Carlsberg Res. Commun. Vol. 49, p. 89-104, 1984

TWO mRNA SPECIES DIFFERING BY 258 NUCLEOTIDES
AT THE 5° END ARE FORMED FROM
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The region of the barley chloroplast genome encoding the 5° third of the rbcl gene has been subcloned in M13
vectors and sequenced by the dideoxy chain termination method. Some of the recombinant M 13 clones have been
used as a template for the synthesis of highly radioactive single stranded DNA probes. These are specifically
hybridizing to short regions at the 5’ end of the two transcripts, which were previously found to be encoded by the
rbcL region in barley cpDNA. The two transcripts differ in size by more than 200 nucleotides, are encoded by the
same strand and contain the full coding capacity for the large subunit of ribulose bisphosphate carboxylase-oxygen-
ase. The short transcript is predominant in dark grown seedlings. Of two probes employed in this study one
hybridized only to the long and the other to both rbcL mRNA species. Thereby it was possible to quantitate the rbcL
mRNAs by hybridization with the probes and subsequent S1-nuclease digestion of the single stranded molecules.
I found this mRNA to be aproximately 1. 38% of total plastid RNA (excluding the small rRNAs and the tRNAs)
in dark grown seedlings and 2. 20% in greened seedlings. The two probes were also used in primer extension
experiments using the two transcripts as template. After hybridizing the probe to the mRNA reverse transcription
was performed in the presence of cold deoxynucleotides. The reverse transcribed strands were separated on
sequencing gels. The probe which acted as a specific primer for the short transcript was extended by 29 nucleotides,
and the probe specific for the longer transcript was extended by 91 nucleotides. The end point of the latter transcript
was only found with template RNA from plastids of greened barley seedlings. Thus it was shown that the 5 ends
of the two transcripts begin at positions -58 and - 316 from the ATG triplet of the rbcL reading frame. A comparison
of the sequerices upstream from the ATG codon of the rbcL gene of barley with those of maize, spinach and tobacco
revealed completely conserved prokaryote type transcription promotors in front of the 5’ end of the long transcript,
while no such promotors are evident close to the 5’ end point of the short transcript. The two monocot species differ
from the dicot species by an insertion of about 140 nucleotides in the mRNA leader sequence.

Abbreviations: atpB = the gene for ATP synthetase CF, subunit B; bp(s) = basepair(s); cpDNA = chloroplast DNA;
dsDNA = double stranded DNA; kb(s) = kilobase(s); kbp(s) = kilobasepair(s); LS = large subunit; psbA = gene for
a 32,000 dalton photosystem II protein; rbcL = gene for the RuBPCase-Oase LS; RF = replicative form;
RuBPCase-Oase = ribulose bisphosphate carboxylase-oxygenase; ssDNA = single stranded DNA.
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1. INTRODUCTION

The enzyme ribulose-1,5-bisphosphate car-
boxylase-oxygenase (RuBPCase-Oase) is found
in all photosynthetic organisms, eukaryotic as
well as prokaryotic. In most cases the enzyme is
composed of two types of subunits, eight identi-
cal catalytic, large subunits {LS) of 52,000-
56,000 MW each and eight small subunits (SS)
of 12,000-15,000 MW a piece (21). The role of
the small subunit in the assembled enzyme is still
enigmatic. In green algae and in higher plants,
the large subunit is encoded by a unique gene
(rbcL) on the multi-copy chloroplast genome (7)
whereas the small subunits are encoded by a
small multi-gene family in the nuclear genome
(5, 8). The mRNA of the large subunit gene,
rbeL, is translated in the organelles. The mature
mRNAs of the small subunit genes are translated
on cytoplasmic 80S ribosomes into a polypep-
tide precursor which is transported across the
chloroplast envelope and after removal of the
N-terminal extension assembled with large
subunit into mature enzyme (4, 9, 29).

The nucleotide sequences of the genes for the
subunits have revealed that the small subunit
amino acid sequences differ widely among spe-
cies (5) whereas the amino acid sequences of the
large subunits are more strongly conserved (6, 7,
21, 28). Conserved domains in the small subunit
are of interest in elucidating the mechanisms of
transportation of the small subunit into the
chloroplasts (5) and assembly of the enzyme (3,
29). In the large subunit domains of importance
for the catalytic function of the enzyme are
completely conserved (20, 21).

A comparison of the nucleotide sequences at
the 5° end of the genes for the two subunits may
reveal signals of importance for the concerted
expression of genes in the nucleus and chloro-
plast. An increase in the synthesis of RuBPCase-
Oase protein occurs upon illumination of dark-
grown seedlings of higher plants (13, 29). In pea
light increases the transcription of the small and
large subunit genes (29). In a Chilamydomonas
mutant deficient in chloroplast ribosomes
mRNA for the small subunit is produced at
normal levels but not translated (19).

In my previous study on the in vivo transcrip-
tion of the barley chloroplast DNA (22) I found
that two transcripts hybridized to the region

encoding the large subunit of RuBPCase-Oase.
The longer transcript of 1,900 nucleotides was
primarily found in RNA isolated from plastids
of illuminated dark grown barley seedlings. The
more than 200 nucleotides shorter transcript
was found in plastids of dark grown as well as
greened seedlings and in approximately equal
amounts relative to the content of rRNA. In the
present study [ have subcloned the 5° end of the
barley rbcL gene in M 13 vectors and sequenced
the region by the dideoxy chain termination
method. Thereafter, 1 have used the single
stranded recombinant bacteriophage DNA mol-
ecules as a template for the in vitro synthesis of
DNA probes hybridizing differentially to the
two types of mRNA. A dsDNA was synthesized
using the non-transcribed strand of the gene as
template and cut with EcoRI at a site close to the
5’ end of the short transcript. After separation of
the two probes they were hybridized to aliquots
of plastid RNA and used to show that the two
transcripts are colinear. The hybridized probes
were extended by RNA-dependent DNA syn-
thesis and thereby the 5’ ends of the two tran-
scripts were defined.

The amount of the two types of rbcL. mRNAs
in dark grown and greening seedlings is esti-
mated. The rbcL 5° sequences of barley are
compared with the corresponding sequences of
maize, tobacco and spinach.

2. MATERIALS AND METHODS
2.1. Chemicals and enzymes

All chemicals were analytical grade. The use
of some enzymes has been described previously
(22). In addition, the enzymes BglIl, Pvull, calf
alkaline phosphatase and Klenow large frag—
ment DNA polymerase was from Boehringer,
Mannheim, Germany. Accl and Hincll was
from New England Biolabs, Beverly, Ma., USA.
Avian myeloblastosis virus reverse transcriptase
was from Life Sciences, St. Petersburg, Fla.,
USA and Sl-nuclease was from Bethesda Re-
search Laboratories, Bethesda, Md., USA. All
enzymes were used as recommended by the
companies, unless otherwise noted. The penta-
decamer sequencing primer was also from New
England Biolabs. Radionucleotide o-"P-dATP
(>400 Ci/mmol) was from Amersham Inter-
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national, Amersham, Buckinghamshire, En-
gland. Reagents, media and stock solutions for
the selection and preparation of M 13 recombi-
nant clones (cf. section 2.2) were used as de-
scribed by RASMUSSEN et al. (23).

2. 2. Cloning of rbcL. 5> DNA

A 1.4 kbp PstI-BgllI fragment from the barley
chloroplast DNA clone pHvc209 was ligated
into the Pstl-BamHI sites of the filamentous
phage vectors M13mp8 and M13mp9 (18). The
replicative forms (RF) of the vectors and the
resulting recombinants were prepared after in-
fection of E. coli JM101 and further amplifica-
tion as described by ZINDER and BOEKE (32).
The plasmid preparation procedure employing
lysozyme and alkaline SDS was used (2, 22). For
subcloning, fragments from RF DNA of the
pHvc209PBg3-clone were obtained by digestion
with Hincll, Accl, EcoRI and EcoRI+Pstl. First
the DNA was digested with Pvull, treated with
calf alkaline phosphatase, and extracted with
phenol before further restriction with Hincll,
Accl, EcoRlI, and Pstl. Thereafter the fragments
were ligated into the corresponding sites of either
MI13mp8or M13mp9 or both. Vector molecules
restricted with only one enzyme were also
treated with calf alkaline phosphatase, purified
by phenol extraction, ethanol precipitation and
gel filtration (22) before use in ligations. Frag-
ments obtained by digestion with two enzymes
were ligated directly into the vectors which had
not been treated with phosphatase. Transforma-
tion of competent E. coli IM101 cells, selection
of recombinant phages, preparation of phage
particles from 1.5 ml cultures and preparation of
single stranded phage DNA was performed as
described by other investigators (18, 23, 32). The
DNA wasdissolvedin 10pl 10 mm-Tris-HCl pH
7.5, 1 mM-EDTA and frozen (-20 °C) until
needed.

2.3. Nucleotide sequencing and gel
electrophoresis
Nucleotide sequencing of aliquots of the sin-
gle stranded M 13 recombinant DNA molecules
was performed by the dideoxy chain termina-
tion technique according to SANGER et al. (25).

Gel electrophoresis of samples, after S1-nuclease
treatment Or reverse transcription was per-
formed on 6% polyacrylamide gels (19: 1 bis)
containing 7.3 M-urea. The gels were fixed, dried
and autoradiographed as described by
RASMUSSEN et al. (23).

2.4. Chloroplast RNA

Isolation of RNA from etiolated plastids and
eight hour greened plastids was as described
previously (22). The concentration of the rRNA
species in the two stock samples was the same
and the approximate total RNA concentration
was 3 pgxml”.

2.5. Preparation of hybridization probes

One picomole of the pentadecamer sequenc-
ing primer was annealed to 2 pg (0.8 pmol) of
single stranded pHvc209PBg3 dissolved in 10 ul
of 10 mM-Tns-HCl pH 7. 4, 10 mM-MgCl,, 50
mM-NaCl and sealed in a glass capillary. The
capillary was heated to 90 °C in a waterbath for
five minutes, transferred to a 67 °C waterbath
and incubated for 30 minutes. Thereafter the
waterbath was allowed to cool to room tempera-
ture overnight. The contents of the capillary was
emptied into an Eppendorf tube containing [0
ul of a solution being 0.1 mM in the three
deoxynucleotides dGTP, dCTP and TTP and
also containing 200 pCi of a-"P-dATP (400
Ci/mmol corresponding to 500 pmoles and a
final concentration of 25 uM). After addition of
2.5 units of Klenow large fragment DNA poly-
merase synthesis of doublestranded DNA
(dsDNA) was allowed for 30 minutes. The
reaction was chased with one ul of 0.5 mMm-
dATP and another 2. 5 units of Klenow large
fragment was added as well. DNA synthesis
continued for another 30 minutes. The DNA
was precipitated and the pellet washed with 70%
(v/v) ethanol several times, until only small
amounts of radioactivity could be detected in the
supernatant. The DNA was dried, resuspended
in 100 pl of EcoRI buffer, digested with 10 units
of EcoRI and subsequently reprecipitated. To
separate the radioactive probes from the tem-
plate restricted DNA was dissolved in 100 pl of
30% (v/v) DMSO, | mM-EDTA pH 8. 0, 0.05%
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(w/v) bromphenol blue, 0. 05% (w/v) xylene
cyanol, treated at 90 °C for three minutes and
quickly cooled to 0 °C. The denatured sample
was applied toa 400x150x 1.5 mm 5% polyacry-
lamide gel (50:1 bis). Electrophoresis buffer was
50 mM-Tris-borate pH 8.3, ] mM-EDTA. After
electrophoresis for 20 hours at 250 V and detec-
tion of radioactive bands on X-ray film, gel slices
containing single stranded radioactive DNA
were excised and eluted (22). Ten pg of yeast
RNA was added to the eluate and the single
stranded DNA was purified by phenol extrac-
tion and gel filtration on spin columns of Sepha-
dex G-50 (22). At this stage, an aliquot of the
solution was taken for determination of yield by
liquid scintillation counting (22). After subse-
quent ethanol precipitation and drying the DNA
was dissolved in 20 pl of sterile water and frozen
(-20 °C) until required for further use.

2.6. DNA-RNA hybridizations

The single stranded radioactive DNA probes
were hybridized to aliquots of barley plastid
RNA in the following way: Two ul of DNA (cf.
section 2.5) was mixed with the RNA and dried
in a Savant Speedy-Vac. The dry nucleic acids
were redissolved in 10 pl of sterile 40 mm
Pipes-NaOH pH 6.4, | mM-EDTA, 0.4 M-NaCl.
This mixture was sealed into sterile glass capil-
laries and heated for 15 minutes in a glass beaker
containing boiling water. The beaker was trans-
ferred to a 67 °C waterbath, whereafter hybridi-
zation was taking place for 12 hours. After
hybridization the capillaries were cooled to 0 °C.
The contents could then be used for S1-nuclease
digestion or reverse transcription (cf. sections
2.7 and 2.8).

2.7. Sl-nuclease digestions

Five of the 10 ul of hybridization mixture were
diluted with 90 pl of ice-cold S1-nuclease buffer
(50 mM-Na-acetate pH 4.6, 4.5 mM-ZnSO,, 0.28
M-NaCl, 20 pgxml' of hybridization grade
salmon sperm DNA (22)). Twenty units of
Sl-nuclease was added and the samples incu-
bated at 37 °C for 30 minutes. Five pl of 0.5
M-EDTA pH 7.5, 10 ul of 3 M-Na-acetate and
one ul of 10 mgxml" yeast RNA was added and

the samples precipitated with 300 ul of ethanol.
Nucleic acid pellets were washed twice with 70%
(v/v)ethanol and dried. Radioactivity was deter-
mined by Cerenkov-counting. Subsequently,
samples were dissolved in 80% formamide, 0. 1
M-Tris-borate pH 8.3, 2 mM-EDTA, 0.05%
(w/v) bromphenol blue, 0.05% (w/v) xylene
cyanol (formamide-dye buffer). After precipita-
tion and drying the radioactivity of the remain-
ing five pl of hybridization mixture was deter-
mined by Cerenkow-counting. Also these
samples were dissolved in the formamide-dye
buffer. Aliquots were then electrophoresed on
6% polyacrylamide sequencing gels employing
suitable size markers.

2.8. Primerextensionwith reverse transcriptase
Ten p! of radioactive DNA/RNA hybridiza-
tion mixtures was combined with 10 pl buffer in
sterile Eppendorf tubes. The buffer contained
0.1 M-Trnis-HCI pH 8.3, 4mM-DTT, 10 mM-
MgCl,, 80 mM-KCl and was also 0.5 mM in the
four deoxynucleotides dGTP, dCTP, dATP and
TTP. RNA-dependent DNA synthesis was ob-
tained after the addition of one pl containing 12
units of reverse transcriptase and subsequent
incubation at 37 °C for one hour (9). The
reaction mixtures were rapidly cooled to 0 °C
and 10 pi was removed and subjected to Si-nu-
clease digestion (cf. section 2.7). One pl of 0.5
M-EDTA pH 7.5 and 100 ul of 0.3 M-Na-acetate
was added to the remaining 11 pl of reverse
transcription mixture. The nucleic acids were
precipitated with ethanol and the pellets washed
with 70% (v/v) ethanol as described above and
then subjected to gel electrophoresis on 6%
polyacrylamide sequencing gels.

3. RESULTS
3.1. Cloning and sequencing of the rbcL 5’ end
The barley chloroplast DNA clone pHvc209
has previously been found to contain parts of the
rbcL gene (22). A detailed physical map of the
plasmid is shown in the upper half of Figure 1.
Previously mapped restriction sites for Pstl (the
cloning site), BamHI and Sall are shown to-
gether with the sites found for Bglll, EcoRI and
HindIIl. The rbcL mRNA is transcribed from
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Figure 1. Physical map of the barley chloroplast DNA clone pHvc209. The 10 kbp Pstl fragment cloned in
pBR325 has been described previously (22). The indicated 1. 4 kbp Pstl-BgllI fragment was cloned in M13mp8
and in M13mp?9 resulting in the clones pHvc209PBg3 and pHvc209BgP3, respectively. Further subclones were
obtained by digesting the pHvc209PBg3 RF DNA with Pvull and calf alkaline phosphatase, followed by either
EcoRlI, Hincll, Accl or EcoRI+Pstl. Resulting fragments were ligated into restricted and phosphatase treated
vectors. Single strand recombinant DNA molecules were obtained after transformation, phage propagation,
phage isolation and phenol extraction. Direction and extension of the nucleotide sequences determined with
the dideoxy chain termination method are shown with full arrows. See text for further detail.

the right hand side of the pHvc209 insert and the
rest of the transcript is encoded by the neighbor-
ing Pstl fragment of the barley coDNA. The 1.4
kbp Pstl/Bglll fragment was subcloned into the
Pstl/BamHI sites of M13mp8 and M13mp9.
After isolation of DNA from recombinant
phages, sequences of 200-250 nucleotides of the
insert DNA were obtained. Comparison of the
sequences with the corresponding maize
cpDNA sequences(17) revealed that the Pstl site
of the subclone pHvC209PBg3 is located 167
bps downstream from the ATG start codon of
the rbcL gene. The subclone pHvC209BgP3
gave a sequence at the 5’ end of the complemen-
tary strand. The Bglll site corresponds to the

Bglll site found at position +410 in the maize
atpB gene (15). The sequences obtained from
both clones were highly homologous to the
maize sequences.

After isolation of replicative form (RF) DNA
of pHvc209PBg3 the insert DNA was subcloned
in either M13mp8 or M13mp9 or both employ-
ing the available Pstl, EcoRI, Accl and Hincll
sites (Figure 1, lower half). The pHvc209PBg3
RF DNA was cleaved with Pvull prior to cutting
with the other endonucleases and subcloning.
Pvull fragments the M13mp8 and M13mp9
molecules at three sites, but does not cut the
insert sequence. Thereby background transfor-
mation with the religated original recombinant
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Hincll
XXXAACAAAGAATTTTATTAGTATTTAG-TTAGGTA----TTTGCATTCCAAATAA-------- GAAAA---GAGACC-TATTAAG

GTCAACAGAGAATTTTCTTAGTATTT-----AGGTA----TTTAGATTCAAAATAT-------- CAAAGGGGAAGAAC- - TTTAAA
~250
GTCAAGGGGGAAG-TTCTTATTATTTAGGTTAGTCAGGTATTT = mmmmmm oo m oo CCATTTCAAA
-250

GTCAAGAGT-AAATTTCGAATTATTTAG-TTCTTTCGG---=-~~~ TTCAAAT---GGGGGTACGAAAG------------- TAGA

-316
AACTTGTAAAA--TAAGGATTAGGGATTAi??TGGGT%éggCTATACCTATCAAAGAé?Z}ACAATAATGATGGATTTGGTAAATC
AA-TTGTAAAA--TAAAéiigAGGG ----- TTTGGGTTGCGCTATATCTATCAAAGAGTATACAATAATGA}éggTTTGGTGAATC
AR-emem- AAAAAAAAGTAAAAAAGAAAAA-TTGGGTTGCGCTATATATR?ggAAGAGTATACAATAATGXTGTATTTGGCAAATC
AACTTGAAAACCAA--CGGTTACGG=-~--~--- TTGGGTTGCGCCA}iggTATGAAAGAGTATACAATAATéXTGTATTTGGCGAATC

-300 -278 Hincll -250 EcoRI EcoRI*
AAAT-CCATGGTTTAATAACGAACCGTGTTAACTTACCATAACAACAACTCAATTCCTATCGAATTCCTATAGTGGAATTCCTATA
-250
AAAT--CACGGTTTAATAACGAACCGTGTTAACTTACCATAACAACAACTCAATTCCTATCGAATTCCTATAGTAAAATTCCTATA
-150
AAATACCATGGTCTAATAATCAAACAT mmmm e e e e e e e me e e
-150 -140
AAATA-CATGGTCTATTAACGAACCAT mm e mmm e e e e r e e

-200 -150 -140
GGATAGAACATACACAGGGTGTACGCATTATATATGAATGAAACATATTCATTAACCTAAGCATGCCCTCAATTTTCTTTAATGAG
-200 -150
GGATAGAACGTACACAGGGTGTATAC--~-ATAAATGAATCAAACATATTACTTAACTTAAGCATACTCCTTTTTTTATTTAATGAG

----------------------------------------------------------------------------- TCTGATTAG
----------------------------------------------------------------------------- TTTGATTAG
-100 -83 3P
TTGATATTAT---~ATTAATTGAATATCCTTTTTGTTTTACGAGAT T-- TTTGCTAARG-TTTCATTTACGCCTARTTAACATCGA
TTGATATTAc=mc - o= AT TAAATATCAT YT T TT T T - AGATT-- TTTGCTARGGTTTCATTTACGCCTARTTCCTATCEA
FTGATAATATTAGTATTAGTTGGAA-~T 1T T8TG- - -AMAGATTCCTATG- ~ARAAGTTTCATTAACACGGARTTCGTTCEA

-100
TTGATAATATTA--ATT----GAGAA--TTTGATG----- AAAGATTGCTATA--AAAGGTTTCATTAAGGCCTAATTTATGTCGA

Accl EcoRI*
GTAGACCCTGTTA--TTGT-GAGAATTCTTAA--TTCAAG-AGTTGTAGGGAGGGACTT  ATG  Barley
GTTGTCCCTGTGC--TTGT-GTGAATTCTTAA--TTCATG-AGTTGTAGGGAGGGACTT  ATG  Maize
GTAGACCTTGTTG--TTGT-GAGAATTCTTAA--TTCATG-AGTTGTAGGGAGGGATTT ~ ATG  Tobacco
GTAGACCTTGTTGCTTTGTTGTAAAAA-TTAAAATT--TGAAGTTGTAGGGAGGGACTT ~ ATG  Spinach
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M 13 DNA molecule could be eliminated. The
inserts of the resulting recombinant phage DNA
molecules were sequenced yielding a contiguous
sequence of about 600 bp proximal to the Pstl
site of pHvc209PBg3. The sequence covering
the region from the ATG start codon to the
Hincll site at -452 is presented in Figure 2
together with the homologous regions of the
maize (17), spinach (35) and tobacco (27)
cpDNAs. In the maize gene both Hincll sites,
one out of two Accl sites and two out of three
EcoRI sites are found in positions homologous
to those of the barley gene.

One of the EcoRI/Pstl clones was found to
result from incomplete EcoRI cleavage, whe-
reby an insert of 393 nucleotides rather than one
of 198 nucleotides was obtained. This clone was
useful for sequencing the overlap of the Accl and
EcoRlI sites proximal to the Pstl site (Figure 1).

3.2. In vitro synthesis of radioactive probes for
hybridization and primer extension

In an early attempt to define the direction
of transcription of the two transcripts derived
from the rbcL region of the barley chloroplast
genome, the following experiment was carried
out: From the pHvc209PBg3 RF DNA a small
195 bp EcoRI fragment was isolated. The frag-
ment was 5° end labelled with y-"P-ATP and
polynucleotide kinase. The strands were separa-
ted by polyacrylamide gel electrophoresis, elu-
ted from the gel and purified by precipitation
with Na-acetate and ethanol. The two isolated
strands were hybridized to plastid RNA isolated
from dark grown and greened plant material.
Single stranded nucleic acids were digested with
S1-nuclease according to BERK and SHARP (1).
After gel electrophoresis on polyacrylamide se-
quencing gels and autoradiography the follow-
ing observations were made: only one strand

hybridized to RNA in such a way that the 5
label remained attached to polynucleotide ma-
terial. Employing plastid RNA (6 pg) isolated
from greened plants the probe hybridized to the
mRNA, in such a way that the entire length
of the DNA molecules which hybridized to the
mRNA was resistant to Si-nuclease digestion.
With plastid RNA (6 ug) isolated from dark
grown plants, a ladder of radioactive bands
corresponding to oligonucleotides of about 30
bases and less was predominant. Furthermore,
this RNA did not protect the major portion of
the DNA from degradation. With the knowledge
that the previously determined 5’ end of a maize
rbcL gene transcript is located at -65 (17), and
supported by the sequence homology between
maize and barley in this region (Figure 2) it
can be concluded that both transcripts from the
barley rbcL gene region encode the LS reading
frame and that the larger one is at least 160
nucleotides longer than that found for maize.
The 5° end of the maize transcript covers 30
nucleotides of the EcoRI fragment in question.
It is therefore likely that the ladder of bands
observed with the barley fragment was the result
of inefficient protection against Sl-nuclease
over a stretch of about 30 nucleotides primarily
seen with plastid RNA from etiolated barley
seedlings. The short barley transcript seems
therefore to correspond to the maize LS mRNA
studied. In order to test colinearity and precise
length of the two barley transcripts, two radioac-
tive probes hybridizing differentially to the two
mRNA species were synthesized as outlined in
Figure 3. The regular pentadecamer sequencing
primer was hybridized to the single stranded
DNA (ssDNA) of the recombinant phage
pHvc209PBg3 and used as starter to synthesize
a complementary DNA strand. The synthesis
was extended across the Pstl site in the coding
region of the rbcL gene to a point beyond the

Figure 2. Comparison of non coding region upstream from the ATG

Met

triplet in the rbcL gene of the four

higher plants barley, maize (17), tobacco (27) and spinach (35). The 5’ end of the barley rbcL transcript specific
for greened seedlings is indicated with V and that found also in dark grown seedlings with ¥. The 5° ends
of known rbcL transcripts from the other three species are indicated with J. The numbers above the sequences
indicate distance in nucleotides upstream (-) from the ATGs. The putative promotors for the genes are underlined
and further designated by “-10” and “-35”. The asterisks indicate the nucleotide complementary to the 3’ end
of the the two primers used in the experiments described in sections 3. 2 and 3. 3.
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Figure 3. Scheme for the synthesis and isolation of single stranded highly labelled probes hybridizing specifically
to the two transcripts coding for the large subunit (LS) of ribulose bisphosphate carboxylase-oxygenase. The
probes were subsequently used as internal primers for extension with reverse transcriptase. R = EcoRI, P =

Pstl, S1 = Sl-nuclease.

three EcoRI sites (Figure 3) known to be within
the 5° end of the longer mRNA species. The
Klenow large fragment DNA polymerase and
o-"P-dATP was used to ensure that a very large
number of adenines were radioactive and that
these were only incorporated into the newly
made strand. Digestion of the dsDNA with
EcoRIwasfollowed by separation of the radioac-
tive dsDNA molecules from the non-radioactive
strands on polyacrylamide gels. This resulted
in two probes designated “Light” and “Dark”.
The “Dark” probe consists of the 198 bp EcoR1/
Pstl fragment attached to the 29 bases separating
the pentadecamer sequencing primer from the
Pstl site and the primer itself, i. e. an addition
of 44 extra nucleotides. The “Light” probe
consist of the radioactive strand of the adjacent
195 bp EcoRI fragment.

96

The result described above indicated that the
EcoRlI site separating the 195 bp fragment from
the 198 bp Pstl-EcoRl fragment is very close
to the 5” end of the shorter transcript. Thus,
the radioactive 195 base sequence is expected
to hybridize almost exclusively to the large
transcript, which is found in plastids of greened
seedlings only. The 198 bases of the other probe
should hybridize equally well with both tran-
scripts. With incorporation of P of known
specific activity it is possible to calculate the
precise amount of probe used in individual
hybridization experiments and permits quanti-
tation of the two transcripts (cf. section 3.4).

A major problem in the use of the synthetic
and very highly radioactive probes as primers
for extension is isotope decay. The short decay
time of *’P will lead to frequent decompositions
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of the polynucleotide backbone 5’ to the adeni-
nes. This decay will be random whereby the
decay product molecules will appear as back-
ground bands on the autoradiograms. This is
further discussed in section 3.3.

3.3. Extension of radioactive DNA-primers
hybridized to plastid RNA

The two o-"P-dA labelled single stranded
probes were hybridized to plastid RNA and then
extended by reverse transcriptase. As depicted
in Figure 3 different results are expected with
the two probes: The “Light” primer can only
be extended, if the long mRNA of greened
seedlings serves as template, while both long and
short mRNA can serve as template for extension
of the “Dark™ primer.

An example of the result obtained with the
“Dark” primer is shown in Figure 4. In the left
three lanes of the sequencing gel the un-extended
primer and the primer extensions using mRNA
of dark grown and greened seedlings have been
applied. The position of the un-extended primer
of 242 nucleotides is revealed in lane 0 which
contains a sample after attempted extension
without added plastid RNA. Lane D contains
reverse transcriptions of about 5 ng of primer
hybridized to 0.75 ug of plastid RNA from dark
grown seedlings. A prominent band is located
at the 271 mark, i. e. an extension of 29 nucleo-
tides was obtained. Lane L contains reverse
transcriptions of 5 ng of the same primer hybri-
dized to 0.75 pg plastid RNA from barley
seedlings greened for 8 hours. Also in this case
the primer was extended by 29 nucleotides and
the quantity of extended strands does not differ
significantly from that obtained with RNA from
dark grown plants, suggesting that the amount
of this transcript is similar in dark grown or
greened seedlings. The length of the extensions
were determined with the aid of the three
dideoxy sequencing lanes (the A-lane is absent
and some unspecific chain termination has oc-
curred). A  sequence derived from
pHvc209PBg3 ssDNA was hybridizing to the
mRNA §’° end. It contains the complementary
Shine-Dalgarno (¢SD) sequence 5’-CCCTCCC-
3’ found a few nucleotides upstream from the
reading frames of rbcL mRNA. In addition to

DOL TCG
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Figure 4. Extension with reverse transcriptase of the
downstream 242 base “Dark” primer in hybrids with
rbcL mRNA. The lanes D, 0, and L show primer
extensions using D: 0. 75 pg plastid RNA from dark
grown barley seedlings; 0: No plastid RNA; L: 0. 75
ng plastid RNA from eight hour greened barley seedl-
ings. Used as size markers the lanes T, C and G are
dideoxy chain termination sequence reactions per-
formed on the ssDNA of the clone pHvc209PBg3.
The position of the sequence complementary to the
rbcL mRNA Shine Dalgarno sequence is indicated
(cSD).

the main bands at the 242 and 271 positions
some background bands are seen. These must
be derived from the decay products of the
radioactive primer. They hybridize to the RNA
and are apparently extended by reverse tran-
scriptase. Such extensions are seen in Figure 4,
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Figure 5. Si-nuclease sensitivity of hybrids between
rbcL mRNA and extended primer. Extension of the
242 base primer using varying amounts of plastid RNA
from dark grown seedlings as template are shown in
the five left lanes. Five lanes to the right show the
results of Si-nuclease digestion of the same primer
extended samples. The position of the 242 base primer
and its extension with 29 nucleotides (271) are indi-
cated. By Sl-nuclease digestion the removal of the
44 base 5° extension on the 242 base primer and on
the 271 base reverse transcription product will result

in ssDNA molecules of 198 nucleotides (un-extended)
and 227 nucleotides (extended).

lane D and lane L, as weak bands between the
242 and the 27! marks.

Figure 5 shows that the extensions from the
242 base primer are dependent on the amount
of RNA used and that the extended DNA
strands are faithful copies of the rbcL RNA.
In five glass capillaries 10 ng of 242-primer was
hybridized to the indicated amounts of plastid
RNA from dark grown seedlings. After the
hybridizations the five mixtures were reverse

transcribed and subsequently divided into two
halves. One half was precipitated with ethanol,
dried and resuspended in formamide-dye buffer.
The other half was subjected to S!-nuclease
digestion, the S1-nuclease resistant material et-
hanol precipitated, dried and these samples were
also dissolved in formamide-dye buffer. After
denaturation aliquots of the 10 samples were
electrophoresed on a sequencing gel. As illustra-
ted in Figure 5, primer extension only took place
in the presence of plastid RNA. In the five lanes
to the left (1.5; 0.75; 0.375; 0.19; 0; -S1) the
quantity of extended primer increases with in-
creasing amounts of plastid RNA. In the five
corresponding +S1 lanes the extended as well
as the un-extended DNA primers of the RNA-
DNA hybrids are found to be S1-nuclease sen-
sitiveinan RNA concentration dependent man-
ner. It should be noted that the hybridized
primer as well as extended primer have been
shortened by more than the 44 nucleotides of
the M13mp8 sequences (cf. Figure 3) expected
not to base-pair with the mRNA. The shortening
is, however, less than 60 nucleotides. This must
be due to S1-nuclease sensitivity at one or both
ends of the hybridized primer. The reasons for
this is unclear, but similar experiments carried
out in this laboratory suggest that the Sl-nuc-
lease assay temperature can be a critical factor
(dr. S. HOLMBERG, personal commun.).

The 5’ end of the longer transcript was
mapped using the 195 nucleotide “Light” pri-
mer. The results are shown in Figure 6. The
experiments were carried out as described for
the 242 nucleotide “Dark” primer and the same
rbcL gene stretch was used as a size marker.
The band of the 195 nucleotide primer is seen
at the middle T of the sequence 5’-
TTTCTGTTT-3. After hybridization and re-
verse transcription, extension could only be
observed where the primer had been hybridized
to plastid RNA from greened seedlings (lane
L). The end point of the extension is 286
nucleotides away from the 5’ end of the penta-
decamer sequencing primer, i. €. a specific ex-
tension of the radioactive 195 nucleotide primer
by 91 nucleotides was achieved. It is obvious
that the extension in this case is far less efficient
than that observed with the 242-primer in the
previous experiments. This must be due to the
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Figure 6. Extension employing the 195 base primer
hybridizing specifically to the long rbcL mRNA. The
positions of the primer and its extension resulting from
reverse transcription of hybrids of the primer with 0.75
ug plastid RNA from greened seedlings are indicated.
See legend to Figure 4 for further detail.

fact that the larger light specific transcript is
found in smaller quantities than the shorter

transcript. The Northern experiments conduc-
ted previously for the rbcL region support this
observation.

It is possible to use extensively labelled pri-
mers made by in vitro replication rather than
end labelled primers for transcript mapping.
From the barley rbcL gene two transcripts are
formed of which the longer one in the present
experiments was found only in plastids from
greened seedlings.

3.4. Titration of LS mRNA employing
S1-nuclease digestion of
”P-DNA/RNA hybrids

In vitro synthesis and gel electrophoretic iso-
lation of the 242 base “Dark” primer and the
195 base “Light” primer, yielded routinely pre-
parations with more than 10’ cpm of radioacti-
vity. The two primers contain 54 and 74 adenine
deoxy-nucleotides, respectively. Employing a-
P-dATP of 400 Ci/mmot and the known nuc-
leotide content the exact yield of a probe can
be calculated. In the experiment described in
this section probes of 3.6x10’ and 4.8x10" cpm
were obtained, i. e. 16.2 and 21.6 uCi are found
inthe two probes. Thus, 40.5 pmol dA was found
in the isolated 242 base probe, corresponding
t00.75 pmol probe and, 54.0 pmol dA was found
in the 195 base probe, corresponding to 0. 73
pmol probe. Each probe was used for nine
simultaneous hybridizations to different
amounts of plastid RNA from dark grown or
eight hour greened barley seedlings and for one
control without plastid RNA. Thus, 0. 075 pmol
and 0.073 pmol of the probes were used for
a single hybridization. After hybridization, the
20 samples were divided in two halves, of which
one was digested with 20 units of Sl-nuclease.
Subsequently all samples were precipitated and
the pellets washed with ethanol as previously
described, dried and then subjected to Cerenkov
counting. Aliquots were run on polyacrylamide
sequencing gels after denaturation in forma-
mide-dye buffer in order to confirm the extent
of Sl-nuclease protection of the probes as pre-
sented in section 3. 3. Except for the removal
of slightly more than 44 nucleotides from the
242 base probe, this was found to be the case.

The degree of protection against S1-nuclease
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Figure 7. Protection from Sl-nuclease degradation of the 242 base “Dark”™ primer (circles) and the 195 base
“Light” primer (triangles) after hybridization to plastid RNA from dark grown seedlings (filled symbols) and
from greened seedlings (open symbols). The X symbols result from summation of points on the open triangle
curve and the closed circle curve. The values for Sl-nuclease protection employing the 242 base primer were
corrected for the Sl-nuclease dependent reduction in size (cf. Figure 5). Values for S1-nuclease protection in
controls employing no RNA was subtracted from the values obtained with RNA.

as a function of RNA concentration in the
hybridizations is depicted in Figure 7. The
downstream 242 base “Dark” probe is protected
to a greater extent by the rbcL mRNAs than
is the upstream 195 base “Light” probe. As
expected, the latter is hardly protected by the
short rbcL transcript of the RNA in dark grown
seedlings. Close to 20% of this probe is protected
by 3 ug of RNA from the greened seedlings.
The degree of protection obtained with the
“Dark” probe hybridized to RNA from greened
seedlings is close to the sum of the values for
the “Dark” probe hybridized to RNA from dark
grown seedlings and those for the “Light” probe
hybridized to the RNA of the greened seedlings.
A net increase of the rbcL mRNA thus takes
place upon illumination of dark grown seed-
lings. From the lower linear part of the two
curves obtained with the “Dark” probe the
amount of mRNA synthesized can be estimated.
Twentyfive percent of Sl-nuclease protection
is obtained when 0.5 pg RNA of the illuminated
seedlings is used, whereas 0.8 pg of RNA from
dark grown seedlings is required to achieve the
same protection. This corresponds to a net
increase in S1-nuclease protection by 60%. This
increase in the content of LS mRNA occurs

over a period of eight hours of greening of six
days old barley seedlings. The 25% protection
corresponds to about 0.018 pmol of the full
length probe. Assuming that this equals the
amount of LS mRNA in the two experiments
and that the average length of the two transcripts
is 1750 nucleotides, one will expect 11 ng of
LS mRNA molecules per 0.5 ug of plastid RNA
afterillumination and 11 ng per 0.8 ug of plastid
RNA before illumination. Thus, it appears that
the LS mRNA amounts to 2.20% of the RNA
in plastids of greened seedlings and 1.38% of
the RNA in plastids of dark grown seedlings.
The increase in LS mRNA upon illumination
is not solely caused by the accumulation of the
longer transcripts. The degree of protection
afforded the probes by the two types of RNA
indicates that about 20% of the total LS mRNA
after illumination consists of the longer tran-
script. The total increase of the LS mRNA
during illumination amounts to 37.5% of this
mRNA present after greening. The difference
of 17. 5% is therefore due to the increase in
the amount of the short transcript.
Sl-nuclease protection values do not reach
100% with the employed amounts of plastid
RNA. This results from suboptimal concentra-
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tions of the hybridizing molecular species and
insufficient hybridization time. At low RNA
concentrations a linear relationship is achieved,
while at higher RNA concentration competition
between the many RNA molecules might dec-
rease the efficiency of full length hybridization
to the DNA probe and subsequent S1-nuclease
protection. The increase in LS mRNA can
account for the increase in RuBPCase-Oase
upon illumination of dark grown barley seed-
lings, as measured by KANNANGARA (13).

4. DISCUSSION
4.1. The promotor region of higher plant
rbcL genes

In this section the nucleotide sequences up-
stream of the ATG™ start triplet of the rbcl
reading frames of four higher plant species
together with the available data for transcript 5’
ends are compared. Sequence data are also
available for three cyanobacterial genes (6, 24,
28)and one green alga species, Chlamydomonas
reinhardii (7). However, the sequence homology
with the higher plants upstream from the rbcL
reading frames of these four genes is scant and
they are therefore excluded from the discussion.
Furthermore, two transcript 5° end have been
determined only for C. reinhardii, and these
cannot be related to those found in the higher
plants. In Figure 2 the nucleotide sequences of
about 450 bps upstream from the ATG codon in
the barley and maize (17) genes aligned with the
corresponding nucleotide sequences of the spi-
nach (35) and tobacco (27) genes. Gaps have
been introduced into the spinach and tobacco
sequences to maximize homology. Part of the
sequence information is derived from available
data on the atpB sequences from maize, spinach
and tobacco(15, 26, 34, 35,dr.J. MULLET, dr.E.
ORrOzco and Professor N. -H. CHuUA, personal
commun.). The Hincll site at the onset of the
depicted sequences have been found to be in the
putative “-35” promotor region of the spinach
and maize atpB genes. It is likely that this Hincll
site of barley and tobacco is also in the atpB
promotor region. Thereby, the complete region
between the two genes in the four species would
be included in the sequences presented.

The two barley rbcL transcript 5’ ends are
located at position -58 for the short transcript
and at -316 for the long one (cf. section 3.3). In
maize, an rbcL transcript 5° end was located at
-65, 1. e. seven nucleotides further upstream in a
region of the maize gene which is highly homolo-
gous to the barley sequence. In spinach and
tobacco the 5’ ends were found at-177/-178 and
at -182, respectively. This region of the spinach
and tobacco genes is highly homologous to the
barley sequence around -320. The homology
also extends to the maize sequence around -300.

Two rbcL RNAs have recently also been
found in spinach and maize (dr. J. MULLET, dr.
E.ORrozco and Professor N.-H. CHUA, personal
commun. ), and these are comparable to those of
barley with regard to their 5’ ends. In spinach, a
short transcript (-65) was identified and in maize
a long transcript was found (-305). Thus, the
expression of rbcL genes in spinach and maize
shares features with that of the barley gene. It will
be of interest to see whether the two transtripts
are also present in tobacco and other higher
plants. The data from Northern hybridizations
of wheat and pea plastid RNA with rbcL sequen-
ces have sofar not given an indication of their
presence (14, 29). In the two barley rbcL tran-
scripts the end point of the longer one is four
nucleotides short of the comparable ones in
spinach and tobacco and that of the shorter
transcript is seven nuclotides short of the end
point identified in maize.

It appears that the four sequences shown in
Figure 2 can be divided into four domains. Using
the numbenng of the barley sequence as a
reference and starting at the ATG the four
domains reveal the following characteristics: a)
In the region -1 to -83 the sequences are highly
homologous, contain the putative ribosome
bindingsite at-5to-11andthe 5’ end of the short
transcript. The close conservation indicates the
presence of other sequences which are important
for translation of the mRNA. b) The region -84
to -279 distinguishes the two monocotyledons
from the two dicotyledons by the deletion of
about 140 bases in the latter. Furthermore, the
sequence homology is less pronounced than in
the first described domain. It is not possible to
find sub-sequences which are shared between
the four genes and which look like the consensus
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sequences of the known types of promotor
signals (“-10” box, “-35” box, “Hogness” box)
for transcription initiation (12, 31). This leaves
the question whether transcription of the short
mRNA molecules can be initiated at -65 an open
one. The third domain ¢) is the region from -279
10 -359. A very high degree of homology among
the four species is encountered here. The posi-
tion of the 5° ends of the larger rbcL transcripts
are also conserved. Further, potential attenuator
signals of prokaryote type (12) in the form of
short inverted repeats can be found immediately
downstream from the 5’ end of the transcripts
(27). The 40 nucleotides upstream thereof con-
tain the prokaryotic type transcription initiation
signals, the “-10” and “-35” boxes. There are 18
nucleotides between the two signals. In bacterial
genes 16 to 18 nucleotides are commonly found
between the “-10” and “-35” regions (12, 31). A
distance of 18 bases has also been found between
the two signals in other chloroplast genes, i. €. in
atpB of maize (15) and psbA of spinach and
Nicotiana debneyi (33), whereas different struc-
tures in putative promotor regions have been
suggested for other chloroplast genes (30). The
fourth domain d) is the intergenic region be-
tween the rbcL gene and the atpB gene. It spans
from -359 in the barley sequence and the puta-
tive “-35” box of the atpB genes. There is very
little homology in the intergenic region. This
suggests that none of the sequences in this
domain are of importance for transcription of
the two genes, 1. e. the rbcL genes contain all the
information which is necessary for its transcrip-
tion downstream from -359 (barley numbering).
Employing spinach chloroplast RNA polyme-
rase, GRUISSEM et al. (10) showed that DNA
sequences between positions -56 and -85 up-
stream from spinach and Euglena gracilis tRNA
genes are required for maximal expression in an
1n vitro transcription assay.

4.2. The light-induced expression of rbcL genes

I have previously observed that the amount of
RNA found in plastids of barley seedlings gree-
ning over short periods of time does not change
dramatically. At the same time there is no major
increase in the amount of leaf dry matter. I have
therefore considered it possible to use the plastid

rRNAs, which contribute close to 90% of the
plastid RNA, as an internal standard for the
measurement of quantitative changes of certain
transcripts derived from genes encoded by the
the chloroplast genome (22). The mRNA enco-
ding the large subunit of RuBPCase-Oase is
among these transcripts. In the work presented
here it has been shown that illumination of dark
grown seedlings for eight hours with white light
leads to a net increase of 60% in the amount of
LS mRNA, as measured by hybridization with
specific DNA probes. It is possible that the LS
mRNA is found exclusively as a truncated RNA
species in plastids of dark grown seedlings 6 days
of age and older. Upon illumination this tran-
script is persistent but a transcript which is 258
nucleotides longer at the 5° end, accounts for a
major fraction of the quantitative increase. On
the DNA sequence level this transcript is the one
that is preceded by bacterial type promotor
sequences, whereas this is not the case for the
short transcript. Under the same growth condi-
tions(13,22) the netincrease of RuBPCase-Oase
protein in barley is slightly higher, about 80-
100% (13, 29), as compared to the increase of
60% in the amount LS mRNA. This suggests
that the longer transcript might be translated
more efficiently than the short one, based on the
assumption that this transcript is indeed to be
found in organello of the living plant.

The relative increase in expression of the rbcL
gene must be associated with a corresponding
increase in expression of the nuclear gene for the
small subunit of the enzyme or an increase in
translation of its mRNA. It has been demonstra-
ted that the pea small subunit gene is indeed
transcribed at highly induced levels upon illumi-
nation (29). Also, the general effect of light on
transcription of the rbcL gene in pea plants
grown in a dark-light cycle was significantly
more pronounced than the effect of illumination
ofdark grown barley seedlings. However, in both
cases it can be concluded that the transcription
of the genes involved in the biosynthesis of the
enzyme is positively effected by light and that
these events can be included among the set of
reactions occurring during light induced plastid
development, which are under the control of the
phytochrome system.

The finding of two transcripts from the rbcL
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gene in more than one plant species leads to a
number of questions. Is the gene transcribed
from two different promotors like some deve-
lopmentally induced bacterial genes (31)? Are
the two transcripts the result of the function of
two distinctively different RNA polymerases, or
is the short transcript a breakdown product of
the larger due to some developmentally regula-
ted reaction? Clues to the answer of these ques-
tions can be obtained from the sequences. It
does appear suggestive that the 20 nucleotides
upstream from -65 1. e. beyond the end point of
the short transcript are closely conserved among
the four species studied (Figure 2). [s this a signal
for a specific degradation process which is occur-
ring when low rates of LS synthesis is advanta-
geous? Another question concerns the function
of the extra 140 nucleotides contained in the
long transcript of the barley and maize genes.
The homology between the barley and maize
sequences is quite high in this region which
makes it a candidate for signals responsible for
the differences observed in the light induced
regulation of the enzyme in mono- and dicotyle-
dons.

In the C4 plant maize LS mRNA and RuBP-
Case-Oase are found only in the plastids of
bundle sheath cells and not in the mesophyll
cells (16) as is the case in barley. This means that
the maize genes must be under the control of a
tissue specific regulatory mechanism. If signals
for this regulation are present in the sequence
upstream of the ATG codon they must be sought
among the relatively small differences distin-
guishing the barley and maize gene.
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