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Summary

We have compared the rbcL and afpB transcription units from spinach, maize, and pea. In most cases
multiple transcripts were found for a given chloroplast gene. The 5’ termini of these transcripts were
determined by S1 nuclease protection and primer extension analyses. The rbcl. transcripts have 5’ termini
178-179 and 64 nucleotides (spinach), 300 and 59-63 nucleotides (maize), and 178 and 65 nucleotides (pea)
upstream from their respective protein coding regions. The atpB transcripts have 5’ termini (453-454,
272-273, 179, and 99 nucleotides (spinach), 298-302 nucleotides (maize), and 351-355 nucleotides (pea)
upstream from their respective protein coding regions. The intergenic distance between the rbcL and atpB
genes is relatively constant (152 to 157 base pairs) among the three chloroplast genomes. In spinach, maize,
and pea, the 80 base pairs surrounding the 5’ end of the rbcL gene (+40 base pairs) have 85% sequence
homology. Similarly, the 60 base pairs preceding the aipB gene have 489 sequence homology. Both genes
have ‘- 10’ and *-35’ regions that resemble the prokaryotic consensus promoter sequence. The larger, but not
smaller, rbcL transcripts from spinach and pea can be labeled with alpha-32P-GTP by guanylyltransferase.
These data suggest that DNA sequences 178179 (spinach), 300 (maize), and 178 (pea) base pairs before the
rbcL protein coding regions represent sites of transcription initiation. The sequences 59-65 base pairs before
the rbcL protein coding regions may correspond to sites of RNA cleavage.

Introduction

Ribulose - 1,5 - bisphosphate carboxylase
(RUBISCO) catalyzes the fixation of CO, in chlo-
roplasts and is often the most abundant protein in
leaf cells. The RUBISCO holoenzyme in most pho-
tosynthetic organisms is composed of eight copies
of a chloroplast-encoded large subunit of 50-60
kilodaltons and eight copies of a nuclear-encoded
small subunit of 12-20 kilodaltons (16, 19). The
genes for the large and small subunits of RUBISCO
are referred to as rbcl and rbcS respectively (13).
The biosynthesis of rbcL and rbcS polypeptides is
coordinated (16,40, 42) except under certain condi-

tions (1, 8, 9). In addition, the absolute level of
RUBISCO is regulated in response to light (36, 45),
cytokinins (9), and in some algae by carbon availa-
bility (3). A special example of the regulation of
RUBISCO expression occurs in leaf cells of C,
plants. Mesophyll cells of C4 plants, which trap
CO, in the form of C, acids, are reported to lack
RUBISCO (15, 19) and rbcl. mRNA (24), whereas
bundle sheath cells of C, plants fix CO, via the
Calvin cycle and contain RUBISCO (15, 19) and
rbcL mRNA (24). Although the rbcL gene has been
mapped on the chloroplast genome of several
plants and sequenced (48), the mechanism by which
its expression is regulated in C3 and C4 chloro-
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plasts has not been elucidated.

With a few exceptions, DNA sequences that reg-
ulate gene expression are found immediately 5’ to
the transcription start site (34, 37, 44). Therefore,
accurate determination of transcription initiation
sites will provide the first step for identifying gene
regulatory regions. S1 nuclease protection experi-
ments revealed that the 5’ terminus of the maize
rbcl. mRNA occurs approximately 65 nucleotides
upstream of the protein coding region (28). The
sequence immediately 5" to the ‘-65’ position* does
not contain any prokaryotic-like *-10’ and ‘-35°
promoter elements (28). In contrast, the 5" termini
of the spinach (49) and tobacco (39) rbcL tran-
scripts have been reported to be at position ~180’.
The chloroplast DNA sequences immediately 5" to
the “- 180’ position of the spinach and tobacco rbcL
genes share excellent homology with each other and
with the “~10” and ‘-35’ regions of the prokaryotic
consensus promoter sequence (39).

In maize (20), spinach (50), and tobacco (38, 41)
chloroplast DNAs, the rbcl. gene is within one
kilobase pair of the gene coding for the beta subunit
of the chloroplast ATPase. In these plants the genes
for the beta and epsilon subunits of the ATPase
(atpB, atpE) are cotranscribed, and the direction of
these genes is opposite to that of the rbcL gene.
Northern hybridization analysis of spinach chloro-
plast RNA has revealed the presence of at least
three atpB transcripts (50), but their 5’ termini have
not been determined. On the other hand, maize (20)
and tobacco (38) chloroplasts have been reported to
contain only a single afpB transcript. The sequences
preceding the 5’-termini of the transcripts contain
some homology with the E. coli consensus pro-
moter sequence, but not with each other.

The apparent differences in the transcription of
the maize, spinach, and tobacco rbcL and arpB
genes raise two intriguing possibilities: (a) the plas-
tid transcriptional apparatus is different between
the monocot (maize) and the dicots (spinach and
tobacco), and (b) sequence differences surrounding
the transcription initiation sites may reflect differ-
ent regulatory features required by C4 and C3 plant
chloroplasts. To investigate these possibilities we
reexamined the location of the 5’ termini of the
spinach, pea, and maize rbcL and azpB mRNAs by

*-65’ refers to 65 nucleotides 5’ to the ATG translation initia-
tion codon.

S1 nuclease protection and primer extension analy-
ses. In this report we confirm previously mapped 5’
termini and identify the 5’ ends of additional trans-
cripts. In particular, we found a larger maize rbcL
transcript that has sequence homology with the
previously identified spinach ‘- 180’ rbcL transcript.
In addition, a smaller transcript of the spinach rbcL
genes exists that is analogous to the previously
identified maize rbcL transcript. Two comparable
RNAs are also transcribed from the pea rbcL gene
in vivo. Only the larger of the two rbcL transcripts
from spinach and pea can be radioactively labeled
with alpha-32P-GTP by use of guanylyltransferase.
Based on these results and DN A homologies at the
5’ ends of the spinach, pea, and maize rbcL. genes,
we conclude that the larger rbcL transcript defines a
site of transcription initiation, and the smaller rbcL
transcript is derived from site-specific cleavage of a
larger RNA.

Materials and methods

Reagents

Ribonucleotides and deoxyribonucleotides were
from P-L Biochemicals, Inc. Gamma-32P-ATP and
alpha-32P-GTP were from New England Nuclear or
Amersham Corp. The nucleic acids used as carriers
were £, coli tRNA type XXI and salmon sperm
DNA Type III from Sigma Chemical Co. Trace
proteins were removed from the nucleic acids by
phenol:chloroform:isoamyl alcohol (25:24:1; vol:
vol:vol) extractions, and the nucleic acids were
stored in H,O at -20 °C. In addition, the salmon
sperm DNA was sonicated and denatured. ¢pX174-
Haelll DNA fragments were from New England
Biolabs Inc. Analytical polyacrylamide gels were
prepared with acrylamide (Chemical Dynamics
Corp.)and practical grade N,N’-methylenebisacryl-
amide (Eastman Kodak Co.) that had been treated
with activated charcoal (Sigma Chemical Co.) for
one h and twice filtered before use. Preparative
acrylamide gels were prepared with electrophoresis
purity acrylamide (Bio-Rad Laboratories) and
N,N’-methylenebisacrylamide (Bethesda Research
Laboratories, Inc.). Electrophoresis grade agarose,
low melting point agarose, enzyme-grade urea and
nuclejc acid-grade formamide were also from BRL,
Inc. Formamide was deionized for 15 min by treat-
ment with AG 501-X8(D) analytical grade mixed



bed resin and was stored at =20 °C. NA-45 mem-
branes for nucleic acid isolation were from
Schleicher and Schuell Co.

Enzymes

Restriction endonucleases, T4 polynucleotide
kinase and T4 DNA ligase were from BRL, Inc.,
New England Biolabs, Inc., and Boehringer-
Mannheim. Calf intestine alkaline phosphatase was
from Boehringer-Mannheim. S1 nuclease, AMV
reverse transcriptase and guanylyltransferase were
from BRL, Inc.

Plant growth conditions

Spinacia oleracea (hybrid No. 424), Zea mays
(FR9 X FR37) and Pisum sativum (Progress No. 9)
were purchased from the Ferry Morse Seed Co.,
The Illinois Seed Foundation, and Burpee Seed
Co., respectively. Plants were grown in vermiculite
in a Conviron environmental growth chamber
under the following growth conditions: for spinach,
(day 12 h; 22 °C; night 12 h, 18 °C); maize, (day
16 h, 28 °C; night 8 h, 22 °C); and pea, (day 16 h,
22°C; night 8 h, 18 °C). Plants were harvested
7-10 days after imbibition of dry seeds.

Chloroplast and nucleic acid isolation

Intact chloroplasts were isolated after centrifuga-
tion through percoll gradients (2). Plastid DNAs
were isolated from spinach, maize, and pea chloro-
plasts by centrifugation through CsCl-ethidium
bromide gradients, similar to the method of Hallick
et al. (12). To obtain chloroplast, RNA purified
plastids were lysed with an equal volume of 6 M
urea, 0.36 M NaCl, 1% sodium dodecylsulfate,
20 mM EDTA, 10 mM Tris-HCI, pH 8, and then
extracted 3-4 times with phenol:chloroform:iso-
amyl alcohol (25:24:1; vol:vol:vol). Maize whole
cell RNA from purified bundle sheath cells (4) was
obtained from Dr. R. Broglie.

Isolation of DNA restriction fragments

DN As were digested with the appropriate restric-
tion enzymes and then separated by electrophoresis
through either agarose, low melting point agarose,
or polyacrylamide gels. Restriction fragments were
eluted from the gel either by electroelution into
dialysis bags (26), electroelution onto NA-45 mem-
branes (25), the ‘crush and soak’ procedure of
Maxam & Gilbert (27), or by solubilizing the low
melting point agarose (5 min at 70 ° C) and purify-
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ing the DNA with heated (55 °©C) DE-52 column
chromatography (31). DN As isolated by electroelu-
tion were further purified by DE-52 column chro-
matography at room temperature.

Plasmid DNA constructions

The DNA restriction fragments containing the 5
ends of the rbel. and atpB genes from spinach (49),
pea (32), and maize (28) plastid DNAs have been
identified previously. The appropriate fragments
were isolated from agarose ‘gels. Plasmid DNAs
pSoc801 and pSoc802 contain the 1041 bp Mspl-
Pstl fragment of spinach plastid DN A inserted into
the Accl and Pstl sites of pUC8 and pUC9 (46),
respectively. Plasmid DNAs pPsc650 and pPsc660
contain the 1710 bp BamHI-PstI fragment of pea
plastid DNA inserted into the BarnHI and PstI sites
of pUC8 and pUC9, respectively. The plasmid
DNA pZmc800 contains the 953 bp Xmal-Pstl
fragment of maize plastid DNA inserted into the
Xmal and Pstl sites of pUCS. Plasmid DNAs,
transformed into bacterial strains JM 103 (pSoc801,
pSo0c802) or IM8E3 (pPsc650, pPsc660, pZmc800),
were isolated after centrifugation on cesium-ethi-
dium bromide gradients (6).

Preparation and sequence determination of radio-
actively labeled DNAs

Linear DNA was 5" end labeled with gamma
2P-ATP and T4 polynucleotide kinase (27). The
32P-DNA was denatured and the complementary
strands separated on 5% polyacrylamide gels. For
some experiments, the 32P-DN A was restricted and
the two double-stranded 32P-DN As were separated
on 5, 8, or 129, polyacrylamide gels. Initially, the
32p-DNAs were purified from acrylamide gels by
either electroelution into dialysis bags (26) or by the
‘crush and soak’ procedure of Maxam & Gilbert
(27). Of these two methods, the ‘crush and soak’
eluted 3?P-DN As were found to be more reliable for
use in subsequent experiments. Electroeluted *2P-
DNAs frequently became insoluble after precipita-
tion from ethanol, perhaps due to a contaminant
from the dialysis tubing. DNA sequencing reac-
tions were performed according to the method of
Maxam & Gilbert (27). '

S1 nuclease protection assay

S1 nuclease protection assays were performed es-
sentially as described by Weaver & Weissman (47).
The 5’ end labeled ?P-DNA (2 500 to 20 000 cpm/
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assay) and carrier E. coli tRNA (10 ug/assay) were
resuspended in 80% formamide (10 ul/assay),
boiled for 5 min, and then added to a dry pellet con-
taining chloroplast RNA (0.03 to 15 ng/assay) and
S1 hybridization buffer to give a final concentra-
tion of 400 mM NaCl, 40 mM Pipes-NaOH, pH 6.4,
| mM EDTA. Hybridization was performed for
6-18 h. For single-stranded DN As the temperature
of hybridization was 37 ° C, whereas for double-
stranded DNAs the temperature was often opti-
mized (37°-57 °C) to minimize DNA:DNA renat-
uration (47). After hybridization, 25 units of S1
nuclease diluted into 0.1 ml of buffer was added
(250 mM NaCl, 30 mM NaOAc, pH 4.6, ] mM
ZnSO0Oy, 20 pg/ ml denatured salmon sperm DNA),
and the reaction was incubated at 30 ° C for 40 min.
The Sl-protected nucleic acid was precipitated
twice with ethanol, using 5 ug of E. coli tRNA as
carrier, and the 32P-DNAs were analyzed on 6%
polyacrylamide-8.3 M urea DNA sequencing gels
7.

Primer extension assay

A 5’ end labeled double-stranded 32P-DNA frag-
ment was denatured and hybridized to chloroplast
RNA as described for the S1 nuclease protection
assay. After hybridization the nucleic acid was pre-
cipitated from ethanol once and resuspended in
20 p1 of 50 mM Tris-HCI, pH 8.3, 70 mM KCl,
6 mM MgCl,, 10 mM dithiothreitol, 0.1 mg/ml
BSA, and | mM of each ANTP. Primer extension
was initiated with the addition of 20-50 units of
AMV reverse transcriptase, incubated at 37 ° C for
60 min, and then stopped with the addition of
0.13ml of 6 M urea, 0.36 M NaCl, 1% sodium
dodecylsulfate, 20 mM EDTA, 10 mM Tris-HCI,
pH 8. The reaction mixture was extracted twice
with 0.15 m! of phenol:chloroform:isoamyl alcohol
(25:24:1; vol:vol:vol). The nucleic acids were pre-
cipitated twice from ethanol and then analyzed on
6% polyacrylamide-8.3 M urea DNA sequencing
gels (27).

Analysis of RNA by use of guanylyltransferase
Chloroplast RN As from pea and spinach were 5’
end labeled with alpha-?P-GTP and guanylyl-
transferase essentially as described by Levens ef al.
(23). A20 plreaction contained the following com-
ponents: 3-20 ug of chloroplast RNA, 10 units of
vaccinia virus guanylyltransferase, 0.10-0.15 mCi

of alpha-32P-GTP, 50 mM Tris-HCl, pH 7.5, 1 mM
MgCl,, and 1 mM dithiothreitol. After incubation
at 37 ° C for 30 min the reaction was stopped and
extracted with phenol:chloroform:isoamy! alcohol
as described above for primer extended DN As. The
resulting chloroplast 32P-RNA (2 500-25 000 cpm/
assay) was hybridized to unlabeled double- or sin-
gle-stranded DNAs (15 to 150 fmoles/assay) and
treated with S1 nuclease as described above. Before
analysis on denaturing polyacrylamide gels the S1
nuclease protected 32P-RNA:DNA hybrids were
denatured by heating at 80 ° C (instead of 100 ° C)
for 5 min. In our hands, the extent of in vitro
capping was not increased by prior treatment of the
chloroplast RNA with glyoxal.

Results

DNA sequence of the spinach rbeL-atp B intergenic
region

Restriction maps of the cloned plastid DNAs
from spinach, pea, and maize are shown in Fig. 1.
Restriction sites used for the preparation of DNA
fragments for S1 nuclease protection, primer exten-
sion, and DNA sequencing experiments are also
indicated. The DNA sequence of rbcL-atpB inter-
genic region from spinach was determined by the
Maxam-Gilbert technique (27) and is presented in
Figs. 7 and 10. Much of this sequence has been
confirmed independently (C. Poulsen & N.-H.
Chua, unpublished observations) by the dideoxy
sequencing method (35). The DNA sequence of the
spinach rbcL-atpB intergenic region has been pub-
lished recently (7). The sequence presented in
Fig. 10A differs from the previously reported se-
quence at position ‘-3’ where we have found the
nucleotide adenosine instead of guanosine. We note
that the presence of guanosine at this position
would generate a BstNI restrictionsite (5'-CCAGG)
which is not present in our pSoc801 or pSoc802
plasmid DN As. The sequence of the corresponding
region from maize (20) and pea (G. Zurawski, per-
sonal communication) have also been determined.

The spinach rbcL gene has a 65’ transcript

The 5’ end of the maize rbcl transcript has been
mapped by Mclntosh er al (28) to position
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Fig. 1. Restriction enzyme map of rbcL-atpB region from spinach, maize and pea. Restriction maps are shown for rbcL-atpB region from
spinach (1041 bp Mspl-PstI DNA), maize (953 bp Xmal-Ps:1 DNA) and pea (1710 bp BamHI-PstI DNA). These chloroplast DNA
fragments were purified and plasmid DN As constructed as described in the text. Various restriction fragments were isolated from these
plasmid DN As for use in S1 nuclease protection, primer extension and DNA sequence analyses. The restriction maps shown above are
for the enzymes used in this report. The protein coding region of each gene is represented as a filled-in box. The transcribed but
untranslated regions are shown as open boxes. The boundary of each open box represents the size of the largest transcript of that gene
(see text). To obtain the DNA sequence of the spinach intergenic region we performed Maxam-Gilbert DNA sequencing reactions (27)
on the 510 bp EcoRI-Pst1 DNA (5’ end labeled at the EcoR1 site) and the two strands of the 226 bp Tagl fragment. The DNA sequence

obtained is shown in Figs. 7 and 10A.

59-63 bp before the protein coding region. While
the sequences of the spinach and maize chloroplast
DNAs s in this region (positions “~1” to ‘~136’) are
69% homologous, no spinach rbcL transcript was
identified at this locus. Instead, the 5’ end of the
spinach rbcL transcript was mapped by Zurawski es
al. (49) to position *-180’. The DNA probe used by
Zurawski et al. (49) for their S| nuclease protection
experiment was a 226 nt single-stranded Tagl
fragment labeled at the “~58’ position. Their S1 data
were confirmed with reverse transcription analysis,
using as primer a 14 nt Tagl-Haelll DNA labeled at
the Tagql site (position “-58). Because of the choice
of the S1 probe and the reverse transcription prim-
er, a shorter “-65’ transcript, if present, might have
escaped detection. To check this possibility we re-
peated the S1 nuclease protection analysis using a

952 nt single-stranded BstNI fragment that spans
the entire region separating the rbcL and atpB pro-
tein coding loci (Fig. 1). Conditions were varied to
optimize the signal. In particular, the RNA:DNA
ratio was varied over three orders of magnitude,
and part of this titration is shown in Fig. 2. At high
RNA:DNA ratios the primary RNA detected has
its 5’ terminus at position ‘~180° (Fig. 2, lane 1),
confirming the results of Zurawski et al. (49). At
lower RNA:DNA ratios, however, we found a sec-
ond rbcL transcript with 5’ terminus at position
‘-65° (Fig. 2, lane 2). A potential artifact on the S1
nuclease protection assay is cleavage of RNA:DNA
hybrids at AT-rich sequences (14). To rule out such
an artifact, we confirmed the 5’ end assignments by
primer extension analysis (Fig. 2, lane 3). The prim-
er extension assay can also suffer from artifacts
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Fig. 2. The 5’ end analysis of spinach rbcL mRNAs. A 952 bp
BsiNI DNA fragment was 5’ end labeled with gamma-32P-ATp
and T4 polynucleotide kinase and the rbcL. coding strand was
isolated. This BstNI 32P-DNA (10 000 cpm/reaction) was hy-
bridized with either 7.2 ug (lane 1) or 0.72 ug(lane 2) of spinach
chloroplast RNA and then incubated with S1 nuclease. The
mobilities of the 952 nt BstNI DNA and the DN As protected by
‘~180’ and ‘-65" rbcL mRNAs are indicated to the left of lane 1.
Lane 3: 15000 cpm of the 88 bp Ddel-Hphl DNA (5’ end labeled
at the Ddel site) was denatured, hybridized with 0.5 ug of
spinach chloroplast RNA and extended with AMYV reverse
transcriptase. )

Lanes 4 and 5: Maxam-gilbert ‘G + A’ and ‘G’ DNA sequencing
reactions, respectively, of the 334 bp double-stranded Ddel-
Rsal DNA (5’ end labeled at the Ddel site).

Lane 6: 15 000 cpm of the 334 b Ddel-Rsal DNA was denatured,
hybridized with 30 ng of spinach chloroplast RNA and then
digested with S1 nuclease. The mobilities of the primer extended
DNAs relative to the DNA sequence are shown to the right of
lane 6.

such as premature termination (22). Bands that
were not detected by both S1 nuclease protection
and primer extension analyses were assumed to be
artifactual. The position of each 5’ terminus with
respect to the plastid DNA sequence is also shown
in Fig. 2 (lanes 3-6).
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Fig. 3. The 5" end analysis of the maize rbcL. mRNAs.

Lanes | and 2: the purified rbcL coding strand of the 869 bp
Mspl DNA fragment.

Lanes 3 and 8: the 5" end labeled ¢ X 174-Haelll DNA fragments
used as size standards.

Lane4: an excess of the purified Mspl single-stranded DNA was
hybridized with total RNA from maize bundle sheath cells and
then incubated with S1 nuclease. The DNAs protected from Si
nuclease by “~300" and ‘-65’ rbcL mRNAs are indicated to the
right of lane 4.

Lane 5: the 583 bp Mspl-Sau3 Al DNA (5’ end labeled at the
Mspl site) was denatured, hybridized with maize bundle sheath
RNA and then digested with S1 nuclease.

Lane 6: the 135 bp Mspl-Taql DNA (5’ end labeled at the Mspl
site) was denatured, hybridized with the maize bundle sheath
RNA and extended with AMYV reverse transcriptase.

Lane 7: the 135 bp Mspl-Tagl DNA used for the adjacent primer
extension experiment.

Lane 9: the 36 bp EcoRI:Hincll DNA (5" end labeled at the
EcoRIsite) was denatured, hybridized with maize bundle sheath
RNA and extended with AMYV reverse transcriptase.

Lanes 10 and 11: Maxam-Gilbert’s ‘G’ and ‘G + A’ DNA se-
quencing reactions, respectively, of the 566 bp EcoRI-Xmal
DNA (5" end labeled at the EcoRI site). The mobility of the
primer extended DNA with respect to the maize plastid DNA
sequence is shown to the right of lane 11.

The maize rbcL gene has a ‘-300’ transcript

The detection of a smaller *-65’ rbcL transcript in
spinach raised the possibility that a larger maize
rbeL transcript might also have been overlooked.
In their S1 nuclease protection experiment Mcln-
tosh et al. (28) used as a probe a 443 bp Hinfl-
Hincll fragment labeled at the Hinfl site (position
‘+181°). This DNA probe would have detected
mRNA termini occurring up to 262 nt 5" to the rbcL



protein coding region. For our experiments we used
a 869 bp Mspl DNA fragment from pZmc800 that
spans the entire region separating the maize rbcL
and arpB protein coding loci (Fig. 1). The isolated
rbcl. coding strand of this DNA was hybridized to
whole cell RNA extracted from bundle sheath
preparations. After S1 nuclease digestion two rbcL
transcripts were identified with 5° ends at positions
‘-300’ and *-65’ (Fig. 3, lane 4). No full-length pro-
tection of the single-stranded DNA probe was de-
tected, demonstrating the absence of any larger
transcripts for the maize rbcL gene. Although the
rbcL “-65’ transcript had been identified previously
by S1 nuclease protection experiments (28), the
larger rbcL transcript had not been noted. For the
S1 nuclease protection experiment shown in lane 5,
we used a double-stranded 603 bp Mspl-Sau3Al
DNA fragment. The 5’ ends at positions ‘-65” and
‘-300” are indicated, and some full-length protec-
tion of the DNA probe is observed, presumably due
to DNA:DNA renaturation. In addition, the posi-
tions of the two rbcL 5’ ends were confirmed by
primer extension analysis (Fig. 3, lane 6). The ap-
proximately 220 nt 32P-DNA shown in lane 6 is
presumed to be a primer extension artifact. We
have also detected the presence of two maize rbcL
transcripts by Northern hybridization analysis
(data not shown). Mclntosh ez al. (28) mapped the
5’ end of the “-65’ rbcL transcript by S1 protection
analysis to position ‘-59” to “-63’. We have mapped
the 5’ end of the *-300” rbcL transcript by primer
extension analysis to position 300 nt before the
rbcL protein coding region (Fig. 3, lanes 9-11).

The pea rbcL gene has both *-180" and *~65’ tran-
scripts

To determine if the presence of the two rbcL
transcripts is a common occurrence in higher plant
chloroplasts, we extended our analysis to the pea
rbcL gene. The 932 bp BstNI DNA fragment from
pPsc650 spans the entire region separating the rbcL
and atpB protein coding loci (Fig. 1). The two
strands of this DNA fragment did not readily sep-
arate after polyacrylamide gel electrophoresis.
Therefore, the DNA probe used for S1 nuclease
protection analysis was a double-stranded DNA
restriction fragment in which only one 5’ end (at the
BstNI site) was radioactively labeled. The use of a
double-stranded DNA fragment for S1 nuclease
protection resulted in some full-length protection
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Fig. 4. The 5" end analysis of the pea rbcL mRNAs.

Lane 1: 5’ end labeled ¢X174- Haelll DNA fragments. The sizes
(bp) of three of these size standards are shown to the left of
lane .

Lane 2: the 644 bp Xbal-BstNI DNA fragment (5’ end labeled at
the BstNI site).

Lane 3: the Xbal-BstNI DNA and pea chloroplast RNA were
hybridized and then incubated with S1 nuclease.

Lane4: the 189 bp AccI-BstNI DNA fragment (5’ end labeled at
the BstNI site) was hybridized with pea chloroplast RNA and
then extended by AMV reverse transcriptase.

Lane 5: The 189 bp Accl-BstNI DNA.

of the DNA probe due to renaturation of the two
DNA strands (Fig. 4, lane 3). Alternatively, this
signal could have been due to full protection of the
coding strand by an RNA that is longer than the
probe. If this were the case, such an RNA would
have resulted in a 32P-DNA larger than the SI
probe after primer extension analysis, but this was
not observed (Fig. 4, lane 4). The major pea rbcL
transcript has its 5’ end approximately 180 nt before
the rbcL protein coding region. Upon larger expo-
sure of the autoradiogram, a minor transcript with
5’ terminus at the ‘-65’ position is also detected by
both S1 and primer extension analyses. The DNA
sequence of the pea rbcL gene and the precise loca-
tion of the ‘~180’ 5’ end have been determined re-
cently by G. Zurawski (personal communication).

Identification of the transcription initiation sites
for the spinach and pea rbcL genes

The presence of two rbcL mRNAs raises the
question of whether these species are derived from
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Fig. 5. The transcription initiation site for the pea rbcL gene is at
position *-180’. DNA fragments were 5’ end labeled with gam-
ma-32P-ATP, and T4 polynucleotide kinase and pea chloroplast
RNA was 5’ end labeled with alpha-32P-GTP and guanylyltrans-
ferase. )

Lane 1: 5’ end labeled ¢X174; Haelll DNA fragments. Molecu-~
lar size standards (bp) are indicated to the left of lanes | and 5.
Lane 2: the 151 bp Accl-Cfol DNA fragment (5’ end labeled at
the Accl site).

Lanes 3 and 6: the 5" end labeled pea chloroplast RNA was
protected from SI nuclease digestion by prior hybridization to
unlabeled 151 bp Accl-Cfol DNA.

Lane 4: the 5" end labeled Accl-Cfol 32P-DNA was hybridized
with unlabeled pea chloroplast RNA prior to S1 treatment.
Lane 5: the 5’ end labeled pea chloroplast RNA was hybridized
with a 644 bp unlabeled BstNI-Xbal DNA before S1 treatment.

independent transcription initiation events. To in-
vestigate this possibility we have made use of the
enzyme guanylyltransferase, which catalyzes the
addition of GMP to the 5’ end of an RNA contain-
ing a 5’ terminal polyphosphate (29). The initial
transcription product of a gene has a 5’ terminal
triphosphate, whereas an RNA which is derived
from processing of a primary transcript would have
either a monophosphate or a hydroxyl group at its
5’ end (11). The ability of guanylyltransferase to
add GMP to the 5" end of an RNA, therefore,
defines a site of transcriptioninitiation of that gene.

Pea chloroplast RNA was radioactively labeled
by incubation with alpha-32P-GTP and guanylyl-
transferase. The product was hybridizedtoa 151 bp
Accl-Cfol or to a 644 bp BstNI-Xbal DNA frag-
ment, and the resulting hybrids were digested with
S1 nuclease. The protected 32P-RNAs are approx-
imately the same size as the complementary 32P-
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Fig. 6. Transcription of the spinach rbcL gene is initiated in vivo
at position ~180°. DNA was 5’ end labeled with gamma-32P-
ATP and T4 polynucleotide kinase. Spinach chloroplast RNA
was 5’ end labeled with alpha-32P-GTP and guanylyltransferase.
Lane I: spinach chloroplast 3?P-RNA was digested with Sl
nuclease without prior hybridization to DNA.

Lane 2: the purified unlabeled 1052 nt BamHI-Hindlll DNA
from pSoc801 (the rbcL coding strand) was hybridized with
spinach chloroplast 32P-RNA and then digested with S! nu-
clease.

Lane 3: the 1052 bp double-stranded BamHI-Hindlll DNA
from pSoc801 was denatured and hybridized to spinach chloro-
plast 32P-RNA prior to S1 nuclease digestion.

Lane 4: the purified 1052 nt single-stranded BamHI-HindlIl
32P-DNA (the rbcL coding strand) was hybridized to unlabeled
spinach chloroplast RNA and then incubated with S1 nuclease.
Lane 5: 5’ end labeled ¢X174-Haelll DNA fragments.

Lane 6: the 1052 nt single-stranded BamHI-Hindl11 32P-DNA
(the rbcL coding strand) without S! treatment.

Lane 7: spinach chloroplast 32P-RNA without SI treatment.
Arrows indicate positions where radioactively labeled nucleic
acids should migrate if SI nuclease protection is due to a *~ 180’
or ‘-65’ rbcL mRNA.

DNAs that are produced by standard S1 nuclease
protection assays, demonstrating that the ‘-180’
species is a primary transcript (Fig. 5, lanes 3, 5, and
6). The 32P-RNA migrates slightly slower than the
complementary 32P-DNA (Fig. 5, lanes 3 and 4).
No labeled RN A was detected corresponding to the
‘~65" rbcL transcript. This transcript is a minor
species in pea. Therefore, we analyzed the spinach



chloroplast RNA in a similar manner (Fig. 6). Asa
reference, a standard S1 nuclease protection assay
was performed using unlabeled spinach chloroplast
RNA and the isolated rbcL coding strand of the
1052 bp BamHI-Hindlll DNA from pSoc801, la-
beled at the Hindlll site. This 32P-DNA contains
seven nucleotides of vector DNA sequence, but is
still protected, although inefficiently, from SI nu-
clease digestion (lane 4). To assay the rbcL primary
transcripts, spinach chloroplast 32P-RNA was hy-
bridized to the double-stranded 1052 bp BamHI-
Hindl1l DNA fragment. A faint signal is seen due
to S1 nuclease protection of the ‘~180’ transcript
(lane 3). This signal is amplified if the 3?P-RNA is
hybridized, instead, to the purified rbcL coding
strand of the BamHI-Hindl1l fragment (lane 2). In
the pea experiment, the 3?P-RNA migrated slightly
slower than the complementary 32P-DNA, In the
spinach experiment, the protected 32P-DNA is
seven nucleotides larger than the complementary
32P-RNA, resulting in the comigration of the two
‘~180’ signals (lanes 2 and 4). No signal was ob-
served that would have corresponded to a 32P-
GMP labeled “-65’ transcript (lane 2). These results
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indicate that the‘~180’, but not the ‘-65’, mRNA isa
primary transcript.

When maize chloroplast RNA and maize bundle
sheath total cell RN A were analyzed by this meth-
od, all the radioactivity was retained as an aggre-
gate at the top of the gel. Neither of the two maize
rbcl transcripts were detected. This technical diffi-
culty prevented us from identifying the maize rbcL
primary transcript.

Sequence homology at the 5’ end of higher plant
rbcL genes

The above results indicate that transcription ini-
tiation of the spinach and pea rbcL genes occurs at
the “~180” and not the ‘-65" position. The DNA
sequences from the spinach and maize rbcL *-65
regions have been compared (49). These two re-
gions from position ‘-1’ to *~136’ contain 69% se-
quence homology and are not homologous with the
E. coli consensus promoter sequence (49). The
DNA sequences surrounding the rbcL “~180° re-
gions from spinach and tobacco are highly homol-
ogous to each other and to the E. coli consensus

Fig. 7. DNA sequence homology at the 5’ ends of rbcL genes. The DNA sequences at the 5’ end of the rbcL genes from spinach (49; this
report), tobacco (39), pea(G. Zurawski, personal communication) and maize (20) are shown. The maize plastid DNA fragment spanning
positions‘-65" (4 halll site) to*+35" (Hpal site) has recently been cloned and the sequence determined (Hanley-Bowdoin L, Orozco EM,
Jr, Chua, N-H, unpublished observations). This newly determined sequence differs in one nucleotide from the published sequence (20) at
position ‘+20’ (5-TCCACG instead of 5-TCACG) and is used in this figure. The 5’ end of the ‘180’ transcripts from spinach (49; this
report), tobacco (20), and pea (G. Zurawski, personal communication) and of the “-300’ transcript from maize (this report) are indicated
by shaded boxes. The rbcL 5’ termini identified in this report were determined by subtracting 1.5 bases from the apparent mobilities of
the corresponding primer extended DNAs (43). Homology with the spinach DNA sequence at a particular position is indicated by a
period whereas absence of a base is indicated by a hyphen. The conserved *-10" and ‘-35™ sequences of the consensus prokaryotic
promoter are also shown. The corresponding prokaryotic-like sequences in the spinach plastid DNA are enclosed within boxes.
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promoter sequence (39). We have extended this
sequence comparison to include the ‘~-180° tran-
script from pea (G. Zurawski, personal communi-
cation) and the “-300’ transcript from maize. The
sixty base pairs surrounding the 5" end of the rbcl
gene from spinach, tobacco, pea, and maize have
829% homology (Fig. 7). Sequences outside these
regions retain much less homology. The highly con-
served sequence contains prokaryote-like *-10” and
‘~35" regions. In addition, the sequence conserva-
tion ends 40 bp 5’ to the transcription initiation site
of the rbcL gene.

Determination of the 5’ ends of four transcripts for
the spinach atpB gene

In maize (20), spinach (50), and tobacco (38)
chloroplast DNAs, the rbcL and atpB coding re-
gions are within one kilobase pair of each other and
are transcribed divergently. A relatively short se-
quence of plastid DNA should, therefore, contain
the promoter regions of these two genes. Accurate
determination of the transcription start site for the
atpB gene would provide information on the pre-
cise length of this putative regulatory region.

Single arpB transcripts were initially reported for
maize (20) and tobacco (38). In contrast, Northern
hybridization analysis of spinach azpB mRNA has
revealed the presence of three distinct species (50;
Mullet JE, Orozco EM, Jr, Chua N-H, unpublished
observations). Using a 952 nt single-stranded Bs¢NI
DNA fragment as probe, we have identified three
major atpB transcripts with 5 ends 100, 275, and
455 nt upstream of the azpB protein coding region
(Fig. 8, lane 6). The positions of these three 5
termini were also confirmed by primer extension
analyses (Fig. 8, lanes 1, 7 and 13). In addition, a
minor transcript with 5’ end at position ‘-180’ was
also observed (Fig. 8, lanes 7 and 12). As was the
case with the rbcL mRNA, with increasing
RNA:DNA ratios the signals due to the smaller
atpB transcripts decrease. At a sufficiently high
RNA:DNA ratiothe onlyapparentS1 nuclease pro-
tected DNA is that due to protection by the largest
(‘—455) atpB transcript (data not shown).

Determination of the 5' ends of the maize and pea
atpB transcripts

A single 5" end for the maize arpB transcript has
been mapped by S1 nuclease protection analysis to
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Fig 8. The 5’ end analysis of the spinach azpB MRNAs,

Lane 1: the double-stranded 58 bp Sau961-Sau3AI DNA (5’ end
labeled at the Sau96I site) was denatured, hybridized with spin-
ach chloroplast RNA and extended with reverse transcriptase.
Lanes 2-5: Maxam-Gilbert DNA sequencing reactions of the
single-stranded 1038 Sau961-Psr1 DNA (5’ end labeled at the
Sau96l site).

Lane 6: the single-stranded 1038 nt Sau961-Pstl DNA was hy-
bridized with spinach chloroplast RNA and then incubated with
ST nuclease.

Lane 7: the double-stranded 83 bp Tagl-Rsal DNA (5’ end
labeled at the Tagl site) was denatured, hybridized with spinach
chloroplast RNA and then extended with reverse transcriptase.
Lanes 8-11: Maxam-Gilbert DNA sequencing analysis of the
single-stranded 269 nt Tagl DNA (5’ end labeled at the same
Taq]l site as the primer used in lane 7).

Lane 12: the single-stranded 269 nt Tagl DNA was hybridized to
spinach chloroplast RNA and then incubated with S1 nuclease.
Lane 13: the double-stranded 77 bp Xbal-Ddel DNA (5’ end
labeled at the Xbal site) was denatured, hybridized with spinach
chloroplast RNA and extended with reverse transcriptase.
Lanes 14-15: Maxam-Gilbert ‘G + A’ and ‘G’ DNA sequencing
reactions, respectively, of the double-stranded 648 bp Xbal-Pst1
DNA (5’-end labeled at the Xbal site).

Lane 16: the 648 bp Xbal-Pst1 DNA was denatured, hybridized
with spinach chloroplast RNA, and then incubated with Sl
nuclease. Primer extended and S1 nuclease protected DN As that
identify the four 5’ termini of azpB mRNAs (-100,*-180°, *-275’,
‘~455") are indicated. The mobilities of the primer extended
DNAs relative to the DNA sequence are indicated with arrows.

within position ‘-298’ to “-302’ (20). We have con-
firmed this assignment of the 5’ end by both SI
nuclease protection and primer extension analyses
(data not shown). We did not detect any other
transcripts for the maize atpB gene.



Fig. 9. The 5 end analysis of the pea aipB mRNAs.

Lanes 1 and 6: the 743 bp BsiNI-Accl DNA fragment (5’ end
labeled at the BstNI site).

Lanes 2 and 7: the BstNI-Accl DNA and pea chloroplast RNA
were hybridized and then digested with S| nuclease.

Lane 3: the 344 bp Bst1-Hinfl DNA (5" end labeled at the BstNI
site) was hybridized with pea chloroplast RNA and extended by
AMYV reverse transcriptase.

Lane 4: the 344 bp Bs:NI-Hinf1 DNA.

Lane5: the 5" end labeled ¢$X174-Haelll DN A fragments used as
size standards.

Lane 8: the 79 bp BstNI-Ddel DNA (5" end labeled at the BstNI
site) was denatured, hybridized with pea chloroplast RNA and
extended by AMYV reverse transcriptase.

Lane9: the 79 bp BstNI-Ddel DNA. The 5’ end of the pea atpB
mRNA is indicated (*-350°). An artifactual signal at position
*-30” is also detected by S1 nuclease protection analysis (see
text).

We have also examined the azpB transcripts from
pea. For reasons mentioned above, a double-
stranded DNA 5’ end labeled at the BszNI site was
used for S1 nuclease protection (Fig. 9). As with
maize, the pea atpB mRNA is homogeneous at the
5’ terminus, which occurs approximately 350 nu-
cleotides before the atpB protein coding region
(Fig. 9). The DNA sequence of the pea atpB gene
and the precise location of the 5" end of the atpB
transcript have been determined recently by G.
Zurawski(personal communication). In Fig. 9, full-
length protection of the S1 probe (lanes 2 and 7) is
presumably due to DNA:DNA renaturation, since
an RNA larger than the probe is not detected by
primer extension analysis (lanes 3 and 8). A band
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corresponding to a 5’ end at the ‘-30” position,
however, is also detected by S1 nuclease protection
(lane 7). The intensity of the “-30’ signal varies with
the particular conditions of the S1 nuclease protec-
tion experiment, and is often of greater intensity
than the ‘-350° signal (data not shown). This ‘-30°
signal, however, is not detected by primer extension
analysis (lane 8). Fourteen consecutive thymidine
residues occur in this region of the pea atpB gene
(G. Zurawski, personal communication). The *-30’
signal that we detect by S1 protection analysis is,
therefore, most likely an artifact due to transient
‘breathing’ of the RNA:DNA hybrid at an A-T rich
sequence and subsequent cleavage by S1 nuclease

(14).

Sequence homology at the 5’ end of higher plant
atpB genes

The DNA sequences surrounding the 5” end of
the atpB genes from spinach, pea, and maize are
presented in Fig. I0A. The largest atpB transcript
from spinach is used to define the 5’ end of the gene.
In addition, the corresponding region from the
tobacco plastid DNA is included. These four plas-
tid DN As retain 48% homology for the sixty base
pairs preceding the a¢pB gene. If the monocot maize
is exluded from the comparison, the remaining
dicot plants retain 78% homology for this sixty bp
region, and have a striking 929 sequence homology
for the 37 bp 5’ to the presumptive transcription
initiation site. The conserved chloroplast DNA se-
quence shown in Fig. 10A contains the sequence
5-TTGACA of the -35’ region of the E. coli con-
sensus promoter sequence (34). A 5’ end of the
tobacco gene has been mapped at another locus
(38). The sequence comparison shown in Fig. [0A
suggests that an additional larger arpB transcript
may have initially been overlooked. In a more re-
cent report, two atpB transcripts from tobacco have
been detected by Northern hybridization experi-
ments (10).

Comparison of the DNA sequences that precede
the four 5’ ends of the spinach atpB mRNAs

The four 5" ends identified for transcripts of the
spinach atpB gene are potentially sites of transcrip-
tion initiation and/ or RNA processing. A compari-
son of the DNA sequences preceding the four 5’
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Fig. 10. (A) DNA sequence homology at 5’ ends of atpB genes. The DNA sequence surrounding the 5’ end of the putative transcription
initiation site (‘~-455’) of the spinach afpB gene is compared with the corresponding regions from tobacco (38), pea (G. Zurawski,
personal communication), and maize (20). The conserved sequences are boxed. The prokaryotic ‘-10” and ‘-35’ consensus promoter
sequences are also shown. The 5’ ends of three aipB genes from spinach -455%; this report), pea (*-350°; G. Zurawski, personal
communication) and maize (‘~300’; 20) are indicated by shaded boxes. A 5’ end for the tobacco gene has been mapped at another locus
(38). The sequence comparison shown here suggests that an additional larger tobacco azpB transcript may have been overlooked. The
chloroplast DN A sequences shown here are contiguous with the corresponding chloroplast DNA sequences shown in Fig. 7. (B) DNA
sequences surrounding the 5’ ends of the four spinach atpB transcripts. The 5’ terminal nucleotides were determined by primer extension
experiments (this report) and are indicated with shaded boxes. Each 5’ termini was determined by substrating 1.5 bases from the
apparent mobility of primer extended DNA relative to an adjacent sequence ladder (43). The prokaryotic *-10’ and ‘-35’ consensus
promoter sequences are also shown. Plastid DNA sequences similar to the ‘-10” and ‘-35’ elements are enclosed in boxes.

termini does not reveal any significant sequence
conservation (Fig. 10B). Three of the four 5’ ends
have sequence homology with the ‘-10” and *-35°
regions of the E. coli consensus promoter sequence.
However, there is currently no evidence (e.g. cap-

ping of in vivo mRNAs) that these regions promote
transcription of the azpB gene. A 5’ end of the
tobacco azpB gene has been assigned to position
*~257’ (38). The sequence shown in Fig. 10B sur-
rounding the spinach ‘-275’ 5’ end is 80% homolo-



gous with the corresponding sequence at the tobac-
co “-257 position.

Discussion

We are interested in studying the mechanisms
that regulate chloroplast gene transcription. In par-
ticular, we would like to investigate the differences
that may exist in the expression of the rbcl. and
atpB genes from C3 (e.g. spinach, pea, and tobacco)
and C4 (e.g. maize) plants. Early reports indicated
that the 5’ end of the rbcl. genes from maize (28),
spinach (49), and tobacco (39) occurred 59-63,
178-179, and 182 bp, respectively, before the rbcL
protein coding regions. The putative promoter re-
gions preceding the spinach and tobacco genes were
found to be highly homologous and to contain
prokaryote-like *-10° and ‘-35’ regions (39), while
the corresponding putative promoter from maize
did not (28). In addition, the 5’ ends for the atpB
genes from maize (20) and tobacco (38) were positi-
oned 298-302 and 256-257 bp, respectively, before
the atpB protein coding region. While each of the
atpB putative promoter regions contained ‘~10” and
‘~35’ regions, they did not share any extensive se-
quence homology with each other. The interesting
possibility existed that these differences in putative
promoter regions reflected different sequence re-
quirements for plastid gene regulation in C3 and C4
plants. The results presented in this paper, however,
show that transcription of these two genes is not as
different as initially presumed.

In our reexamination of the 5’ termini of the rbcL
and atpB transcripts we have chosen, whenever
possible, to employ single-stranded DNAs as
probes for S1 nuclease protection experiments. In
addition, we have varied the RNA:DNA ratio to
ensure that the DN A probe is present in excess with
respect to the RNA. Under our experimental condi-
tions, if a vast excess of RN A is used for S1 nuclease
protection the largest transcript preferentially hy-
bridizes to the DNA probe, and signals due to
smaller transcripts are not detected. To avoid other
potential artifacts of the S1 nuclease protection
technique, we have also confirmed the position of 5’
termini by primer extension analysis. From these
experiments we have found that multiple tran-
scripts are common for the rbcL and atpB genes. In
particular, the rbcL gene typically has two species
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of mRNAs, a “-65° transcript and a larger *-180°
(spinach, pea, and tobacco) or ‘-300’ (maize) tran-
script.

As a first step toward elucidating the regulatory
mechanism of a particular chloroplast gene, it is
essential to define the site of transcription initia-
tion. The presence of two mRNA species for the
rbcL. gene could arise from separate transcription
initiation events, as with certain operons in E. coli
(30) and B. subtilis (17). Alternatively, these two
transcripts could be the consequence of a single
transcription initiation event followed by process-
ing of the RNA, as with the cytochrome b gene in S.
cerevisiae mitochondria (5). To differentiate be-
tween these possibilities, we have analyzed the dif-
ferent rbcL transcripts for the presence of 5’ termi-
nal polyphosphates. By labeling chloroplast RNA
with alpha-32P-GTP and guanylyltransferase, we
have demonstrated that transcription initiation of
the pea and spinach rbcL genes occurs at the ‘180’
position. To our knowledge, this is the first charac-
terization of an in vivo transcription initiation site
for a higher plant plastid gene. While we did not
observe 5’ end labeling of the maize rbcL tran-
scripts, the DNA sequences that precede the rbcl
‘~180° (spinach, pea, and tobacco) and ‘-300°
(maize) 5’ ends are highly conserved (Fig. 7). In
addition, initiation of the pea, spinach, and maize
rbcl. genes occurs in vitro at these positions
(Oroczo EM, Jr, Mullet JE, Hanley-Bowdoin L,
Chua N-H, unpublished observations). For these
reasons, we suggest that the transcription start site
for the maize rbcL gene is located at position “-300".
In pea and spinach the rbcL ‘65" transcriptis not a
substrate for guanylyltransferase; therefore, this
transcript is probably derived from processing of a
larger (e.g. “-180°) mRNA.

We have also assayed the spinach, maize, and pea
atpB mRNAs for the presence of 5" terminal poly-
phosphates. Unfortunately, we were not able to
detect 5’ end labeling of these transcripts by guanyl-
yltransferase, presumably due to their low abun-
dance relative to the rbcL transcripts. However, we
note that the DN A sequence preceding the 5’ end of
the largest atpB transcript is highly conserved
(Fig. 10A). We have also observed production in
vitro of the spinach “-455” transcript, the pea *-35(°
transcript, and the maize ‘-300’ transcript with
chloroplast RNA polymerase (Mullet JE, Orozco
EM, Jr, Hanley-Bowdoin L, Chua N-H, unpub-
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Table I. Conservation of distance between the rbcL. and arpB genes in higher plants.

Plant rbcL 5" Termini atpB 5’ Termini Intergenic
distance
Spinacea oleracea -178 to 179 (*-180") -453 to -454 (*-455") 152 bp
-64 (*-65") =272 to -273 (*-275%)
-179 (--180")
-99 (*-100")
Zea mays -300 (*-300") -298 to -302 (*-300") 157 bp
-59to -63 (*-65)
Pisum sativum -178 (*-180%) -351 to -355 (*-350") 154 bp
nd. (‘-65%)
Nicotiana tabacum -182 (*-180") n.d. (‘-490%) 145 bp
-256 to -257

The precise 5" ends of rbcL and aipB transcripts as determined by S1 nuclease protection and/ or primer extension analyses are shown.
The approximate 5’ terminal positions of various transcripts (as referenced to in the text) are shown in parentheses. The corresponding
rbcL-atpB intergenic distance of each plant is given. The 5" ends of the *~180° rbcL transcripts from spinach (49), tobacco (39), and pea
(G. Zurawski, personal communication).and the 5’ ends of the arpB transcripts from maize (-300°; 20), pea (*-350’; G. Zurawski,
personal communication) and tobacco (“-256’ to *~257"; 38) have been determined previously. The spinach ‘-180” azpB and the pea *-65
rbcL transcripts are minor species (this report). The existence of a putative ‘490’ azpB transcript from tobacco and the corresponding
rbcl.-atpB intergenic distance are based on DNA sequence homologies as discussed in the text. The precise 5 ends of the pea “-65" rbcL
mRNA and the putative tobacco ‘-490" atpB mRNA were not determined.

lished observations). For these reasons we assign
the transcription initiation site of the spinach atpB
gene to the ‘~455’ position.

The data presented in this paper indicate that the
size of the intergenic region between the rbcL and
atpB genes is conserved at approximately 150 bp
among spinach, maize, and pea, and potentially for
tobacco also (Table 1). Therefore, we have identi-
fied a relatively short region of DNA that should
contain sequences important for plastid gene tran-
scription. Within this intergenic region, the DNA
sequence 5’ to the rbcL and arpB genes is highly
conserved, and the sequence is divergent for the
central region. We note that the conserved regions
contain sequences reminiscent of the prokaryotic
‘~10” and ‘-35’ promoter sequence, but their func-
tional significance in chloroplast gene transcription
remains to be established. In this connection we
have recently developed a homologous in vitro sys-
tem from higher plant chloroplasts that will cor-
rectly initiate transcription of these genes (Orozco,
Mullet & Chua, manuscript in preparation). Exper-
iments are in progress to determine what specific
sequences within this 150 bp region are required for
transcription initiation in vitro.

The question remains regarding the physiologi-
cal significance of an RNA population with hetero-

geneity at the 5” end. The functional significance of
this heterogeneity in rbcL and a¢pB transcripts may
be related to the translational properties of the
various mRNAs. The large rbcL transcript is much
more abundant in dicots (pea and spinach) than in
monocots (maize). The barley rbcL transcripts have
recently been characterized and are found to be
similar to maize with respect to the DN A sequence
and the presence of two 5" ends at positions ‘-300’
and ‘-65" (33, 51). In addition, the larger barley
transcript appears to accumulate upon illumination
of etiolated plants (33). In light-grown spinach the
predominant rbcL transcript is the “~180” species,
whereas in etiolated spinach there is a slight in-
crease (approximately 5-fold) in the ratio of
‘65"~ 180’ transcripts (Orozco EM, Jr, Mullet JE,
Chua N-H, unpublished observations). This differ-
ence in the ratio of rbcL transcripts under varying
physiological conditions will be an interesting sub-
ject for further study.
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