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Novel cis-acting elements in Petunia Cab gene promoters
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Summary. In order to identify specific cis-acting elements
which regulate the expression of the divergent Cab22R and
Cab22L genes of Petunia, we conducted systematic muta-
tional studies of the 1 kb intergenic promoter region. Se-
quence analysis revealed three GATA box sequence repeats
positioned between the TATA and CAAT box elements.
These GATA clements are conserved in corresponding pro-
moter regions of all LHCII Type 1 Cab genes in Petunia
and other dicotyledonous plants we have examined. Site-
specific mutations in the CAAT box and the GATA box
elements of the Cab22R promoter resulted in 8-fold and
5-fold reductions in Cab22R transcript levels respectively.
A deletion of 52 bp, adjacent and upstream from the CAAT
box (—92 to —145) in the Cab22R promoter reduced tran-
script levels 20-fold. This deletion contains a region of 13 bp
which is conserved between many Petunia Cab genes. These
results indicate that the quantitative expression of the
Cab22 promoters is regulated by multiple cis-acting ele-
ments including CAAT and GATA box elements as well
as sequences located between —92 and —145. The deletion
of the region between —92 and — 145 is partially compen-
sated by homologous sequences present in the adjacent di-
vergent promoter Cab22L.

Key words: Divergent promoters — Chlorophyll a/b binding
protein genes — cis-acting elements — RNA expression

Introduction

The induction or suppression of gene activity during devel-
opment of eukaryotic organisms often occurs at the tran-
scriptional level. Transcription is regulated by specific inter-
actions between frans-acting protein factors and cis-acting
promoter and enhancer sequences (reviewed in Dynan and
Tjian 1985; McKnight and Tjian 1986). Mammalian genes
contain in their promoter regions the sequence motifs
CAAT and TATA that are involved in determination of
both the level and position of transcription initiation. In
addition to such sequences there are other elements that
modulate transcription in a promoter-specific fashion.
Thus, the promoter is comprised of a complex of cis-acting
elements which can be activated by correspouding trans-

* Present address: Agricultural Research Organization, The Vol-
cani Center, Institute of Field and Garden Crops, P.O. Box 6,
Bet Dagan 50250, Isracl

Offprint requests to: P. Dunsmuir

acting factors with the result that expression of the adjacent
gene is either constitutive, induced by external factors, tis-
sue specific or some combination of these (reviewed in
Dynan and Tjian 1985; McKnight and Tjian 1986; Mania-
tis et al. 1987).

Many plant genes also contain CAAT and TATA se-
quences in their promoters (Messing et al. 1983). In addi-
tion, potential promoter-specific cis-acting elements have
been identified as highly conserved sequences in the pro-
moters of specific classes of plant genes such as the storage
protein of legumes (Baumlein et al. 1986) and cereals (Forde
et al. 1985). In maize, the identified upstream sequence of
the zein gene is known to interact specifically with a nuclear
protein factor which is postulated to be involved in the
developmental regulation of zein gene expression (Maier
et al. 1987).

Studies to identify ‘and test specific cis-acting elements
in plant promoter regions are possible using either direct
gene transfer techniques (Fromm et al. 1985; Potrykus et al.
1985) or Agrobacterium tumefaciens T-DNA as a vector
to reintroduce foreign DNA into the chromosomes of dico-
tyledonous plant cells (Hoekema et al. 1983). The trans-
formed plant cells are regenerated into plants where the
expression of the introduced genes (and mutagenized vari-
ants) can be analyzed. Such studies have defined enhancer-
like elements in the promoter region of the 35S gene of
cauliflower mosaic virus (Kay et al. 1987), the chlorophyll
a/b binding protein (Cab) gene (Simpson et al. 1986), the
ribulose 1,5-bisphosphate carboxylase small subunit (rbcS)
gene from pea (Timko et al. 1985; Fluhr et al. 1986; Kuhle-
meier et al. 1987), and the f-conglycinin gene of soybean
(Chen et al. 1988). These elements appear necessary for light
regulated and tissue-specific expression of the Cab and rbeS
genes, as well as tissue-specific and temporal expression
of p-conglycinin. In addition, cis-acting elements of the
chalcone synthase gene have been shown to respond to UV
light (Kaulen et al. 1986), those of the soybean heat shock
gene, to heat shock (Baumann et al. 1987) and those of
the maize Adh-I gene to anaerobiosis (Ellis 1987).

In a recent study, we characterized the expression prop-
erties of two divergent promoters derived from adjacent
Cab genes of Petunia — Cab22R and Cab22L (Gidoni et al.
1988). Our studies indicated that these promoters are coor-
dinately expressed and contain the cis-acting clements
which are sufficient for directing coordinated, high level,
light-regulated, and tissue-specific expression of foreign
gene coding regions in transgenic tobacco plants. Here we
describe a mutational analysis of these two adjacent pro-
moters.
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Materials and methods

DNA modifications and cloning. Molecular cloning proce-
dures were carried out as described in Maniatis et al. (1982).
Restriction endonucleases and T4 DNA ligase were from
Promega, and Bal31 endonuclease was from New England
Biolabs. DNA polymerase I large fragment (Klenow) was
from Boehringer-Mannheim Biochemicals, T4 polynucleo-
tide kinase was from P-L Biochemicals and [y->?P]ATP
(5000 Ci/mmol) was from Amersham. Oligonucleotides
were synthesized on an Applied Biosystems 381A DNA
synthesizer. Oligonucleotide site-directed mutagenesis was
according to Kunkel (1985); mutations were confirmed by
dideoxy sequencing (Sanger et al. 1977).

DNA constructions and deletion mutagenesis. The starting
plasmid for constructing deletions in the Cab22 divergent
promoter region was pBRN/B. This plasmid was previously
constructed for rapid linker-scanner mutagenesis (Haltiner
et al. 1985). We introduced two modifications into this plas-
mid. First we inserted the M13 origin region: the 880 bp
Ball-Poyll fragment from M13mp18 (Messing 1983) was
inserted into the Clal site of pBRN/B. Second, to protect
the Nrul/BglIl (N/B) cassette from Bal31 exonuclease diges-
tion, the 1.1 kb Smal-Prull DNA fragment of the octopine
synthase (ocs) gene (DeGreve et al. 1983) was isolated and
introduced into the BamHI site of pBRN/B. The resultant
vector, designated as pBRN/Bm, was linearized by HindIIl
digestion, treated with DNA polymerase I large fragment
(Klenow) to produce blunt ends, and ligated with a genomic
EcoRI-Xhol fragment (also treated with DNA polymera-
se I), containing the intact Cab22L and Cab22R genes. This
ligation generated the Cab22-A and Cab22-B plasmids
shown in Fig. 3. Following the linearization of Cab22-A
with HindIIl and Cab22-B with BamHI, each plasmid was
treated with Bal31 endonuclease, and a series of 5 and
3’ deletion mutants was generated. Each population of
Bal31-digested DNA was cleaved with Nrul, treated with
DNA polymerase I large subunit to generate blunt ends,
then recircularized and transformed into Escherichia coli
JM101, where both double-stranded and single-stranded
DNAs were generated. The approximate size of each dele-
tion was assessed by restriction analysis and its endpoint
determined by dideoxy sequencing using a synthetic primer
which hybridized to the pBR322 region at a position adja-
cent to the N/B cassette.

To reconstruct the divergent Cab22 region containing
the internal deletions, Cab22-A and Cab22-B deletion plas-
mids were digested with Bg/II, and ligated together to form
the promoter deletion mutant plasmids as shown in Fig. 3.
Each of the reconstituted Cab22 plasmids containing the
promoter mutations, and the wild-type Cab22 gene control,
were inserted into the Clal site of the pAGS140 binary
vector (C. Dean, M. Favreau, S. Tamaki, D. Bond-Nutter,
P. Dunsmuir, and J. Bedbrook, submitted). To simplify
the interpretation of the results, we selected recombinant
clones containing the inserted Cab DNA in one orientation
only. Thus in all binary constructions studied, the Cab22
DNA was oriented such that Cab22R gene was transcribed
toward the left border.

Transformation of tobacco plants. The binary vectors were
introduced into E. coli HB101 then mobilized to A4. tumefa-
ciens strain LBA4404 (Hoekema et al. 1983) by triparental

mating with E. coli HB101/pRK2013 (Figurski and He-
linski 1979). Agrobacterium clones were used to transform
leaf cells of Nicotiana tabacum cv. W38 by leaf disk inocula-
tion (Horsch etal. 1985). Kanamycin-resistant plantlets
were transferred to the greenhouse, and after 6 weeks, at
the 12-16 leaf stage, RNA was extracted from the top two
leaves of each plant. We have found it important to stan-
dardize the harvesting time when considering the photosyn-
thetic genes which are developmentally and light regulated
and subject to diurnal fluctuation effects (Kloppstech 1985;
Dunsmuir et al. 1988a).

RNA extraction and primer extension analysis. Total RNA
was extracted from plant tissue as previously described
(Dunsmuir etal. 1988b). The transcript levels of the
Cab22R and Cab22L genes were determined by the primer
extension method of McKnight et al. (1981) using gene-
specific, synthetic oligonucleotide primers, with previously
described modifications (Dunsmuir et al. 1988; Gidoni
et al. 1988). The X-ray autoradiograms were scanned by
an LKB scanning densitometer.

Results

Sequence analysis of the Cab22 intergenic region

The sequence of the 1.1 kb DNA region, containing the
divergent Cab22L and Cab22R promoters, is shown in
Fig. 1. In each promoter the translation initiation codon,
the transcription initiation sites, the TATA and the CAAT
boxes are shown. Sequence comparison between the
Cab22L and Cab22R promoters indicates that there are four
conserved regions upstream of the CAAT box, (num-
bered 1-4), and three GATA boxes downstream of the
CAAT box (Fig. 1).

Comparison of these sequences with the promoter re-
gions for Cab genes in several different plant species indi-
cates two or three GATA sequence repeats, between the
CAAT box and the TATA box, in all LHCII Type I Cab
genes which we have examined (Fig. 2). The conservation
of these GATA sequences and their spatial arrangement
in the promoters of this class of Cab gene in different plant
species suggest a possible role in the regulation of transcrip-
tion of these genes. However this motif is absent in the
LHCII Type II genes (Stayton et al. 1986), the LHCI genes
(Pichersky et al. 1987, 1988) and the rbcS genes (Dean et al.
1985).

Cis-acting control elements in the Cab promoter

To test the importance of these potential promoter regula-
tory sequences identified by sequence analysis, we prepared
a series of mutant Cab22 promoters in transgenic W38 to-
bacco plants. Using oligonucleotide-specific mutagenesis,
we made the following three mutations in the Cab22R pro-
moter: (a) in the GATA-1 mutant, the GATA-1 box se-
quence was changed to CTTA; (b) in the GATA-123
mutant, the sequence of all three GATA boxes was
changed to CCCA ; and (c¢) in the CAAT mutant, the CAAT
box sequence was modified from CCACCAATT to
CCCGGGATT (Fig. 4A).

In addition to the site-specific promoter mutations in
the Cab22R promoter, we used the procedure diagrammed
in Fig. 3 and detailed in Materials and methods to create



THE SEQUENCE OF CAB22L PROMOTER

. GTACATTAACTTTTCACATIT
GAAATAAAAGTGGGGGTCTARATAATTTTCTTGAATACGAGAGGAAGAGAGGCGARACAT
TAAAAGAACATTCATGTTATTCAAATTAACAAAGGAATCTTGARAGTAAACARAAAGAAT
CCTTTTGCATCCTTCATTTTCACACGTCTCATAGACAAGTTCATGTCTTAATTITGTGGT
GCATTTACAGATTTAAAGCATGTATTGAGACTAJATTCAGARAGGTAARACTGTAARATG
TCTATTACCAGGTAAAACCCACCAGACACATTGACAATATAATCTTGCCAGAAATATCTT
ACTGCGTATCTTATAGGTCAGTTTGCAATCGICAAACTAARGCCACATATTGATTGRACC
CCAACAGTAAAAATATCTTAGGAAGACTGATGGATTATpﬁsAACGAIWCA
TAACGCTAATGGAATCTTGAAACCCAATGARATTGTACATAGAGATA CATANGATAR GA

ATCTTTCCATCCCTCCCCTATATATACACTTAAGACCATCTGGCCTAACAGCACCACAGC

TCATTTCTCTATTACTTCAGCCATAACAAAAGAACTCTTTTCTCTTCTTATTARACCATG

THE SEQUENCE OF CAB22R PROMOTER

GTATGTGCTGTTGAACTTGTAGTATCAAA
CGTTCAATTGAAAECATAGTTAAAAGTTAATCATGAGAGCTTAGCTAACTGTTGGGACAC
TTGGACTG&AATTTTCTTACTTACACTTTTATATTTTTCTGTTCTTTCTCTAACATTTGT
TCTCATTGACAAT&CACCACACATATGAGTGGTTCGCTAGTTCGATATGGCCATGAGTTG
AGATTATATATGCTTTGGCCAAGTGGATATTATATTGCAATTAATCTACTATCAGATGTG
GCAACCTTGGAT;TGCTGAAAACGGAAAATCTGCATTGGGTTGGATTTCT?AAAAGTAAT
GTATCTAAAAAAATATAGTCATGTTTAACGGTGCTGAATTTTGCCARCTGGACAAGAATG

m I
CAAATGTTACACATTGTCATCCACCAATTAGGAAATAGATAbﬁGATAkTCAA GATARGG

ACTTAGGGTCTTTCGAGTCATTTAARATAAACTTGTETGGAAGATCCATGAAACTCATCAAC

TCTTCTTTCTGTGTAATAGCTGCATTCAAGAGTTTTTCAGTTACTTGTACAATG

Fig. 1. The sequence of the Cab22R and Cab22L divergent promot-
ers. The bidirectional promoter region is represented in two pieces
which when fused together form the entire promoter (no overlap
in sequence is given). Promoter elements including the transcription
start sites, the TATA boxes, the three GATA box repeats, the
CAAT boxes and the four upstream sequence homology regions
are indicated

a series of deletions throughout the Cab22 promoter region.
The deletions, located with respect to the Cab22R initiation
site, are shown in Fig. 4B. We chose to create systematic
internal deletions throughout the Cab22 promoter as a first
step towards identifying sequences which affect the activity
of either or both promoters. We regenerated populations
of 8 to 14 plants for each construction.

RNA from transgenic plants which carry the Cab22
wild-type or the mutant promoter constructions were ana-
lyzed by the primer extension assay. In this assay a 5" end-
labeled gene-specific oligonucleotide is hybridized to total
RNA in solution, and then extended to the 5" end of the
mRNA by reverse transcriptase. The resultant primer-ex-
tended products are analyzed on denaturing sequencing gels
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Fig. 3. Construction of internal deletions in the Cab22 divergent
promoter region. Cab22-A and Cab22-B indicate the insertions,
(opposite orientations) of the Cab22R and Cab22L divergent pro-
moters and genes (narrow regions), into a modified pBR322 plasmid
DNA (cross hatched). The directions of transcription in the Cab22
promoter region are indicated. The M13 origin of replication is
represented by an open box, and the Bal31 deletion start points
are indicated by an asterisk. The multiple steps to construct the
internal deletions and sequence the Cab22 promoter region by a
pBR-specific primer (o-) are shown. H-HindIll, B-BamHlI,
Bg-Bglll, X-Xhol, C-Clal, N-Nrul

and in this way precise definition of the transcription start
site is possible together with direct quantitation of specific
transcript levels. Primer extensions were designed such that
transcription from both promoters (Cab22L. and Cab22R),
could be assayed simultaneously using distinct primers com-
plementary to the unique 5" untranslated leader sequence
in each RNA species.

Primer extensions were performed on RNA extracted
from independent transformants. There was considerable
(five- to tenfold) variability in expression between different

m n

Petunia 22L: [CCAATGAAATTGTA [GATAGA [GATATCATAA [GATAAGA...19... "TATA"

22R: [CCAATITAGGAAATA [GATAGT [GATATTCAAG [GATAAGG...23... "TATA"

91R: AGAAAACAAGATAAT [EATATTCAAG [GATAAGG...21... "TATA

25:[CCAATIGAAGAAACC [GATAGT [GATATTCTAG [GATAAGG...23... TATA" Fig. 2. Sequence comparison of the
Arabidopsis  165: AATGAACA [GATAAA GATTAGTTCA [GATATAA...19..."TATA"  GATA box repeat elements in Cab gene

180: CCAATIGAGTAGAGA [GATATA GATTACTTCATAGATAACA...21..."TATA"  nromgters from several plant species

140: CCAATIAGCAACGTC AGAGATTEATATTTCAA [EATAAGA...21..."TATA"  jnoiudine Petunia (Dunsmuir 1985) ’
Pea ABg0: CCAACIT AGGOATAG CTTTAT [BATAACACAC [EATAAGA...10..."TATA"  grbidonsis thaliana (Leutwiler et al.
Lemna AB30: [CCAATIGGCGTGCGG CCAGTA [GATATCGGTG [EATAATG...31..."TATA 1986), pea (Simpson et al. 1985), Lemna
Tomato 1B: AGATCATA CATATA [GATATCACTT [GATAAGA...20..."TATA" gibba (Kohorn et al. 1986), and tomato

oC:[CCARTIGAAAAAGCA [GATAAT [GATATTCTAA [EATAAGG...22..."TATA"  (Picherski et al. 1985)
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plants carrying the same construction. This effect may be
due in part to differences in copy number for the introduced
gene but also to the “position effect” resulting from the
genomic integration site of the new DNA (Jones et al.
1985). Hence RNA samples for the 8-14 plants of each
experimental group were pooled and the primer extension
assay repeated on each pooled RNA sample. This averages
the variability in expression between transformants and al-
lows for somewhat quantitative comparisons of steady-state
transcript levels in the different constructions (Fig. 5).

The site-directed mutations in the CAAT (Fig. 5, lane d)
and the GATA boxes (Fig. 5, lanes b, ¢) of the Cab22R
promoter caused eight- and fivefold reductions, respectively
when compared with wild-type Cab22R transcript levels
(Fig. 5, lane a). As expected, the Cab22L RNA levels did
not vary between the transformants carrying the wild-type
or mutant Cab22R promoter constructions. Alteration in
the GATA-1 box, (most proximal to the transcription start
site), had the same effect on Cab22R expression as when
all three GATA boxes were mutated, suggesting that the

GATA-1 box is necessary for ensuring high expression
levels.

In the promoter deletion series mutation 47 (Fig. 5,
lane e) had the greatest effect on the level of Cab22R expres-
sion. This mutant, in which 50 bp were deleted between
nucleotides —92 and —145, upstream from the Cab22R
transcription initiation site results in a fivefold reduction
in the Cab22R RNA level. This deletion is upstream of
the CAAT box of Cab22R and encompasses a region of
conserved sequence homology among Petunia Cab genes
(Dunsmuir 1985). Of the other deletions in the series (41—
A46) (Fig. 5, lanes f-k) which are located further upstream
of the deletion A7, only deletion 41 has an effect (twofold
reduction) on Cab22R expression. We believe that none
of the promoter mutations had a specific effect upon
Cab22[L expression, although the 45 and 46 delections ap-
peared to have lowered Cab22L expression; this was cou-
pled with lowered Cab22R expression (so that the relative
expression levels were similar to that of wild-type plants).
It may be that these populations (45 and 46) have generally
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Fig. 5. Mutational analysis of the Cab22 divergent promoter.
Primer extension of pooled RNA from populations of indepen-
dently transformed plants. Lanes 1 and m, analysis with Cab22R
primer and Cab22L primer, respectively. Lane a, analysis of RNA
from Cab22-transformed plants with Cab22R and 22L primers to-
gether. Lanes bk, analysis of RNAs from plants transformed with
site-directed mutants (lanes b-d) and internal deletion mutants
(lanes 1-k; see Fig. 4). The primer extension products indicating
accurate transcripts of the Cab22R and 22L genes are designated
by arrowheads

Cab 22 GATA-1 GATA-123
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lower numbers of loci for the transferred genes which would
result in overall lowered expression levels.

Light induction and tissue specificity

Previous gene transfer experiments have suggested that
transcriptional regulation of Cab genes is important in de-
termining light-inducible and tissue-specific expression pat-
terns (Simpson et al. 1985, 1986; Nagy et al. 1986; Gidoni
et al. 1988). To determine whether these properties are af-
fected in the Cab22 promoter, mutant RNA samples were
extracted from five plants of each experimental group at
four different stages: (1) leaves of greenhouse-grown plants
(L,); (2) leaves of the same plants after 5 days in darkness
(D); (3) leaves (L,) and roots (R) from these plants grown
in the greenhouse for 7 days after the dark period.

Primer extension analysis of pooled RNA samples from
each experimental group is shown in Fig. 6. The wild-type
Cab22 promoter directs expression in light-grown leaves
but not in dark-grown leaves or roots (Fig. 6, lanes 1-4).
Similarly, in every mutant promoter which we analyzed
(site-specific mutations and deletions) the mutant Cab22
promoter DNA directs the expression of RNA in a light-
regulated and tissue-specific manner (Fig. 6, lanes 5-44). As
a control in these experiments we used transformants which
carry the cauliflower mosaic virus 35S constitutive promot-
er fused to the bacterial chitinase (chid) gene. In these

CAAT A7 Al A2

I [ 11 1] " " LD 1
L{DL2R L1 D Ls RL{DL2R LyD LR L1DLQRL1DL_2FE L1_DL2F?

A3 A4 A5 A6

Mm\ \il

18 18 20 21 22 23 24 25 26 27 28

L1DL2RL1D LQR L10L2R L1

Cab 22R=

-

Cab 22L |»

-

2930313233343536 37 38 39 40 41

D L2 R

Fig. 6. Light-regulated and tissue-specific expression
from Cab22 mutant promoters in transformed tobacco

| plants. RNA was extracted from 5 plants of each of
the 11 experimental groups described in Fig. 4. Leaf
RNA was extracted about 6 weeks after seedlings or
regenerated plants had been transferred to the
greenhouse (L;) and after the plants had been placed
in darkness for 5 days (D). At 7 days after the plants
had been returned to the greenhouse, RNA was again
extracted from leaves (L,) and from roots (R). The
RNA samples were pooled for each experimental
group and primer extension analyses performed with
the Cab22R and Cab22R primers
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plants chitinase mRNA was expressed in both dark-grown
leaves and roots (data not shown).

Analysis of a truncated Cab22 promoter

The analysis of deletions throughout the Cab22 promoter
region did not reveal regions with dramatic effects on the
expression of the adjacent Cab22L and Cab22R genes. The
two most likely explanations are (a) there are multiple inter-
changeable cis-acting elements in each promoter (Maniatis
et al. 1987; Kuhlemeier et al. 1987), or (b) there are promot-
er-enhancer elements in the Cab22L promoter region which
have compensatory effects on internal deletions in the
Cab22R promoter region and vice versa. The blocks of se-
quence homology conserved between the two promoters
could correspond to such elements. To address this latter
possibility, we dissected the Cab22 promoter and evaluated
the effect of deletions 47 and A1 in the Cab22R promoter
only, thus comparing the levels of Cab22R gene expression
in the Ro, R47 and R41 transformed plants with those
of Cab22, A7 and 41 transformed plants, (Fig. 4B). In order
to construct the Ro, R47 and R41 DNAs, the appropriate
plasmids, Cab22 -A7 and -41 were digested with Sngbl
which cleaves the Cab22 DNA at position — 504 from the
Cab22R transcription start site. Subsequently, Clal linkers
were added and the deletions were cloned into pAGS140
then introduced into plants by the process described in Ma-
terials and methods. For each deletion 15 plants were ana-
lyzed.

The autoradiographs showing primer extension reac-
tions for pooled RNA samples are shown in Fig. 7A. THe
comparison of lanes a and b with d and e indicates clearly
that in the RA7 promoter deletion in elimination of the
Cab22L promoter region reduces the steady-state mRNA
level of the Cab22R 20-fold. However a comparison of lanes
¢ and f in Fig. 7 A shows little difference between 41 and
RA1. These data suggest that there are elements in the
Cab22L. promoter (—504 to —1124 upstream from the
Cab22R transcription start site) which are able to comple-
ment sequences of the 47 deletion (—92 to —145) and
partially restore activity to the deleted Cab22R promoter.

A Quantitative
Comparison

0

Cab 22Rg RA7

Light induction and tissue specificity
of the truncated Cab22 promoter

To test whether elements in the Cab22L promoter compen-
sate for those deleted in the Cab22R promoter mutations
with respect to qualitative aspects of expression, selected
transformants (five for each construction) carrying the trun-
cated Cab22 promoters, Ro, RA47 or RA41, were incubated
under the light/dark regime described previously. RNA was
extracted and samples were pooled for primer extension
analyses. Figure 7B shows the autoradiograms from these
experiments. The qualitative aspects of the Cab22R expres-
sion are identical for the truncated Cab22R promoter and
the R47 and RA1 deletions; in all plants the introduced
Cab22R gene is expressed only in light-grown leaves. Fur-
thermore this pattern of light-dependent expression in
leaves parallels that measured for the intact Cab22 promot-
er. Thus, while we have been able to identify a region which
functions in the high level expression directed by the
Cab22R promoter, we have not identified an element which
functions in the regulation of the tissue-specific and light-
dependent properties of this promoter.

Discussion

The Cab22 promoter region directs the divergent transcrip-
tion of two distinct Cab genes, Cab22L and Cab22R in
a light-inducible and tissue-specific fashion. The transcrip-
tion of these two genes is tightly coordinated in Petunia.
After transfer of this genomic region to tobacco the two
genes are still coordinately expressed, and furthermore this
coordination in expression persists when foreign coding re-
gions are fused to the divergent promoter region (Gidoni
et al. 1988).

There are several possible models for this type of coor-
dinated expression. In one, the two promoters are distinct
in sequence and each responds (separately) to different
trans-acting factors which are in turn coordinately synthe-
sized; as a consequence the genes respond together. An
alternative possibility is that there are similar cis-acting ele-

B Light and Tissue Specificity
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Fig. 7A and B. Mutational analysis of
a truncated Cab22R promoter.

Primer extension of pooled RNA
from populations of independently
transformed plants.

A Comparison of steady-state mRNA

- - levels in leaf tissue of light-grown

plants carrying divergent (lanes a—c)
or truncated (lanes d—f) Cab22
promoter mutants.

. . B Light-regulated and tissue-specific

expression from Cab22R truncated
promoter mutants. The experiment
was conducted as described for Fig. 6



ments in both of the promoter regions which simultaneously
respond to a single trans-acting factor. Potentially such ele-
ments could also function to regulate transcription from
the adjacent promoter. A combination of these two mecha-
nisms may also occur.

Our results indicate that the quantitative expression of
the Cab22R and Cab22 L promoters is regulated by multiple
cis-acting control elements. The importance of the CAAT
box sequence (at —86 from the Cab22R transcription start
site + 1) was tested by introducing the sequence CGGGAT
to replace the ACCAAT sequence. The eightfold reduction
in Cab22R transcript levels in this mutant is consistent with
the importance of the CAAT box element in mammalian
promoters (Dynan and Tjian 1985; Maniatis et al. 1987).

Between the CAAT and the TATA box in each gene
we identified three 5'-GATA-3" sequence (GATA box) re-
peats. Furthermore, we found that these GATA box ele-
ments are also repeated two or three times, at the same
location, in Cab gene promoters of several other plant spe-
cies. The conserved spacing between these GATA elements
and the CAAT box suggests that they may play a role
as recognition site(s) for Cab trans-activating transcription
factor(s), and there might be linkage in activity between
the CAAT and the GATA elements.

The fivefold reduction in Cab22R transcript level that
resulted from a 2 bp substitution in GATA box 1 (mutant
GATA-1), or a 3 bp substitution in all three of the GATA
boxes (mutant GATA-123) suggests that the GATA box
elements modulate transcription in a positive rather than
negative fashion. Furthermore, GATA-1, the most proxi-
mal to the transcription start site, appears to be necessary
for maximum promoter function. This result is consistent
with previous observations with repeated promoter ele-
ments in mammalian viruses (Gidoni et al. 1985; Jones
et al. 1986).

Further upstream from the CAAT box, included within
the 47 deletion mutant, we detected an additional region
which has an important role in Cab gene expression. The
A7 deletion (ranging from —92 to —145) and the 41 dele-
tion (ranging from — 143 to —245) were tested using two
approaches. In the initial experiment the Cab22L promoter
region was linked to the Cab22R promoter; the internal
A7 and 41 deletions in the Cab22R promoter region showed
approximately 5-fold and 2-fold reductions, respectively,
in RNA levels measured for the Cab22R gene. In the second
experiment, the Cab22L promoter region was deleted hence
the Cab22R promoter alone was tested. In this case the
RA41 deletion reduced the Cab22R mRNA levels 2-fold
compared with Ro, while the RNA levels from the RA47
deletion were reduced approximately 20-fold.

These results suggest that regions in the Cab22L pro-
moter function, from a distance, to compensate partially
for the loss of promoter activity caused by the 47 deletion
in Cab22R. This hypothesis is supported by the occurrence
of an extensive region of sequence homology (13 nucleo-
tides allowing 2 bp mismatch) shared between the Cab22R
and Cab22L promoters at positions —115 and —110 re-
spectively (see homology box 1 in Fig. 1). This sequence
is also found in other Petunia LHCII Type I Cab genes
(Dunsmuir 1985). An enhancer-like element which was pre-
viously characterized in a pea Cab gene promoter also oc-
curs in this same region relative to the CAAT box (Simpson
et al. 1986). A direct test of the importance of this region
will be possible by preparing a mutant Cab22 promoter
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which combines the 47 deletion with a corresponding dele-
tion in the Cab22 L promoter.

The mutational analysis conducted here indicates that
the GATA repeat sequences, the CAAT sequence, and the
upstream boxes of sequence homology (1 and possibly 2,
see Fig. 1) are important for the quantitative expression
of the Cab22R gene. Our data for the deletions further
upstream in the Cab22R promoter (that include homology
boxes 3 and 4) are less conclusive. The sequences beyond
the 41 deletion region (at —245) may have no effect on
expression level, or it may be that the effects of these up-
stream deletions are fully compensated by elements remain-
ing in the adjacent Cab22L promoter region. We have not
examined the effects of these deletions in a truncated
Cab22R promoter construction.

The qualitative aspects of expression were not perturbed
in any of the mutant promoters which we tested. The most
likely explanation for this result is that the qualitative ex-
pression properties of these divergent promoters are con-
trolled by a complex of multiple cis-acting elements, and
the effect of deletion of any one of these elements can be
fully compensated by the remaining elements. Since the
qualitative expression from the deletions in the truncated
promoter is also identical to that from the wild-type pro-
moter, there must be multiple interchangeable elements
within the Cab22R promoter which regulate qualitative ex-
pression.

We are now pursuing an alternative and complementary
approach to evaluate further Cab promoter elements. Pro-
moter fusions are being used to test how each element,
or combinations of these different elements, affect quantita-
tive as well as qualitative expression of heterologous pro-
moters. Such studies will identify elements that confer tis-
sue- and light-induced expression in the Cab22 promoters,
and provide more understanding of the nature of their ac-
tion.
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