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ABSTRACT

Lhc genes from angiosperms display circadian steady-state mRNA oscillations as a result of differen-
tial transcriptional activation. We studied promoter regions of tomato Lhca genes encoding chloro-
phyll a/b binding proteins, which are associated with photosystem I. Promoter deletion analysis
showed that a 278 basepair (bp) DNA fragment from Lhca3 (cab 8) and a 119 bp fragment from
Lhca4*1 (cab 11) was sufficient to mediate circadian gene expression in transgenic plants. Further
experiments using the GUS-reporter gene assay showed that an internal 110 bp DNA fragment cloned
from the 278 bp region of Lhca3 (position -278 to -169), however, was not able to drive a circadian
reporter gene expression, indicating that additional cis-elements located downstream or within the
exons and introns of Lhca3 are necessary.

In contrast, the 119 bp fragment of Lhca4*I bears all elements sufficient for a circadian mRNA
accumulation pattern. The 119 bp promoter sequence of Lhca4*] contains imperfect repeats of the
motif CAA(N, ,)ATC, which is present in 81% of all published Lhc promoter regions. This sequence
overlaps with a recently determined binding motif (AAA/CAATCT) of the circadianly regulated tran-
scription factor CCA1 isolated from Arabidopsis, suggesting that similar transcription factors may be
involved in the circadian Lhc gene expression of angiosperms.

KEYWORDS: Circadian rhythm, promoter deletion analysis, transgenic tobacco plants, GUS reporter
gene, tomato, Lycopersicon esculentum.

INTRODUCTION

Studies of Lhc genes and Lhc gene expression in angiosperms in the past decade
lead to the following observations: (i) higher plants accomplish a large gene
family encoding light-harvesting proteins for photosystem I (LHCa) and photosy-
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stem II (LHCb) proteins (Jansson and Gustafsson, 1991; Jansson, 1994; McGrath
et al., 1992) and (ii) steady-state mRNA levels and transcriptional activation of
the Lhc genes are under the control of a circadian clock in angiosperms (reviewed
in: Piechulla, 1999).

Recent findings regarding the cellular origin of circadian rhythms and their
entrainment revealed that autoregulation of gene expression, combined with pro-
tein-protein interactions (PER/TIM, Gekakis et al., 1995) may maintain or actual-
ly create circadian cycles (for review: Kay and Millar, 1995; Kay, 1997). Feed-
back cycles leading to autoregulated-circadian gene expression have been shown,
for example, for the glycine rich protein A#tGRP7 from Arabidopsis, which was
found to bind RNA and could therefore regulate its mRNA steady-state level post-
transcriptionally by a negative autoregulatory circuit (Heintzen et al., 1997). Fur-
thermore, at the level of transcription many clock controlled genes as well as
transcription factors have been found. The Arabidopsis CCA-1 Myb related tran-
scription factor is transiently induced by phytochrome and its steady-state mRNA
levels oscillate with a circadian rhythm (Wang and Tobin, 1998). Phosphorylation
and interaction of the CCA1 protein with a regulatory subunit of the CK2 protein
kinase stimulates binding of CCA1 to the respective binding site of the Lhcbl*3
promoter (Sugano et al., 1998). The circadian appearance of the CCA1 protein,
successive phosphorylation and binding to the corresponding DNA motif leads to
the circadian mRNA level oscillation of the target, the Lhcbl*3 gene.

Putative binding sites for transcription factors (cis-elements) can be elucidated
by deletion analysis of the 5' untranscribed regions of circadianly expressed genes.
Promoter deletion analysis of two tomato Lhca and two tomato Lhcb genes was
performed in transgenic tobacco plants. Regulatory cis-elements were found to be
present at different positions relative to the transcription start sites of the re-
spective Lhc gene (Piechulla et al., 1998). The shortest DNA fragments sufficient
for circadian expression of a tomato Lkc transgene in tobacco were constricted for
Lhca3 (-278 to -231) and Lhca4*1 (-119 to +3).

Promoter analysis of Lhca3 and Lhca4*1 was carried out by fusing DNA
promoter fragments to the GUS reporter gene and subsequent determination of the
steady-state levels of GUS mRNA in transgenic plants to further characterize cis-
elements involved in circadian regulation within tomato Lhc promoters.

RESULTS AND DISCUSSION

Expression studies of a reporter gene in transgenic plants are a practicable in vivo
method to corroborate that a defined regulatory DNA segment would be able to
support circadian mRNA fluctuations. When the regulatory DNA fragment to be
characterized is placed upstream of the coding region of a reporter gene, it can be
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assumed that it can act as an transcriptional enhancer or silencer. As a result,
different transcription rates lead to steady-state mRNA fluctuations of the report-
er gene.

In our experiments we linked short DNA fragments derived from the tomato
Lhca3 and Lhca4*1 gene, shown to be sufficient for circadian expression of the
respective genes in transgenic plants (Piechulla et al., 1998), to the GUS reporter
gene and subsequently integrated the chimeric genes into tobacco plants by Agro-
bacterium mediated gene transfer. The position of the DNA segments and the
constructs within the binary plant transforming vectors are depicted in Fig. 1.
Twenty-nine individual transgenic plant lines bearing the Lhca3-promoter-GUS
construct and 64 plants bearing the Lhca4*I-promoter-GUS construct were se-
lected and GUS activity was determined in leaf extracts by the fluorimetric assay
described by Jefferson (1987). Although the Lhca3 derived promoter fragment
contained the sequence located between —278 and —231 of the 5' upstream region
and additional 62 basepairs (bp) including a putative DNA motif involved in
circadian control of tomato Lic genes (Fig. 1A; Piechulla et al., 1998), none of the
15 transgenic tobacco plants tested for GUS expression showed GUS enzyme
activity. Subsequent northern analysis of total RNA isolated from leaves harvest-
ed at different time points did not allow to detect GUS reporter gene transcripts.
The lack of GUS expression in these experiments was unexpected because as a
precaution a plant transforming vector (pETVgus; Martini et al., 1993) carrying
the GUS gene and additional 55 bp of the Cauliflower mosaic virus 35S promoter
was chosen. This 55 bp region contains the TATA motif and the transcription start
site for the viral 35S-RNA and therefore should have been sufficient to bear the
binding and activation elements for eukaryotic RNA polymerase II. PCR analysis
revealed that the chimeric promoter-GUS construct was correctly incorporated
into the genome of the transgenic tobacco plants demonstrating that the absent
GUS enzyme activity was not a result of an artifact generated during T-DNA
transfer (data not shown). The fact that (i) the —278 to —231 region is sufficient to
drive circadian expression of the tomato Lhca3 gene in transgenic tobacco plants
(Piechulla et al., 1998) and (ii) this region taken out of the nucleotide sequence
context of the Lhca3 promoter and solely fused to a reporter gene is not able to
regulate or activate gene expression indicates that additional DNA sequences
located within the complete Lhca3 gene are needed to reveal circadian mRNA
accumulation.

Leaf extracts of 21 transgenic tobacco plants bearing the chimeric gene con-
struct composed of the promoter segment —119 to +3 of the Lhca4*I gene from
tomato and the GUS reporter gene (Fig. 1B) showed sufficient GUS enzyme
activity. Two individual transgenic plant lines (d119/37 and d119/74) were cho-
sen for analysis of rhythmic expression of the GUS reporter mRNA. The respec-
tive plants were self-pollinated and seeds were grown on medium containing 100
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Fig. 1. Construction of Lhca promoter — gus chimeric genes
A: The Lhca3 promoter fragment was pcr-amplified with 5' EcoRI and 3' Xbal primers and
subsequently cloned into the binary plant transforming vector pETVgus (Martini et al., 1993).
Misincorporation of nucleotides was ruled out after sequencing. Agrobacterium tumefaciens
strain GV3101 (pMP90RK) was transformed and transgenic plants were generated by leaf
disc inoculation of Nicotiana tabacum plants (Horsch et al., 1985). Transformed plants were
grown in tissue culture on MS medium supplemented with 2% sucrose (Murashige and
Skoog, 1962) and selected with 15 mg/l hygromycin.
B: The Lhca4*1 promoter fragment was per-amplified with 5' HindIII and 3' BamHI primers
and subsequently cloned into the binary plant transforming vector pBI101.2 (Jefferson et al.,
1987). Plant transformation was performed as described in (A) using A. tumefaciens strain
GV 3101 (pGV2260) and transformed plants were selected on 100 mg/l kanamycin.
Black arrow heads: position of Lhca promoter deletions; white arrows: transcription start
site; black bars: exons; diagonal hatched bars: introns; wavy line hatched bar: Cauliflower
mosaic virus 35S gene TATA box region (-46 to +8); Hyg": hygromycin phosphotransferase
gene; Km': neomycin phosphotransferase gene; RB/LB: right and left borders of the Ti
plasmid derived T-DNA from Agrobacterium tumefaciens; gus: E. coli uidA gene encoding
B-glucuronidase. The uidA gene is 3' terminated by the polyA signals of the rbcS-3C gene
from pea (A) or the nopaline synthase gene from A. tumefaciens (B).



LU0

JAN-VWULMINARND DNOULAVIAININ

mg/l kanamycin to select for outcrosses of the transgene. GUS enzyme activity
was measured in 9 individual plants per line displaying a value between 20 — 400
pkat/mg protein. Subsequently, total RNA was isolated from transgenic leaf tis-
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Fig. 2. GUS mRNA accumulation in individual transgenic tobacco plants d119/37 and d119/74

harboring the Lhca4*1-GUS construct.

Plants grown in a phytochamber supplemented with fluorescent white light (OSRAM Lu-
milux daylight L 12950; 75 pmol m= s7!) were adapted to a 15 h light/9h dark cycle for
several weeks before leaf samples from different plants were taken at the indicated time
points (t.0.d.: time of day). Total RNA was isolated by grinding the leaf material with liquid
nitrogen and subsequent extraction in a buffer containing 0,35 M sorbitol, 50 mM Tris/HCI,
25 mM EDTA, 15 mM 2-mercaptoethanol, 2 mM DTT, 1 mg/ml polyvinylpyrrolidone, 5 mM
aurintricarboxylic acid (pH 8,0). After lysis, 1/10 vol. of a buffer containing 5% N-laurylsar-
cosine, 50 mM Tris/HCI, 25 mM EDTA (pH 8,0) was added. The suspension was 3x extract-
ed with phenol/chloroform/isoamyl alcohol (24+24+1 vol.) and the supernatant was supplied
with 1/10 vol. of 5 M ammonium acetate (pH 5,5). Nucleic acids were precipitated with 1 vol.
of isopropanol. The nucleic acids were resolved in 10 mM Tris/HCI, 1 mM EDTA buffer (pH
7,5) and RNA was precipitated by adding LiCl to a final concentration of 2 M. Pellets were
resuspended in H,O and the RNA concentration was determined photometrically at 260 and
280 nm. Fifteen pig of total RNA of each sample were loaded on an denaturing agarose gel and
blotted onto nylon membrane (Hybond, AMERSHAM). The blot was probed with random
primed DNA fragments bearing the whole coding region of the GUS gene (specific activity:
1,6 * 10® cpm per ug of template DNA). The filter was hybridized at 62°C in a solution
containing 0,9 M NaCl, 0,09 M Na-citrate (= 6x SSC), 0,1% of Ficoll 44, polyvinylpyrrolidone
and bovine serum albumin, 100 pg / ml denatured salmon sperm DNA, 0,5% sodium dodecyl-
sulfate (pH 7,0) over night and washed two times for 15 min. in 2x SSC at 62°C. GUS-mRNA
was detected with an Instant Imager System (PACKARD) by direct counting of the radioac-
tivity for four hours. T.o.d.: time of day.



sue at different time points during one day with a light period of 15 hours and two
days under continuous darkness and subjected to northern analysis (one example
is exemplified in Fig. 2). Both plants exhibited diurnal and circadian GUS —
mRNA accumulation patterns with the same period length but different ampli-
tudes, indicating that the tomato Lhca4*1 gene promoter segment bears all ele-
ments needed to express a gene with a circadian mRNA accumulation pattern.
Therefore, it was worthwhile to study this short, 123 bp long DNA fragment in
more detail (Fig. 3). The transcription start site of Lhca4*1 is located close to the
3' end of the investigated regulatory segment. Included is a 20 bp upstream locat-
ed TATA box. Further upstream two imperfect repeats of the motif “CAA (N, )
ATC” are present, which are thought to play a role in circadian regulation of Lhc
gene expression. This element was discovered by computer alignment analysis in
81% of all published Lhc promoter sequences (Piechulla et al., 1998). Wang et al.
(1997) isolated a transcription factor CCA1 (Circadian Clock Associated 1) from
Arabidopsis and showed by DNA binding and DNA footprint assays that this
factor binds to a motif designated “AAA/CAATCT”. This motif is also present in
the Lhca4*1 promoter fragment and overlaps with the “CAA (N, ) ATC” motif
(Fig. 3). Recent studies by Wang and Tobin (1998) revealed that CCA1 expres-
sion is transiently induced by phytochrome action and oscillates itself with a
circadian rhythm. Overexpression of CCA1 in transgenic Arabidopsis plants lead
to delayed flowering and abolished the circadian expression of Arabidopsis Lhcb-
and other circadianly expressed genes in continuous light and continuous dark-
ness.

The presence of both the “AAA/CAATCT” and “CAA (N, ,) ATC” motif in the
Lhca4*1 regulatory promoter fragment allows the suggestion that at least in toma-
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Fig. 3. Sequence of the =119 to +3 DNA fragment of the Lhca4*1 promoter.
The black arrow head indicates the position of the A 119 deletion within the Lhca4*1 gene 5'
upstream region. The white arrow marks the transcription start site. Two imperfect repeats of
the ,,CAA (N, ,) ATC* motif are underlined and two inverted repeats of the CCA1 core motif
LAATCT are depicted in bold letters.
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to and in tobacco a CCA1 homologue exists which might be able to control Lhc
genes of photosystem I as well. Our recent investigations using the yeast one-
hybrid system (Luo et al., 1996) should answer the question whether the Lhca4*1
promoter fragment is able to bind the Arabidopsis CCAl transcription factor
indicating that the CCAL - regulated circadian expression of Lhc genes may be a
common feature in circadian gene regulation in plants.

In summary, the presence of specific cis-elements (“CAA (N, ,) ATC” and
“AAA/CAATCT”) in combination with promoter analysis strongly suggests that
CCA1l is an important player in the circadian clock regulatory circuit of photosys-
tem I and IT Lhc genes in Arabidopsis, tobacco and tomato. Further investigations
with other members of the concerted expressed Lhc gene family in tomato (Kell-
mann et al., 1993) as well as various plant species will inaugurate whether a
common mechanism of transcriptional regulation underlies this phenomenon.
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