
and CA-1 activity from the plants, we performed footprint
analyses and binding competition experiments using the A2
fragment of the Lhcb1*3 promoter as a probe. The results of
1,10-phenanthroline-copper footprinting are shown in Fig-
ure 3A. At left is the EMSA that was performed to resolve the
free probe and the DNA-protein complexes. DNA was re-
covered from each band after treatment of the gel with
phenanthroline-copper and resolved on the sequencing gel
shown at right. With increasing amounts of the CCA1 pro-
tein purified from E. coli, two complexes (B1 and B2) of dif-
ferent mobilities could be observed. The nucleotides
protected from cleavage in each of the complexes can be
seen on the sequencing gel on the right in Figure 3A. In
complex B1, the —92 to —105 region was protected, and in
complex B2, regions from —92 to —105 and from —111 to
—122 were protected. This result suggests that the two
complexes of different mobilities are a result of the presence
of two separate binding sites on this fragment and that the
—92 to —105 region is the higher affinity binding site for
CCA1. A nearly perfect repeated sequence of AAAY/; AATCTA
occurs in each of these footprinted regions.

The CA-1 protein~-DNA complex obtained with the plant
cell extract (Figure 3A, lane 4) showed protected nucleotides
in the region from —94 to —105, and a second experiment
confirmed these boundaries, demonstrating that CA-1 (from
plant extracts) and CCA1 (from the clone expressed in E.
coli) can bind to the same region of the Lhcb1*3 promoter.

Figures 3B and 3C show the results of methylation inter-
ference and depurination interference experiments per-
formed with the CCA1 protein. Figure 3B shows the
interfering nucleotides on sequencing gels, and their posi-
tions on the A2 fragment of the promoter are shown in Fig-
ure 3C, along with the results of footprinting experiments.
Interference with the protein-DNA binding by the modifica-
tion of a base residue is manifested by increased intensity in
the lane with the free DNA fraction and reduced intensity in
the lane of protein-bound DNA compared with the lane of
control DNA that was not incubated with protein. Both meth-
ylation and depurination interference assays identified the
same nucleotides and showed that nucleotides within both
nearly perfect repeats (AA*/-AATCT) interact directly with
the CCA1 protein.

Figure 3C also summarizes the results of the phenanthro-
line—copper footprinting and shows the extent of the DNase |
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Figure 1. Sequence and Genomic Organization of the CCA7 Gene.



footprint previously determined for CA-1 activity (Sun et al,,
1993). We used unlabeled competitor DNAs in the EMSA to
compare binding specificities of the CCA1 protein produced
in E. coli and the CA-1 activity from the plant extracts. The
wild-type and mutant promoter fragments used as competi-
tors are shown at the bottom of Figure 3C. A representative
result of such experiments is shown in Figure 3D. The bind-
ing of the E. coli-produced CCA1 protein to the probe was
efficiently competed for either by a fragment of the A2 probe
that contained the repeated sequence or by a promoter
fragment (WT2) of another closely related Lhcb gene
(Lhcb1*1, originally called AB165; Leutwiler et al., 1986) that
contains one copy of this sequence (AAAAATCT). The m3
fragment, which had altered nucleotides in the downstream
repeat region, was a less effective competitor than was the
wild type; m1, m2, and m4 fragments, which had alterations
in both repeats, showed the least competition.

When plant extracts were used, all of the fragments
showed some degree of competition, which is likely in part
to be the result of low amounts of the CA-1 protein in plant
extracts. The results are not directly comparable to those
with the purified CCA1 protein because the absolute
amounts of the specific binding proteins are not known.
Nonetheless, it can be seen that the m2 fragment served as
a better competitor for CA-1 than did the m1 fragment,
whereas the opposite was found with CCA1. Even more
striking are the contrasting results with the m4 competitor
DNA. This fragment, in which the C residues of both TCT
motifs in the two repeats were changed, was even more ef-
fective than was the wild type in competing for the CA-1 ac-
tivity, whereas it was not a particularly good competitor for
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CCA1. Thus, although both activities interact with the
AAAAATCT sequence, there are differences in the impor-
tance of individual nucleotides in this sequence for the bind-
ing of CA-1 and CCAT1.

The Product of the CCA1 cDNA Is Nuclear Localized

We used a transient expression assay in onion epidermat
cells to test whether the product of the CCA7 gene was lo-
calized to nuclei, as might be expected for a transcription
factor. The uidA gene, which encodes B-glucuronidase
(GUS), was fused in frame to the coding sequence of CCAT
so that GUS activity could be used to localize the compart-
mentation of the CCA1 protein. This transient assay should
result in the expression of GUS activity in individual cells
into which the DNA is effectively introduced. Figures 4A and
4B show that when a cauliflower mosaic virus 35S::uidA
construct (pMF::GUS) was used in this assay, GUS activity
was detected throughout the cytoplasm. When a construct
(PMF::B::GUS) with the opaque2 gene, which encodes a
well-characterized transcription factor from maize, was
fused to the uidA gene and used, GUS activity was detected
specifically in nuclei (Figures 4C and 4D). Similarly, specific
nuclear localization was found for the CCA1-GUS (p35S-
CCA1-GUS) fusion protein, as shown in Figures 4E to 4H.
These results show that the CCA1 protein is targeted to nu-
clei, and they are consistent with the proposed function of
the CCA1 protein as a transcription factor.

In view of results showing that light and dark treatments
can affect the nuclear localization of another protein involved

Figure 1. (continued).

(A) Transcription start site of the CCA7 gene. The products of the primer extension reaction {lane P) were resolved on a 9% sequencing gel,
along with the sequencing reactions (lanes T, G, C, and A). The arrow indicates the largest extended product detected. The sequence around
the junction of the cDNA and the Salil adapter is shown.

(B) Nucleotide and deduced amino acid sequences of CCAT. The nucleotide sequence of the cDNA is in uppercase letters, and those of the pro-
moter, introns, and 3’ flanking sequences are in lowercase letters. The deduced amino acid sequence is shown in single-letter code below the
corresponding codons, and the Myb-related region is in boldface letters. The overlapping region of cDNA clones 21 and 24 is underlined. A
small ORF in the 5’ untranslated region is shown in boldface italics. The numbers at left indicate the positions of the first amino acid on each line,
and those at right show the positions of the last nucleotides relative to the transcription start (boldface T). The GenBank accession numbers for
the cDNA and genomic sequences are U28422 and U79156, respectively.

(C) Sequence similarity between CCA1 and Myb proteins. The deduced amino acid sequence of a region of CCA1 (amino acids 24 to 75) is com-
pared with one of the repeat sequences of the DNA binding domains of the Myb proteins from potato (St1, potato MybSt1; Baranowskij et al.,
1994), human (HMyb, human c-Myb; Majello et al., 1986), chicken (CMyb, chicken ¢c-Myb; Gerondakis and Bishop, 1986), Drosophila (DMyb,
Drosophila c-Myb; Peters et al., 1987), maize (ZmC1, C1 protein of Zea mays; Paz-Ares et al., 1987), yeast (YBAS1, yeast BAS1 protein; Tice-
Baldwin et al., 1989), and Arabidopsis (AtGi1, Arabidopsis GI1 protein; Oppenheimer et al., 1991). The amino acid residues identical to CCA1 are
boxed in black; those similar to CCA1 are boxed in gray. Asterisks show the pasitions of the conserved tryptophan residues. Dashes indicate
gaps introduced to maximize alignment. The numbeér at the right of each sequence indicates the position of the last amino acid in the corre-
sponding protein.

(D) CCAT1 is a single-copy gene in the Arabidopsis genome. Shown is a genomic DNA gel blot analysis of the CCA7 gene in Arabidopsis under
low-stringency conditions with a 1.3-kb fragment of the 3’ region of CCA7 cDNA (nucleotides 950 to 2254 of the cDNA). Each lane contains 5 pg
of Arabidopsis genomic DNA digested with the restriction enzyme indicated. The positions and sizes of molecular markers are shown at left.
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Figure 2. The Myb-Related Region of the CCA1 Protein Is Neces-
sary for its DNA Binding Activity.

(A) Diagrams of the constructs used for expression of CCA1
polypeptides in E. coli. Ovals represent the GST coding sequence,
and bars represent the CCA7 coding sequence; numbers indicate
the amino acid residues encoded, and the Myb-related region is in-
dicated by hatched boxes. Crosses (X) mark the positions of stop
codons in the 5’ untranslated region of CCA7 cDNA (solid line). Ar-
rowheads show the positions of factor Xa cleavage.

(B) EMSA for DNA binding activities of polypeptides produced from
the cDNA constructs shown above each pair of lanes. Each reaction
included 0.3 ng of #?P-labeled A2 DNA probe and 1 pg of poly(dl-
dC). Lanes 1 to 10, 15, and 16 each contain 1 g of protein from ex-
tracts of E. coli induced (+) or not induced (—) with IPTG. Lanes 11
and 13 each contain. 50 ng of purified GST-CCA1 fusion proteins
(factor Xa [-]), and lanes 12 and 14 each contain 50 ng of purified
CCA1 polypeptides released from the GST-CCA1 fusion proteins by
factor Xa cleavage (Factor Xa [+]). The asterisk marks a nonspecific
DNA binding activity. The arrow and the triangles denote the posi-
tions of the major protein-DNA complexes formed by the GST-
CCA1 fusion protein and the nonfusion CCA1 polypeptides, respec-
tively. Lanes 15 and 16 are a longer exposure of lanes 5 and 6.

in photomorphogenesis (COP1; von Arnim and Deng, 1994)
and of a G-box (ACGT core motif) binding factor (Harter et
al., 1994), we tested whether the partitioning of CCA1 was
altered if the transient assay was performed in the dark. Un-
like COP1, which was also tested in the onion transient as-
say system and was nuclear localized only in the dark, no
difference in the nuclear localization of CCA1 was seen be-
tween the light and dark samples (data not shown).

Expression of CCA1 in an Antisense Orientation Affects
the Phytochrome Response of the Endogenous
Lhcb1*3 Gene

We have previously shown that the promoter region to
which the CA-1 activity binds is essential for phytochrome
regulation of the Lhch1*3 gene (Kenigsbuch and Tobin,
1995). Therefore, if the product of the CCA7 gene interacts
with this promoter in vivo, it might be expected to affect the
phytochrome induction of Lhcb1*3 expression. We ad-
dressed this possibility by transforming Arabidopsis with
portions of the CCA7 gene in an antisense orientation driven
by the constitutive cauliflower mosaic virus 35S promoter
(Figure 5A). For each independent transgenic line, T, seeds
homozygous for the T-DNA insertion were selected by analy-
sis of the segregation of kanamycin resistance, and seedlings
from these homozygous seeds were tested for the phyto-
chrome responsiveness of both the endogenous Lhcb1*3
gene and another phytochrome-regulated gene, the rbcS-1A
gene. Figure 5B shows that in five of these seven lines, the
level of Lheb1*3 mRNA after the red treatment was substan-
tially lower than that of the wild type. However, no substan-
tial effect of the antisense construct was seen for rbcS-1A
gene expression in the same lines. The mMRNA levels for
Lheb1*3 and rbcS-1A were normalized to a ubiquitin RNA
(ubg3; Brusslan and Tobin, 1992), and the relative expres-
sion levels of these two genes for all the lines and treat-
ments are shown below the autoradiogram. The fold-
increase of Lhcb1*3 RNA in response to R was reduced in
lines 4, 14, 17, 21, and 34, ranging from 37 to 53% of that of
the wild type, but the induction of the rbcS-7A RNA was not
comparably affected. Also, the antisense construct did not
affect the mRNA levels in plants that had been given no light
treatment or had been given FR after the R treatment. No
visible phenotype was apparent in the antisense lines.

We also used the T3 generation of four of the lines to test
whether the reduction in Lhcb7*3 RNA correlated with a re-
duction in levels of CCA1 RNA. In this generation, there was
a smaller effect of the antisense construct. It is not unusual
for antisense effects to be lost or diminished in subsequent
generations. For example, Chamnongpol et al. (1996) found
that seven of eight lines expressing an antisense construct
for a catalase gene lost the catalase suppression pheno-
type in their progeny. The R induction of Lhcb7*3 RNA
ranged from 68 to 86% of the wild type in the T; seedlings
of these four lines, and the levels of CCA7 RNA were 68 to
75% that of the wild-type plants. Although the effect of the
antisense constructs was substantially reduced in this gen-
eration, the reduction of CCA7 RNA was accompanied by a
similar decrease in the induction of Lhcb1*3 RNA by R. Our
results demonstrate that the CCA1 protein can have a spe-
cific effect on the phytochrome induction of expression of
the endogenous Lhcb1*3 gene in vivo, and they strongly
support the hypothesis that this protein is a part of the nor-
mal transduction pathway for the phytochrome response of
this gene.



Expression of the CCA1 Gene Is Transiently Induced by
Light Treatment of Etiolated Seedlings

We tested whether the expression of the CCA7 gene might
be regulated by light by examining the level of its RNA after
transferring etiolated seedlings to continuous white light.
The results of this experiment are shown in Figure 6. Two
bands corresponding to CCA7 RNA are detected at 2.9 and
2.4 kb on RNA gel blots. The lower band corresponds to the
size of the fuil-length cDNA; the upper band may represent
an incompletely spliced form of the RNA or an alternate
transcript from this gene. The level of CCAT mRNA shows a
large increase within the first hour of the light treatment and
then declines over the next half day. This increase peaks
earlier than does the increase in Lhcb RNA and is consistent
with the hypothesis that CCA1 normally is involved in the in-
duction of Lhcb gene expression.

The AATCT Motif Is Highly Conserved in Promoters of
Lhc Genes

Genomic sequences of 61 Lhc (apoproteins of light-harvest-
ing complexes) genes were examined, and 55 of these were
found to contain an AATCT motif in the region from —350 to
—1 relative to translation start or —250 to —1 relative to tran-
scription start. Of these, 35 occur just upstream of a CCAAT
box. In some cases, the sequence is found on the comple-
mentary strand. A summary of these data, showing nucle-
otide identities (compared with the Lhcb1*3 promoter), is
shown in Table 1. Additional adenines are frequently found
upstream of the AATCT motif. Analysis of another family of
phytochrome-regulated genes, the rbcS genes, did not re-
veal any striking conservation of the AATCT sequence.

DISCUSSION

The isolation of the Arabidopsis CCA7 gene has allowed us
to further our understanding of an essential step in the phyto-
chrome regulation of Lhcb gene expression. It is of particular
importance that phytochrome regulation of the endogenous
Lhcb1*3 gene was reduced in lines transformed with a
CCAT1 antisense construct because it demonstrates that the
CCA1 protein not only interacts with the promoter of the
Lhcb1*3 gene in vitro but that it also functions in the phyto-
chrome regulation of the expression of this gene in vivo. The
fact that the binding site is conserved in Lheb genes sup-
ports the possibility that proteins related to CCA1 play a role
in other species as well.

The predicted amino acid sequence of CCA1 includes a
region near its N terminus with some sequence identity to a
repeated region of Myb proteins. The Myb repeats are
known to be involved in DNA binding (Ogata et al., 1994). By
synthesizing truncated versions of the CCA1 protein in E.
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coli and testing them for the ability to bind to the Lhcb1*3
promoter, we have been able to demonstrate that the Myb-
related region of CCA1 is also required for binding to this
promoter, although this region is not repeated in CCA1.

A large number of Myb proteins have been found in differ-
ent plant species, and they comprise a gene family. For ex-
ample, in Arabidopsis, at least seven myb homologs have
been characterized to date (Oppenheimer et al.,, 1991;
Shinozaki et al., 1992; Urao et al., 1993; Li and Parish, 1995;
Li et al., 1996; Quaedvlieg et al., 1996);‘sequences of 16 ad-
ditional members of this family from Arabidopsis are provided
in the GenBank database, and an additional 22 myb-related
sequences are present in the Arabidopsis expressed se-
quence tag database. However, the CCA1 protein cannot
unequivocally be considered a member of the Arabidopsis
myb gene family for several reasons. First, it has only a lim-
ited degree of amino acid sequence identity to any other
Myb protein, and although this region of similarity includes
two of the three conserved tryptophan residues of the Myb
repeat, the region is not repeated in the CCA1 protein. One
other Myb-like protein, MybSt1, which has a single region
with some identity to the Myb repeat, has been reported in
potato (Baranowskij et al., 1994); however, the CCA1 protein
has no greater similarity to this protein than to other Myb
proteins, and no homology could be detected between
other regions of CCA1 and MybSt1. Second, CCA7 probes
can only detect a single gene on a DNA gel blot even at low
stringency and using a probe including the myb-related se-
quence. In addition, the DNA region to which it binds, and
which is conserved in a number of plant Lhcb genes, does
not include the plant consensus sequence CCV/,ACC for
recognition by the maize Myb P protein (Grotewold et al.,
1994), the recognition sequence for other plant Myb pro-
teins (e.g., see Solano et al., 1995), or consensus sequences
determined for Myb proteins from other kingdoms (TAACTG)
(Tanikawa et al., 1993). We conclude, therefore, that CCA1
is a novel myb-related gene rather than a member of the
myb gene family in Arabidopsis.

In addition to the Myb repeat region of CCA1, there are
other regions of potential interest. A basic region was found
at the C terminus (K-559 to T-608, with 13 basic residues).
There is an acidic region in the C-terminal half (D-352 to
E-544; 42 acidic residues of 194) that is also serine and thre-
onine rich (40 of 194). Within this region, the acidic residues
are clustered in three stretches of amino acids (E-370 to
E-389, seven of 20; D-434 to D-458, 11 of 25; and E-510 to
E-544, 11 of 35) that are predicted to form a-helices (Chou
and Fasman, 1978). This region might function as an acidic
transcription activation domain for the CCA1 protein. These
three acidic stretches also contain serine and threonine resi-
dues that match potential phosphorylation sites for casein
kinase Il and protein kinase C. Phosphorylation of these res-
idues would increase the negative charge density in these
regions. There are also a number of additional possible
phosphorylation sites throughout the protein, which is con-
sistent with our previous finding that the CA-1 activity can
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be phosphorylated (Sun et al., 1993). The CCA7? clone has
been mapped to a position near the bottom of chromosome 2
next to marker Athb-7 at 94.8 centimorgans on a yeast artificial
chromosome-anchored physical map (Zachgo et al., 1996).

We have also demonstrated that the CCA1 protein is
transported to nuclei in vivo, and this is consistent with its
proposed function as a transcription factor. The N-terminal
basic region contains a proline/basic rich sequence (P-92 to
K-107) that has two clusters of basic amino acids. These
features are characteristic of a bipartite nuclear localization
signal (Raikhel, 1992).

The CCA1 protein interacted with two closely spaced
binding sites with nearly perfect 10-bp repeated sequences
(AAAA/GAATCTA) in the Lhcb1*3 promoter. Our previous re-
sults (Sun et al., 1993) and the results of the phenanthroline—
copper footprinting (Figure 3A) showed that the CA-1 activ-
ity could protect the same sequence as CCA1. The pre-
dicted molecular weight of the encoded protein (66,970) is
approximately the same as the apparent molecular weight of
the partially purified CA-1 activity (Sun et al., 1993). There
are, however, some differences in the relative importance of
specific nucleotides for the binding of the two activities. The
binding of CCA1 was more affected by alteration in the TCT
sequence than by alterations in the AAAAA, whereas the op-
posite was observed with the plant extract activity (cf. m3
and m4 in Figure 3D). It is possible that the differences ob-
served are the result of differences in modifications of the
protein in E. coli and plants or that the CA-1 activity in the
plant extracts might be associated with another protein that
might alter its binding characteristics. It is also possible that
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CA-1 and CCAT1 are the products of two genes, or the result
of alternative splicing, in which case they may compete for
the same binding sites. Further studies are required to ad-
dress definitively the relationship between CCA1 and CA-1.

We have previously shown that the region of the Lhcb1*3
promoter to which the CA-1 protein binds is essential both
for a high level of expression and for its phytochrome re-
sponsiveness (Kenigsbuch and Tobin, 1995). A mutation
was made in a 1.15-kb segment of this promoter and con-
sisted of the same nine nucleotide changes as in the m1
construct used in the competition experiments (Figure 3C);
the activity of mutant and wild-type promoter and reporter
constructs was examined in transgenic Arabidopsis lines.
The expression of the mutant construct was much lower
than that of the wild-type construct and showed no respon-
siveness to phytochrome. Based on these data, we sug-
gested that CA-1 might act as an activator of transcription of
the Lhcb1*3 gene. The m1 mutation also affects the binding
of the CCA1 protein. Therefore, by analyzing the effects of
expressing the CCA1 cDNA in an antisense orientation in
transgenic Arabidopsis plants, we tested whether the pro-
tein encoded by CCAT could affect expression or phyto-
chrome regulation of transcription in vivo. In five of seven
such transgenic lines, a substantial decrease in the phyto-
chrome-induced increase in Lhcb1*3 RNA was observed.
This result demonstrates that CCA1 can affect the phyto-
chrome regulation of Lhcb1*3 in vivo. The fact that none of
the lines we recovered showed strong suppression of CCA7
RNA suggests the possibility that complete loss of function
might be highly deleterious. Our results strongly support the

Figure 3. (continued).

(A) Phenanthroline-copper footprints of the affinity-purified CCA1 protein expressed in E. coli and of the partially purified plant CA-1 protein.
Shown at left are the results of an EMSA, with the A2 fragment and with the amounts of proteins and poly(di-dC) shown above each reaction.
This gel was treated with phenanthroline—copper to cleave the DNA, and the DNA of each band was recovered and separated on a sequencing
gel, shown at right. The labeling of reactions and complexes is the same as for the EMSA,; lanes S are the G+A chemical sequencing reactions.
The lines between the lanes highlight the regions protected by the proteins. The sequence of the protected region is also shown. B, CA-1 pro-
tein-DNA complex; B1 and B2, CCA1 protein-DNA complexss; F, free probe.

(B) DNA modification interference with CCA1 binding. Partially methytated (gels | and Il) or depurinated (gels Hl and IV} A2 probes, which were la-
beled at the 3’ end of either the coding strand (I and Ill) or the noncoding strand (Il and V) of the DNA, were incubated with the CCA1 protein.
The free DNA (F), protein-bound DNA (B), and DNA not incubated with the protein (C) were cleaved by piperidine and separated on an 8% poly-
acrylamide-urea sequencing gel. Arrows indicate the positions at which modification of DNA interferes with the CCA1 binding.

(C) Summary of binding site interactions and protection by CCAt and CA-1, and sequences of DNA fragments used in the competition EMSA.
A2 is the sequence of the A2 fragment of the Lhcb7*3 promoter. Thick lines and the thin line indicate regions protected by CCA1 and CA-1, re-
spectively, in the phenanthroline—copper footprint assay {A). Dashed lines indicate regions protected by CA-1 in the DNase | footprint assay (Sun
et al., 1993). Asterisks designate nucleotides that interfere with CCA1-DNA binding when methylated; boldface letters indicate nucleotides that
interfere with the CCA1-DNA binding when depurinated (B). WT1, WT2, and m1 to m4 are sequences of wild-type and mutated DNA fragments
used as competitors. Dashes represent nucleotides identical to those of the A2 fragment. WT2 is the —117 to —78 region relative to transcription
start of the Lhcb1*7 gene. Dots denote gaps introduced to optimize the alignment of the conserved sequence elements.

(D) Competition EMSA analysis of the CCA1 protein and CA-1 activity, using wild-type and mutant promoter fragments. All tanes contain 0.3 ng
of the 3P-labeled A2 probe. Triangles above the lanes denote increasing amounts (6, 20, and 60 ng) of competitor DNA. Except for lanes labeled
“No protein,” each lane contains 4.4 ng of purified CCA1 protein expressed in E. coli (top) or 0.46 g of protein in plant extracts enriched for CA-1
(bottom). Arrows indicate the protein-DNA complexes. Autoradiograms and quantification of the binding are shown. The sequences of the com-
petitors are given in (C).
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Figure 4. The CCA1-GUS Fusion Protein Is Localized to Nuclei in
Onion Epidermal Cells.

Tissues were analyzed both for GUS activity by colorimetric X-gluc
staining ([Al, [C], [E], and [G]) and for nuclei by 4'-6-diamidino-2-
phenylindole (DAPI) fluorescence staining ([B], [D], [F], and [H]).
Shown is microscopy of onion cells after staining.

(A) and (B) The same onion cells transformed with pMF::GUS as a
negative control.

(C) and (D) The same onion cells transformed with pMF::B::GUS as
a positive control (Varagona et al., 1992).

(E) to (H) Two sets of cells transformed with p35S-CCA1-GUS.
Bars = 20 pm.

idea that CCA1 normally interacts with this promoter in vivo
and acts as an activator of the phytochrome response of the
Lhcb1*3 gene.

The expression level of Lhcb1*3 was not affected in dark-
grown seedlings of any of the antisense lines. This latter ob-
servation suggests the possibility that the large reduction of
expression seen in transgenic plants of the m1 mutant
Lhcb1*3 promoter and reporter gene construct (Kenigsbuch
and Tobin, 1995) may have been caused by an effect on the
binding of a transcription factor in addition to CCA1. Be-
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Figure 5. Phytochrome Regulation of Lhcb7*3 and rbcS-1A Genes
in Transgenic Plants Expressing Antisense CCA7 RNA.

(A) Diagrams of constructs for expression of antisense CCAT in
transgenic plants. The 35S indicates the 35S promoter of cauliflower
mosaic virus. NOS is the transcription termination sequence of the
nopaline synthase gene. Arrows show the sense direction of the
CCAT1 gene. Numbers show the nucleotide positions of the cDNA
fragments.

(B) RNase protection assays for Lhcb1*3 and rbcS-1A RNA. Five-
day-old dark-grown seedlings were given no light treatment (D), 2
min of R, or 2 min of R followed by 10 min of FR at 4 hr before har-
vesting (F). Line 21 was transformed with construct CCA1-AS21. All
of the other lines were transformed with CCA1-AS1.4. The ubg3
gene was used as an internal control. Quantification of the Lhcb1*3
and rbcS-1A RNA levels, normalized to the ubg3 RNA, is shown be-
low the gel. The averages of three independent experiments are
shown with standard errors for the Lhcb1*3 expression. The aver-
ages of two independent experiments are shown for rbcS-1A gene
expression. Relative induction is the ratio of the R sample to the D
sample as a percentage of this ratio for the wild-type line, which is
set to 100 for each RNA. WT, wild type.
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Figure 6. CCA7 RNA Is Induced by Light in Etiolated Seedlings be-
fore the Lhcb1*3 RNA.

Arabidopsis seedlings were grown in the dark for 6 days, transferred
to continuous light, and harvested at the specified time after the
transfer. RNA (12.5 pg for the 5-hr sample and 15 pg for all other
samples) was analyzed on gel blots by hybridization with RNA
probes of Lhcb1*3, ubq10, and CCA1 genes. The three gels repre-
sent different exposure times. The approximate length of each band
of CCA1 RNA is shown at right. Quantitation of the amounts of sig-
nal from CCAT1 and Lhcb1*3 RNAs relative to the ubq70 RNA is also
shown.

cause there is a G-box (ACGT-containing) sequence adja-
cent to the binding site for CA-1, it is possible that the
mutation also affected the binding of a member of the G-box
transcription factor family (Menkens et al., 1995) either di-
rectly, because of the DNA sequence changes, or indirectly,
by a mechanism that might involve an interaction with the
CCAT1 protein. It has been frequently observed in other sys-
tems that Myb proteins act in combination with other tran-
scription factors (e.g., Tice-Baldwin et al., 1989; Goff et al.,
1992; Burk et al., 1993; Larkin et al., 1994). The presence of
a CCAAT box downstream of the conserved CCA1 binding
sequence (Table 1) also raises the possibility that CCA1
could interact with a CCAAT-box binding protein. The
CCAAT motif occurs in many eukaryotic promoters, and it
has been proposed that factors binding to this sequence
can facilitate recruitment of transcription factors binding up-
stream of this sequence (Wright et al., 1994).

The proposed role in transcriptional activation of the pro-
tein(s) binding to the AAA*/cAATCTA region contrasts with
our earlier proposal that CA-1 might act to repress tran-
scription in dark-grown seedlings (Sun et al., 1993). This
idea was based on the lack of CA-1 binding activity in seed-
lings of a det? mutant, in which Lhcb RNAs accumulate in
dark-grown seedlings (Chory et al., 1989; Chory and Peto,
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1990). However, we have since found that CA-1 activity is
present in det7-6, a null allele of det? (Pepper et al., 1994). It
is possible that the det7-1 allele, used in our earlier work
(Sun et al., 1993), actually makes a truncated protein (Pepper
et al., 1994) whose presence affects the DNA binding activ-
ity of CA-1. CA-1 activity is also present in the cop71-4 (Deng
and Quail, 1992) mutant (Z.-Y. Wang and E.M. Tobin, un-
published data).

It is also of interest that the expression of another phyto-
chrome-regulated gene, the rbcS-1A gene, was not affected
in the antisense lines. It is striking that the phytochrome reg-
ulation of one gene can be altered without affecting the reg-
ulation of another. It has been suggested that there are
several signal transduction pathways leading to phyto-
chrome-activated gene expression (reviewed in Barnes et
al., 1995), and a number of different observations have indi-
cated that at least the final steps of the phytochrome signal
transduction pathway differ between Lhcb and rbcS genes
(reviewed in Tobin and Kehoe, 1994). The results with the
antisense transgenic plants and the sequence conservation
of the CCA1 binding sequence in Lhcb genes, but not in
rbcS genes, suggest that CCA1 is specifically involved in
regulating the transcription of Lhcb genes.

The conservation of the AAAAATCT motif in Lhc genes of
many species (Table 1) suggests the possible general in-
volvement of CCA1-related proteins in the regulation of Lhc
genes. An AAAAATCTA seqguence is present in the closely
related Lhcb1*1 gene of Arabidopsis, and the results of
competition assays suggested that both the CA-1 activity
and the CCA1 protein can also interact with this sequence in
the promoter of the Lhcb7*7 gene. This sequence is present
in a 38-bp region sufficient for circadian regulation of the
Lhcb1*1 gene and that has been found to bind several activ-
ities (CUF2/3) that differ from CCA1/CA-1 (Carré and Kay,
1995). Further studies are necessary to test whether the
CCAT1 protein might also be involved in the circadian regula-
tion of this gene.

Transferring etiolated seedlings to white light resulted in a
transient increase in CCA7 RNA. An Antirrhinum myb gene
has been reported to be expressed at a lower level in light-
grown seedlings than in etiolated seedlings (Jackson et al.,
1991), and some alleles of another myb gene, the C7 gene
of maize, are expressed at a higher level in light- than in
dark-grown seedlings (Scheffler et al., 1994; Kao et al.,
1996). The finding that the level of CCA7 RNA increases in
response to light more rapidly than the increase in Lhcb
RNA is consistent with the idea that the CCA1 protein plays
an important role in the phytochrome signal transduction
chain leading to increased expression of Lhcb genes. Al-
though further studies are necessary to characterize the ef-
fects of light on the level and/or activity of the CCA1 protein,
it seems likely that the phytochrome-induced increase in
Lhcb expression is caused at least in part by an increase in
CCAT7 RNA levels.

In summary, the CCA1 gene that we have cloned encodes
a Myb-related protein that binds to a region of the Lhcb1*3
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Table 1. Conservation of AAAAATCT and CCAAT Sequences in the Lhc Promoters

Species Locus Name? Sequenceb Position®
Arabidopsis ATHCAB1A aaAcAAACAATCTAaacc —-109Tx
ccAAAAAAAATCTAtgactagCCAATagca ~79Tx
AT5FCAB2 aaAACAAAAATCT taaaat CCAATgaatga ~78Tx
AT5FCAB3 aaAAccAAAATCTcaaaaatCCAATgagta ~95Tx
ATLHB1B1 aaAccAAAAATCTgatgccagctcgaca ~207TH
agAcAAAAAATCTA ~193Tl
agctcAAAAATgTcaacaaCCAATagaaat ~163TI
gCcAAAt tAAATCTtcaagttttgCAATtca ~106TI
ATLH1B2 aatcccAAAATCTcataagCCAATcactaa ~134Tl1
ATHCAB6P taatatacgTAGATTcTgcTTt tATCTgaa ~116Tx
ATLHCB4 tgacCCAATCAGATTg —242T
tacctcATCTAGATTTTaTTgCCAATggac —212T
Brassica napus BNPHIICHL aatcccAAcATCTAactcttatCAATatce —133Ti
Cotton COTIABINA aacAtcAAAATCTtggaagctCCAATgaaa —78Tx
COTIABINB acAtAtAAAATCTtcacttCCATTttcata —38Tl
GHCAB tagcct tAAATCTgt —135Tl
t gAAAGAAAATCTAacg-n12-cat CCAAT —98Tl
Soybean GMCAB3 cCAAACAAAATCTcaaacccCCAATgagat —144T\
Lemma gibba LGIAB19A atAcAgAAAATCTgccat -n12-aaCCAAT —128Tx
Rice OSCABR1 tcAccAAgAATCTtcgagaaacttataaac —232T
cgccgAAAAATCTcggacaaacccgeggct —200TI
Petunia PECAB22L gctAAtggAATCTtgaaacCCAATgaaat t —144T1
PHCAB37 caAggAAAAATCagaaggaaat CCAAATcC —98Tx
Pea PSCABIIC atAtgAAgAATCTAtcccataagtggatca —127Tx
tagAcAAAAATCTccaactcCCAATgaaat —82Tx
PEACAB66 9CAAAgAAAATCTccaactagCCATAget t —B64Tx
. PEACABS80 gCcAAAgAAAATCTccaactagCCATAgett —64Tx
Mustard SACAB aactAAAgAATCTAaaccaaaagcectgtgge —142Tx
atAtccAAAATCTcat tagCCAATcaggaa —80Tx
Spinach SOCAB1PRO tagAAAtAAATCTccaaaatgcatggctta —140Tx
aacAccAAAATCTtcctaagCAAATaagaa —91Tx
Tobacco TOBCABA catgtAtggATCTt tgaaacCCAATgaaat —143T|
TOBCABB atAAAAAgtATCTAAAAAAATCTtgtcatg —152Tx
TOBCABC gctAgtgAAATCTtgaaatCCAATgaaaat —138T1
NTCAB7 t tAAACAAALTgTtATCTtCCAATgagaaa —151Tl
Tomato LECABTAUP acACAtgggATCTtgatacCCAATgagatt —148TI
LECAB9 tccAcAttcATCTtccectgtggetCCAATa —149TI
LECAB11 t tccAAAAAATCTtagt —79Tx
gactcttcaAGATTgaaccagagccaCAAT —49Tx
LELHBCI1g acAcAAAACATCTccaaccaCAATttctac —125T|
TOMCAB tatagCCAATAACAATCTAaat t cCAGATTT —56Tx
TOMCBPA acAcAtgggATCTtgatacCCAATgagatc —123Tl
TOMCBPB tttgagt TAGATTTTTT-n13-tcaCCAAT —145T]
TOMCABIN tggtccgAAATCTAtccaccagagatcatt —159TI
TOMCBBIN tggt cAgAAATCTAtccacTAGATTTcaTc —138Tl
ZMCAB1 99t gAgAAtATCTggcgactggcggagacce —149Tx
ZMCABM7 tccaagcatcAGATTTaTTTTtattttctg —83Tx

aFrom GenBank.

®Nucleotides identical to those of Lhcb 13 (ATHCABTA) at or near the AATCT sequence are in boldface uppercase letters (complementary nu-
cleotides are italicized). Lowercase letters indicate nonidentical nucleotides. CCAAT boxes are in uppercase letters.

¢Positions of the last nucleotides relative to translational start (Tl) or transcriptional start (Tx) of the gene.




promoter that is essential for phytochrome regulation of this
gene. The encoded protein can affect the phytochrome reg-
ulation of this promoter in vivo but does not affect an rbcS
gene that also can be regulated by phytochrome. The ex-
pression of the CCA1 gene itself can be regulated by light.
Our data show that CCA1 is a part of the phytochrome sig-
nal transduction chain leading to increased transcription of
the Lhcb1*3 gene in Arabidopsis.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia was used in all experiments,
except ecotype Nossen (No-O) was used for fransformation with the
antisense CCA7 constructs. The medium used for plant growth
(MS2S medium) contained 1 X Murashige and Skoog salts {Gibco
BRL), 0.05% Mes, pH 5.7, 0.8% Phytagar (Gibco BRL), and 2% su-
crose. Light-grown plants were maintained at 24°C in a growth
chamber with light intensity of 150 nE m=2 sec~'. Growth and light
treatments of etiolated seedlings for phytochrome experiments were
as described previously (Brusslan and Tobin, 1992). White onions
used for nuclear localization experiments were purchased from a lo-
cal supermarket.

Cloning and Sequencing of CCA1 cDNA and Genomic Clones

Poly(A) RNA was isolated from leaves of Arabidopsis grown for 3
weeks on soil in continuous white light. A directional cDNA expres-
sion library was constructed in Agt22A by using the SuperScript
Lambda system (Bethesda Research Laboratory instruction manual).
The library was screened essentially as described by Singh et al.
(1989), except that NEB buffer (25 mM Hepes-NaOH, pH 7.2, 40 mM
KCI, 0.1 mM EDTA, 5 mM B-mercaptoethanol, 10% glycerol; Sun et
al., 1993) was used as the binding buffer, and the washing solution
was supplemented with 0.25% nonfat dry milk and 0.1% Triton
X-100. Approximately 640,000 unamplified recombinant phage
plaques were screened in the first round by using double-stranded
A2 DNA probe (A2; Figure 3D; Sun et al., 1993). The positive plaques
from the initial screening were rescreened using both the A2 probe
and a mutant probe (m1 probe; Figure 3C) that binds poorly to the
CA-1 activity (Sun et al., 1993). Two phage clones (clones 21 and 24)
that bound only to the A2 and not to the m1 probe were isolated as
individual plaques. The cDNA inserts were subcloned into the Sall
and Notl restriction sites of pGEM-11Zf(—) (Promega). To recon-
struct a full-length cDNA (clone 25), the 5’ end of the cDNA clone 24
was removed as a Sall-Pstl fragment and replaced with that of clone
21. Sequencing of the region spanning the Pstl junction of clone 25
confirmed the reconstitution of wild-type sequence.

A genomic clone corresponding to the CCA1 cDNA was isolated by
screening a genomic library of Arabidopsis ecotype Columbia in
AGEM11 (Promega), using the Ssti-Not! fragment of CCA1 cDNA
clone 24 (corresponding to nucleotides 950 to 2254 of the full-length
cDNA).

The sequences of the CCA1 cDNA and overlapping fragments of
the genomic clone were determined by the dideoxy chain termination
method using a Sequenase kit (United States Biochemical) and
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double-stranded plasmid DNA. Both strands of the cDNA and ge-
nomic DNA were completely sequenced.

Sequence Analysis and Database Searching

The protein and DNA sequences were analyzed using the MacVector
software (IBl, New Haven, CT) and the Genetics Computer Group
(Madison, WI) software package. The GenBank database was
searched with the amino acid sequence of CCA1 by using the BLAST
(Altschul et al., 1990) and FASTA programs (Pearson and Lipman,
1988) on the National Center for Biotechnology Information (NCBI)
on-line service. Sequence alignment was assembled manually, based
on the results of database searches.

Genomic sequences of light-harvesting complex apoprotein (Lhc)
genes and small subunit of ribulose bisphosphate carboxylase/oxy-
genase (rbcS) genes were retrieved from the GenBank database by
using text search on the NCBI worldwide web site. The presence of
AATCT sequences in the promoter regions of the genes was de-
tected using the FASTA program and further analyzed visually.

DNA and RNA Gel Blot Analyses

Genomic DNA isolation and DNA gel blotting were performed as de-
scribed by Brusslan et al. (1993). Membranes were hybridized with
32p-|abeled CCA1 cDNA fragments under high-stringency conditions
(final washes were at 65°C in 0.1% SSC [1 X SSC is 0.15 M NaCl,
0.015 M sodium citrate] and 0.1% SDS) and then stripped and re-
probed under low-stringency conditions (hybridization at 32°C in
buffer containing 50% formamide, 0.25 M NaHPO,, pH 7.2, 0.75 M
NaCl, 7% [w/v] SDS, and 1 mM EDTA, and final washes at 45°C in
2 X 8SC and 0.1% SDS).

Total RNA was extracted from Arabidopsis seedlings as described
by Brusslan and Tobin (1992). Total RNA was separated on a 1%
agarose gel containing formaldehyde and blotted onto Zeta-Probe
membrane (Bio-Rad, Richmond, CA), following the manufacturer’s
instructions. RNA probes were synthesized by in vitro transcription,
using linearized plasmid DNA. CCAT RNA probe was synthesized from
CCA1 clone 24. To make the ubg?0 RNA probe, a fragment of the 3’
untranslated region of the ubq70 gene (Callis et al., 1995) was amplified
by polymerase chain reaction (PCR), using the primers 5'-CTG-
TTATGCTTAAGAAGT TCAATGT-3' and 5'-CCACCCTCGAGTAGA-
ACACTTATTCAT-3'. The amplified fragment was digested with Hindlll
and Xhol and cloned into pGEM-11Zf(—). This plasmid DNA was di-
gested with Hindlll and used as a template for synthesis of the ubq70
RNA probe. The Lhcb7*3 RNA probe was made as described by
Brusslan and Tobin (1992). The membrane blot was hybridized over-
night with the RNA probes, in buffer containing 50% formamide, 0.3
M NaCl, 0.05 M NaHPQ,, pH 6.5, 1 mM EDTA, 1% SDS, 0.1% Ficoll
{type 400), 0.1% polyvinylpyrrolidone, 0.1% BSA, 0.5 mg/mL yeast
tRNA, and 0.5 mg/mL herring sperm DNA. Hybridization of Lhcb1*3,
ubq10, and CCA1 probes was performed at 55, 52, and 58°C, re-
spectively. Final washes were performed at 65°C in 0.1 X SSC and
0.1% SDS. After hybridization with Lhcb1*3 and ubg10 probes, the
biot was stripped by boiling in 0.1 X SSC and 0.1% SDS, and then
hybridized with the CCA1 probe. The blots were imaged and quanti-
fied using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).
The measurement of the signal for each probe was adjusted for the
uridine content of the probe and the exposure time, and the Lhcb1*3
and CCAT signals were normalized to the ubq10 signal.
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Primer Extension

The primer extension experiment was performed as described by
Ausubel et al. (1987). The sequence of the oligonucleotide primer
corresponded to nucleotides +42 to +22 of CCA1 cDNA clone 21.
Fifty femtomoles of %2P-labeled primer was annealed to 45 pg of total
RNA. The primer was extended with 9.5 units of avian myeloblastosis
virus reverse transcriptase (Promega) at 37°C for 1 hr. The dideoxy
sequencing reactions were performed using the same 32P-labeled
oligonucleotide primer and CCA7 clone 21 plasmid DNA.

Protein Expression in Escherichia coli and Purification of
Glutathione S-Transferase-CCA1 Proteins

The constructs diagrammed in Figure 2A were made by cloning the
CCA1 cDNA fragments into pGEX-3X (Pharmacia) by using PCR-
" aided cloning with the following 5’ primers: 5'-GGCCGGGATCCAA-
TTCGTCGACCCACGCG-3’ for pXCA-21, pXCA-24, and pXCA-25;
and 5'-TAAAGGGATCCATATGGGTCAAGCGCTAG-3' for pXCA-23.
A 3’ primer (5'-ATAGAATTCTCGAGCTTATGCATGCGG-3') was
used for pXCA-21, pXCA-24, pXCA-25, and pXCA-23. The appropri-
ate plasmid DNA (0.5 pg) was amplified for 10 cycles, and the PCR
products were digested with EcoRI and BamHI. Cloning of the cDNAs
of clones 21, 24, and 25 and the 483- to 2254-nucleotide region
into pGEX-3X yielded pXCA-21, pXCA-24, pXCA-25, and pXCA-23,
respectively. Sequencing of the junction region between the glu-
tathione S-transferase (GST) gene and cDNA confirmed the con-
struction of a translational fusion in pXCA-24 and pXCA-23.

The plasmid constructs were transformed into E. coli BL21(DE3).
Protein expression, purification of GST-CCA1 fusion proteins by us-
ing glutathione agarose, and purification of CCA1 polypeptides by
cleavage of the matrix-bound GST fusion protein with factor Xa were
performed following the procedure of Ausubel et al. (1987). Protein
concentrations were determined by the Bradford assay (Bio-Rad),
using BSA as standard.

Electrophoretic Mobility Shift Assays and Competition

Partial purification of Arabidopsis CA-1 protein, A2 probe labeling,
and the electrophoretic mobility shift assays (EMSAs) were per-
formed as described by Sun et al. (1993). Competitor DNA fragments
were prepared by annealing synthetic oligonucleotides. Competition
EMSA experiments were performed by adding partially purified plant
CA-1 protein or affinity-purified CCA1 polypeptide expressed from
pXCA-24 in E. coli to the DNA binding reaction mixture containing A2
probe and specified amounts of competitor DNA fragments. The
dried gels were imaged and quantified using a Phosphorimager.

Phenanthroline-Copper Footprinting

The A2 fragment was labeled with phosphorus-32 at the 3’ end of the
sense strand by end filling (Sun et al., 1993). Footprint experiments
were performed as described by Kuwabara and Sigman (1987). The
EMSA reactions were scaled up fivefold; 108 cpm of probe and spec-
ified amounts of protein and poly(d!-dC) were used in each reaction.
After electrophoresis, the gel was treated with phenanthroline-cop-
per and then exposed wet to x-ray film for 40 min. The bands repre-

senting free DNA and protein-DNA complexes were excised from the
gel. DNA was eluted from the gel slices, recovered by ethanol precip-
itation, and loaded on an 8% polyacrylamide-urea sequencing gel.
The G+A chemical cleavage sequencing reaction was performed as
described by Maxam and Gilbert (1980).

Methylation Interference and Depurination Interference Assays

Partial methylation and depurination of the A2 DNA probe were per-
formed following the procedure of DNA chemical sequencing
(Maxam and Gilbert, 1980). Five nanograms (105 cpm) of modified
DNA probe was incubated with 0.8 pg of affinity-purified CCA1 pro-
tein in 50 pL. of NEB buffer containing 5 g of poly(dl-dC) and 10 pg
of BSA. The protein-bound DNA and free DNA were separated by fil-
tering the mixture through a nitrocellulose membrane (Ausubel et al.,
1987). Free and bound fractions of DNA were recovered and cleaved
with piperidine following the DNA chemical sequencing procedure.
An aliquot of probes not incubated with protein was also cleaved
with piperidine as a control. Equal amounts of radioactivity from each
sample were used on an 8% polyacrylamide-urea sequencing gel.

Nuclear Localization Assays

An Xbal site and a BamHl site were introduced into CCAT by PCR
amplification of cDNA clone 25, using the 5’ primer (5'-GAAGT-
TGTCTAGAGGAGCTAAGTG-3’) and 3’ primer (5'-ATGTGGATCCT-
TGAGTTTCCAACCGC-3') (mismatches are underlined). The resulting
PCR product was digested with Xbal and BamHI and inserted in
pBI221 (Clontech, Palo Alto, CA), yielding p35S-CCA1-GUS. This
construct contains CCA7 coding sequence as a 1828-bp Xbal-
BamHI fragment inserted between the cauliflower mosaic virus 35S
promoter and the uidA gene. pMF::GUS and pMF::B::GUS were ob-
tained from N. Raikhel (Michigan State University, East Lansing, M));
construction of these plasmids is described in Varagona et al. (1992).
Onion epidermal peels were transformed by biolistic transformation
and analyzed for GUS activity, and nuclei localization was as de-
scribed in Varagona et al. (1992). Histochemical staining was visual-
ized using a Zeiss Axiophot microscope and photographed using
Kodak Ektachrome (Elite Series) ASA 400 film.

Plant Transformation

The Sstl-Notl fragments of CCA? clones 21 and 24 in pGEM11Zf(—)
were cloned into pBluescript KS— (Stratagene, La Jolla, CA) at the
corresponding sites. The resulting plasmids were digested with
BamHI and Sstl, and the cDNA fragments were cloned into the
BamHl and Sstl sites of binary vector pBI121 (Clontech), replacing
the uidA gene coding sequence. The binary vectors were trans-
formed into Agrobacterium tumefaciens A2260. Arabidopsis ecotype
No-O plants were transformed with the above constructs, using the
Agrobacterium-mediated root transformation procedure described
by Valvekens et al. (1988). '

o

RNase Protection Assays

The RNA probe synthesis and RNase protect{ph assays were per-
formed as described by Brusslan and Tobin (1992).
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