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Summary

We have analyzed the region of the chloroplast genome from B sativum which encodes the 5-end of
psbA. S, nuclease mapping and primer extension analysis of chloroplast RNA revealed psbA transcripts
with 5-termini 92, 93 and 68 nucleotides upstream from the psbA open reading frame. The psbA transcripts
with 5%ends 92—93 nucleotides upstream from the psbA open reading frame can be labeled with alpha-32P-
GTP by guanylyltransferase. DNA sequences 10 and 35 bp upstream from the longest psbA transcript showed
homology to —10 and — 35 consensus promoter sequences in E. coli. Truncated psbA constructs which con-
tain the putative psbA promoter sequences were shown to promote transcription in E. coli from a site similar
to that used by chloroplast RNA polymerase in vivo. Accurate transcription of psbA constructs was also ob-
served in a homologous in vitro transcription extract from chloroplasts. Sequence analysis of the region up-
stream from the psbA transcripts revealed a putative 3-exon of a tRNA-Lys (240 bp upstream) and an
unidentified open reading frame (URF, 485 bp upstream). The 3-end of the URF mRNA was located ap-
proximately 240 bp from the S-end of the longest psbA transcript indicating that the URF and tRNA-Lys
sequence are cotranscribed. Comparison of P, sativum and N. tabacum DNA sequences at the 5-end of psbA
revealed homology between sequences coding for psbA mRNA including 40 bp upstream from the longest
psbA transcript. A second region of homology which includes the tRNA-Lys sequence was also located. In
contrast the intergenic DNA exhibited extensive divergence in size and sequence.

Introduction accurate transcription of chloroplast templates in
vitro have confirmed the importance of a sequence
Chloroplast DNA of the higher plant Pisum sati- located 35 bp upstream from the site of transcrip-
vum is approximately 120 kbp in size (33) and tion initiation (19). This sequence corresponds to
codes for tRNAs (6), rRNAs and mRNAs (42). The the <35’ consensus sequence which is involved in
DNA sequences which are important for the tran- prokaryotic gene transcription initiation (5).
scription of various genes coded by chloroplast The 5"-ends of several chloroplast protein gene
DNA have been assessed by analysis of DNA se- mRNAs have been found to be heterogeneous. For
quences surrounding the 5-ends of transcripts and example, two 5-ends have been reported for rbcL
through the use of in vitro transcription systems transcripts (7, 28) and one to three 5-ends for atpB
(11, 12, 14, 19, 28, 32). In the case of protein coding mRNA (28). In these cases the location of the
genes it has been shown that accurate transcription 5-end of the longest transcript was also a site of
of chloroplast templates can be achieved in vitro transcription initiation (28). Available data indi-

(19, 32). Analysis of DNA sequences required for cates that the shorter transcripts for rbcL are de-
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rived from the primary transcript by RNA process-
ing (28). These results show that a 5-end of a
chloroplast transcript does not necessarily cor-
respond to a site of transcription initiation and that
further tests are required to establish this point.
The function of 5~end mRNA heterogeneity for
genes such as rbcL and atpB is unknown although
it has been suggested that different lengths of un-
translated mRNA may be involved in regulation of
translation (28).

Gene expression in plastids is reported to be
regulated at the transcriptional level during plastid
biogenesis by light (35). This was first reported for
the psbA gene in maize (3, 29) and has also been
observed in mustard (18). In maize, psbA represents
one of a class of genes whose mRNA levels are in-
duced by exposure of dark-grown plants to light
(35). In mustard, however, psbA is at present the
only example of light mediated induction (20). In
other plants such as peas, mung bean, and spinach
some psbA mRNA is found in dark-grown plants
but during light-induced development psbA mRNA
levels increase (15, 40). In contrast, in mature
Spirodela psbA transcript levels are quite stable al-
though translation of protein from these transcripts
varies considerably (10).

The psbA gene product is a 32 kDa membrane
polypeptide which is an integral component of the
photosystem II-chlorophyll-protein complex (24)
and is a membrane-associated chloroplast protein
(4). The 32 kDa polypeptide is a quinone-binding
component in photosystem II and is the site of ac-
tion of a class of photosynthetic herbicides (24, 34,
37). The DNA sequence of psbA has been reported
for several plants (16, 17, 21, 31, 36, 38, 44). From
the DNA sequence a 38 500 dalton primary transla-
tion product is predicted with almost the entire
deduced amino acid sequence conserved between
the species examined (16, 31, 38, 44). In this paper
we have focused our study on the function of the
sequences between the psbA open reading frame
and the gene whose 3 “end is located upstream from
psbA. The transcription of psbA in E. coli and in
a homologous in vitro transcription system is
reported here.

Materials and methods
Reagents

Ribonucleotides, deoxyribonucleotides and dide-
oxyribonucleotides were from Sigma Chemical Co.
or P-L Biochemicals, Inc. 32P-nucleotides were ob-
tained from New England Nuclear. Trace proteins
were removed from the E. coli tRNA type XXI
(Sigma Chemical Co.) used as carrier nucleic acid
by phenol:chloroform:isoamyl alcohol (25:24:1;
vol:vol:vol) extraction and the tRNA was stored in
H,0 at —20°C. ©X174-Haelll DNA fragments
were from Bethesda Research Laboratories, Inc.
Electrophoresis grade agarose, enzyme-grade urea
and nucleic-acid grade formamide were also from
BRL, Inc. Formamide was deionized for 15 min by
treatment with AG 501-X8 analytical grade mixed
bed resin (Bio-Rad Laboratories) and stored at
—20°C. Analytical and preparative polyacryl-
amide gels were prepared with acrylamide and elec-
trophoresis grade N,N'-methylenebisacrylamide
(Eastman Kodak Co.) that was treated with activat-
ed charcoal (Fisher Scientific Co.) for one hour and
twice filtered before use. NA-45 membranes for nu-
cleic acid isolation were from Schleicher and
Schuell, Inc.

Enzymes

Restriction endonucleases, T, polynucleotide
kinase, T, DNA ligase, and the large fragment of
DNA Polymerase I were from BRL, Inc. and New
England Biolabs, Inc. Calf intestine alkaline phos-
phatase was from Boehringer-Mannheim. S; nu-
clease, AMV reverse transcriptase and guanylyl-
transferase were from BRL, Inc. DNase I was from
Cooper Biomedicals.

Plant growth conditions

Pisum sativum (Progress No. 9) was purchased
from Burpee Seed Co. Plants were grown in vermic-
ulite in a Conviron environmental growth chamber
in continuous light at 23 °C. Plants were harvested
7 days after inhibition of dry seeds.

Chloroplast nucleic acid isolation

Intact chloroplasts were isolated from percoll



gradients by the method of Bartlett ef al. (2). Pea
chloroplast DNA was isolated from plastids by cen-
trifugation through CsCl-ethidium bromide gra-
dients essentially as described by Hallick et al. (13).
Chloroplast RNA was obtained by lysis of intact
plastids with an equal volume of RNA extraction
buffer (0.3 M NaCl, 1% sodium dodecylsulfate,
20 mM EDTA, 10 mM Tris-HCI, pH 8) and subse-
quently extracted 2 times with phenol:chloroform:
isoamyl alcohol (25:24:1; vol:vol:vol). The aqueous
phase was then precipitated and stored at —80°C
in TE (10 mM Tris-HCI pH 8.0, ] mM EDTA).

E. coli RNA Isolation

An overnight culture of the appropriate plasmid
containing E. coli strain was diluted into 5 ml of
media and grown to mid-log phase. The culture was
poured into a prechilled, phenol-rinsed mortar.
Two volumes of liquid N, was used to quick-freeze
the cells and a pestle was used to grind the cells to
a powder. Before the cells thawed, 10 ml of RNA
extraction buffer and 15 ml of phenol:chloroform:
isoamyl alcohol (25:24:1; vol:vol:vol) were added
and the solution was stirred until homogeneous.
The solution was then transferred to a chilled 30 ml
corex tube (siliconized and heat treated), vortexed
and then centrifuged at 5000Xg in a swinging
bucket type rotor. The aqueous phase was ethanol
precipitated in corex tubes, rinsed with 80% etha-
nol and the pellet dried. The pellet was resuspended
in 0.3 ml of TE and transferred to a 1.5 ml eppen-
dorf tube. Undissolved material was removed by
centrifugation in an eppendorf centrifuge for
10 min at 4°C. The supernatant was ethanol pre-
cipitated and the pellet resuspended in 0.1 ml of
TE. The nucleic acid solution was then stored at
—80°C and was later used for S, nuclease assays.

Isolation of DNA restriction fragments

After the DNAs were digested with the appro-
priate restriction enzymes the fragments were
separated electrophoretically through agarose or
polyacrylamide gels. Restriction fragments were
isolated by electroelution into dialysis bags (23) or
by electrophoresis onto a NA—45 membrane (22).
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Plasmid constructions

DNA fragments which contain the 5’ or 3-end
of psbA from pea were identified by Palmer &
Thompson (33). The 709 bp Xbal-Pstl fragment
from pea chloroplast DNA was inserted into
pUCI8 and pUCI9 (26, 30) to generated
pPPBX-10218 and pPPBX-10219, respectively. Plas-
mids transformed into the bacterial strain TB1 (1)
were isolated from CsCl-ethidium bromide gra-
dients (23).

Sequencing and preparation of 3*P-DNAs

The 1308 bp BamHi-Pstl fragment was se-
quenced by the M13/dideoxy sequencing method
(26). Linear DNAs or synthetic oligonucleotide
were 5-end labeled with gamma 3?P-ATP and T4
polynucleotide kinase (23) or 3“end labeled with
the appropriate alpha 32P-nucleotide triphosphate
(ANTP) and the large fragment of DNA Polymer-
ase I (26). The 32P-DNAs were separated on S or
8% polyacrylamide gels. After electrophoresis of
the 3P-DNAs on acrylamide gels, the separated
fragments were purified by electroelution into dia-
lysis bags (23). In addition to sequencing by the
M13/dideoxy method of Messing (26), the 117 bp
Mbol-Hinfl (HinfI labeled) was sequenced by the
method of Maxam & Gilbert (25).

S, nuclease protection assay

Excess end-labeled 32P-DNA (5000 to 20000
cpm/assay) and carrier E. coli tRNA (10 pg/assay)
were resuspended in 80% formamide (10 ul/assay)
and boiled for 5 min. The 32P-DNA-formamide
solution was added to a dry pellet of S, hybridiza-
tion buffer (final concentration: 400 mM NacCl,
40 mM Pipes-NaOH pH 6.4, 1 mM EDTA) and
either chloroplast or E. coli RNA. All hybridiza-
tions were performed at 37 °C for 12—18 hours ex-
cept for the fine mapping of in vivo psbA RNA
which was done using the 117 bp Mbol-HinfI frag-
ment which was slow cooled to room temperature.
After hybridization the solution was diluted with
100 pl of S, assay buffer (250 mM NaCl, 30 mM
NaOAc, pH 4.6, 1 mM ZnSO,, 20 pg/ml dena-
tured salmon sperm DNA), 10—30 units of S,
nuclease was added and the reaction incubated at
30°C for 40 min. The S;-protected hybrid was
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ethanol precipitated with 10 g of carrier E. coli
tRNA and analyzed on 8% polyacrylamide-8.3 M
urea sequencing gels (25).

Primer extension assay

Double-stranded 5-end labeled 32P-DNA frag-
ments were denatured and hybridized to chloro-
plast RNA as described in the S; nuclease protec-
tion assays. The hybrid nucleic acid was ethanol
precipitated and resuspended in 20 ul of 50 mM
Tris-HCI, pH 8.3, 50 mM KCl, 10 mM MgCl,,
10 mM dithiothreitol, and 1 mM of each dNTP.
AMYV reverse transcriptase (25 units) was added
and the reaction carried out at 37°C. After the
reaction and the mixture was ethanol precipitated
with 10 pg E. coli tRNA, resuspended in 100 pl of
S, nuclease assay buffer, and ethanol precipitated
a second time,

The 5’ end-labeled synthetic fifteen nucleotide
oligomer (see Fig. 2) was hybridized to chloroplast
RNA by heating to 65°C and slow cooling to
37°C. The hybridization solution consisted of
chloroplast nucleic acid (1.2 or 0.012 xg), 100000
cpm of 32P-15-mer, 50 mM Tris-HC1 (pH 8.2),
10 mM MgCl, and 50 mM KCl. After the mix had
reached 37°C, the four unlabeled dNTPs (1 mM
each), 10 mM DTT and 25 units of AMV reverse
transcriptase was added and the mix incubated at
37°C for 60 min. Upon completion of the reaction
10 pug of E. coli tRNA were added and the mix was
precipitated with ethanol. The 3?P-DNAs were
then analyzed on 8% polyacrylamide-8.3 M urea
sequencing gels (25).

Analysis of RNA by use of guanylyltransferase

Guanylyltransferase and alpha-2P-GTP were
used to 5-end label pea chloroplast RNA as de-
scribed by Mullet et al. (28). The 20-ul reaction mix
was composed of 3~20 ug of chloroplast RNA,
10 units of vaccinia virus guanylyltransferase,
0.0l mCi of alpha-32P-GTP, 50 mM Tris-HCI
(pH 7.5), 1 mM MgCl, and 1 mM dithiothreitol
and was incubated at 37°C for 30 min. The reac-
tion was stopped by adding 80 ul of RNA extrac-
tion buffer and extracted twice with phenol:chloro-
form:isoamyl alcohol (25:24:1; vol:vol:vol). Carrier
tRNAs (10 ug) were added and the mixture was
twice precipitated with ethanol. Unlabeled double-

or single-stranded DNAs (100 to 200 pmoles/assay)
were hybridized to the chloroplast 3?P-RNA
(50000 cpm/assay) and treated with S, nuclease as
previously described.

Preparation of transcription extracts from pea

Intact chloroplasts were purified as previously
described (2). The plastids were lysed and extracts
were prepared through ammonium sulfate precipi-
tation as described by Orozco et al. (32). After cen-
trifugation, the resulting pellet was resuspended in
a minimal volume ‘DE-52 buffer’ plus glycerol
[25 mM Tricine KOH, pH 8.0, 50 mM KCl,
0.1 mM EDTA, 0.5 mM DTT, 0.05 mM epsilon-
amino-caproic acid (Sigma Chemical Co.), 0.4 mM
phenylmethylsulfonyl-fluoride (Sigma Chemical
Co.), 5% glycerol] and was dialyzed 12 h in DE-52
buffer plus glycerol. The resulting ‘transcription ex-
tract’, equivalent to the ‘high salt extract’ of Orozco
et al. (32), was divided into aliquots, quick-frozen
in liquid N,, and stored at —80°C.

Proteinase K treatment of DNase I

Since it has been shown that calcium ions cause
DNase I to become resistant to proteinase K diges-
tion (41), RNases were removed from a DNase I so-
lution by treatment with proteinase K as described
by Orozco et al. (32). The DNase I-proteinase K
mixture was used immediately after preparation.

In vitro transcription assays

In vitro transcription assays were performed es-
sentially as described by Orozco et al. (32). The
50-ul in vitro transcription reaction mixture con-
sisted of DE-52 buffer with 0.5 mM CTP, 0.5 mM
GTP, 0.05 mM ATP and 0.05 mM UTP. In addi-
tion to the previously mentioned components, the
reaction mixture contain variable amounts of ‘tran-
scription extract’ and ‘template’ (purified plasmid
DNAs) to optimize production of in vitro RNA.
The reaction was incubated at 26 °C for 30 min and
was followed by addition of 25 ug of carrier tRNA,
DNase I buffer (to final concentration of 20 mM
Tris HCI, pH 8.0, 10 mM CacCl,) and proteinase K
treated-DNasel (25 ug DNase [/assay). The addi-
tion of E. coli tRNA increased the amount of RNA
detected in S; protection assays by approximately



10-fold. The mixture was treated with DNasel for
15 min at 37 °C and the reaction stopped by the ad-
dition of TE to 150 ul and subsequent addition of
150 ul of RNA extraction buffer. Phenol:chloro-
form:isoamyl alcohol extraction was performed af-
ter the addition of 10 ug of carrier tRNA. The in
vitro RNA was precipitated twice with ethanol and
then analyzed by S, nuclease protection assays as
previously described.

Results

DNA sequence analysis of the psbA 5 ‘region from
P. sativum

The restriction map for a 2.6 kbp BamHI-EcoRI
segment of the pea ctDNA which contains the
5-end of psbA is shown in Fig. 1. Restriction sites
used for the preparation of fragments for S,
nuclease protection, primer extension, and DNA
sequencing experiments are also indicated in this
figure. The DNA sequence for the 1308 bp
BamHI-Pstl restriction fragment was determined
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by the M13/dideoxy method (26) (see Fig. 1c for se-
quence strategy; Fig. 2 for sequence). A compari-
son of our sequence, starting at position 795 with
that of the recently published psbA sequences from
P, sativum (31) showed differences at positions 799,
807, and 841 (see Fig. 2). A guanosine residue at
position 799 is part of the recognition site for
Hphl, whereas the thymidine reported by Oishi et
al. (31) would eliminate this restriction site. Restric-
tion analysis with the Hphl enzyme confirmed the
presence of the guanosine at position 799 in our se-
quence. At position 807 we found a cytosine instead
of the guanosine reported by Oishi et al. (31). The
presence of a guanosine at this position would gen-
erate a Hpall recognition site. When this segment
was analysized with Hpall or Mspl (to eliminate
negative results due to methylation) no restriction
sites were found at this position.

Location of a transcript 3 ‘end upstream from the
DSbA gene

The sequence data in Fig. 2 revealed an open
reading frame homologous to psbA and upstream
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Fig. 1. Restriction map, transcript map, and sequencing strategy of the psbA-URF region from P, sativum. (a) The restriction map show
the 2.6 kbp BamHI-EcoRI restriction fragment and the location and direction of the protein coding mRNAs (solid arrows above the
map) within this region. (b) The restriction map is of the 1308 bp BamHI-PstI subfragment of the 2.6 kbp BamHI-EcoRI fragment. The
boxed regions are mRNA coding segments (of the largest RNA species for psbA) whereas the single line is the intergenic spacer region.
The cross-hatched boxes indicate the open reading frames of the respective genes and the ‘t’ indicates the putative 3“exon of a gene
coding tRNA-Lys. Restriction enzyme cleavage sites used in cloning, sequencing and probe preparation are indicated above this figure.
(c) The sequencing strategy for the 1308 p BamHI-PstI fragment is shown at the bottom of this figure. Arrows originating from solid
circles indicate sequencing by the method of Messing (26) and the arrow originating from the solid triangle indicates sequencing by
the method of Maxam & Gilbert (25). The DNA sequence is shown in Fig. 2.
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Fig. 2. The DNA sequence of the 1308 bp BamHI-Pstl fragment from P sativum. Line one (position 1 to 1396) is the primary DNA
sequence of the 1308 bp fragment with gaps (. . .) introduced in the sequence to align the sequence with N. tabacum sequence. The second
line from positions 1 through 270 shows the deduced amino acid sequence for the carboxyl terminus of the URF. The § at position
1 and 595 indicate the regions of DNA homology (between P sativum and N. tabacum) at the 3’ end of the URF, with only the differ-
ences with the N. tabacum sequences shown on line 3 (1 to 300) and line 2 (301 to 595). The tRNA-Lys 3’ exon is underlined between
position 561 and 595 with the one nucleotide change with M. tabacum shown boxed below the exon. The non-homologous intergenic
spacer region is shown between position 596 and 794. The comparision of nucleotide sequence is between the $ at position 795 and
1395, respectively, and differences with the N. tabacum are shown on lines two (from position 795 to 900) and three (from position
901 to 1396). The three nucleotide differences from the sequence published by Oishi et al. (31) are shown in diamonds on line three
(between positions 795 and 900). The deduced amino acid sequence for P sativum starts at position 928 on line 2 and the two amino
acid changes with N. tabacum are shown on line 4. The procaryotic-like -35 and -10 promoter sequences are underlined and are centered
at positions 802 and 826, respectively. The 15 nuc oligomer (used in the fine mapping of the 5’ end of the psbA transcripts( hybridizes
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of this sequence a putative 3-exon of a tRNA-Lys
and an unidentified open reading frame of 89 ami-
no acids (Figs. 1, 2). To determine if transcripts
from the unidentified open reading frame and
tRNA-Lys sequence terminated within the se-
quences 5’ to psbA a 927 bp Accl-Pstl fragment
(3-end labeled at the Accl site) was used for S,
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Fig. 3. a. The 3-terminus of the URF transcript. Lane 1 shows
the 927 nuc Accl-Pstl probe (3-end labeled at the Accl site).
Lane 2 shows the S, nuclease protection experiment with a
133 nuc S, nuclease protected band. The molecular weights of
the standards in Lane M are shown to the left of their respective
bands.
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nuclease protection assays (Fig. 3a). This assay re-
vealed the presence of a 3 “terminus 133 nucleotides
from the Accl site. A 3-terminus was also mapped
to the same region using a BamHI-Pvull DNA
probe (data not shown). These data are consistent
with cotranscription of the unidentified open read-
ing frame and putative 3 “exon of tRNA-Lys.
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b. An S, nuclease protection experiment where the RNA
concentration in the reaction mixture was varied. Lane 1 shows
the 637 nuc Xbal-Ddel (5-end labeled at the Ddel site) probe.
Lanes 2 through 6 show a titration of total nucleic acid cor-
responding to 2.1, 0.7, 0.21, 0.07 and 0.021 ug of total chlo-
roplast nucleic acid. The 485 nuc protected fragment was ob-
served in all lanes and at the higher concentrations (lanes 2 and
3) the 461 nuc protected fragment is visible. The molecular
weight markers are in lane M.
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Localization of psbA RNA 5' and 3-termini

The 5-terminus of the psbA gene was previously
localized to a 5.0 kbp Pstl fragment from the P
sativum chloroplast genome (33). Further analysis
indicated that the 5-end of the gene was located in
a BamHI-Pstl DNA fragment of the original Pstl
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¢. The 5-end analysis of pea psbA mRNA by S, nuclease as-
say and primer extension assay. The molecular weight markers
are in lane M. Lane 1 is the 637 nucleotide Xbal-Ddel probe.
Lane 2 is the S, nuclease protection experiment using 0.021 ug
of total nucleic acid and shows a 485 nucleotide protected frag-
ment. The primer extension assay is shown in Lane 3 and the
485 nucleotide extended primer is shown co-migrating with the
fragment protected in the S, nuclease assays. Lane 4 shows the
192 nuc Mbol-Ddel (5 “end labeled at the Ddel site) primer used
for the primer extension assay.

DNA region. A 637 bp Xbal-Ddel restriction frag-
ment, S-end-labeled at the Ddel site, was used as a
probe to determine the location and orientation of
the psbA gene by S, nuclease protection experi-
ments. The assay yielded two protected fragments
of 461 nuc and 485 nuc, respectively (Fig. 3b). The
relative amounts of each transcript was determined
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d. The 3-end analysis of the psbA gene from peas by S,
nuclease protection assays. Lane | shows the 650 nuc Xbal-
EcoRI (3-end labeled at the Xbal site) probe and Lane 2 shows
the S, nuclease protection experiment using the 650 nuc probe
and 1.2 ug of total nucleic acid. A major band appears at ap-
proximately 107 nuc after digestion with S, nuclease. Lane M is
the molecular weight standard ©X174-Haelll digested and
5end labeled.



by an S, titration where the amount of ctRNA was
varied over three orders of magnitude. The shorter
psbA transcript could only be seen at high RNA
concentrations and always represented a minor per-
cent of the total psbA transcripts.

In order to eliminate the possibility that the
5-ends observed were S, nuclease artifacts, primer
extension assays were conducted using a 5-end-
labeled Mbol-Ddel (labeled at the Ddel end) frag-
ment as a primer. At high concentrations of ctRNA
both 5-ends were observed (data not shown). At
lower RNA concentrations only the larger tran-
script’s S-end was observed (Fig. 3c¢).

A 650 bp Xbal-EcoRI DNA fragment, 3“-end-
labeled at the Xbal site was used as a probe for the
localization of the 3-termini of the psbA gene.
When this probe was hybridized to ctRNA and sub-
jected to S, nuclease, only one fragment was pro-
tected. The S, protected fragment is approximately
107 nucleotides in length (Fig. 3d). The location of
the 3~-terminus for the psbA transcript derived
from our S; protection experiment and the
3 “terminus determined by Oishi et al. (31) using R-
loop mapping are different by more than 65 nucleo-
tides. Using the nucleotide sequence published by
Qishi et al. (31) the 3“terminus of psbA is
68 nucleotides downstream from the psbA open
reading frame. We_ also located a DNA sequence
which codes for tRNA-His approximately 196 bp
from the 3-end of the psbA open reading frame
(Boyer & Mullet, unpublished). Therefore our anal-
ysis of the 3-terminius of psbA transcripts in vivo
indicates that psbA and the tRNA-His gene are not
contranscribed or that RNA processing has oc-
curred to remove the tRNA-His from the psbA
transcripts.

Fine mapping of the in vivo 5-termini of psbA
transcripts

In order to determine the exact position of the
5-termini of the psbA transcripts, S; nuclease pro-
tection assays were electrophoresed beside the
‘Maxam & Gilbert’ sequencing reactions for the S,
probe (data not shown). An S, nuclease protection
assay for the major transcript using the 119 bp
Mbol-Hinfl 5%end-labeled fragment (Hinfl la-
beled) as the probe showed several bands with the
most intense being a cytosine at position 838. In a
similar experiment the position of the minor tran-
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Fig. 4. Fine mapping of the psbA termini. The 5-termini of
psbA were verified by primer extension of the psbA mRNA us-
ing the (5-end labeled) synthetic 15 nuc primer shown in Fig. 2.
Lanes | and 2 show the primer extension assays of the psbA
mRNA (1.2 and 0.012 pg total nucleic acid, respectively). This
lane shows two intense bands at the adenosine residue cor-
responding to position 836 and at the thymidine residue at posi-
tion 835. The minor RNA species noted at higher RNA concen-
trations (see Fig. 3b) whose 5%end is the thymidine residue at
position 866 is also shown in lane R. The dideoxy sequencing
reactions lanes G A T and C, using the same primer are labeled
as their complement so that the mRNA sequence can be read
directly from the DNA sequence.
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script was mapped to an thymidine at position 866.

Primer extension experiments using a 15 nuc
synthetic oligomer as the primer showed three
bands (Fig. 4). Major bands are seen at a thymidine
residue at position 835 and an adenosine at posi-
tion 836. These two bands mark the location of the
major psbA S-terminus. This indicates that the
other bands observed with the S; nuclease assay
(described above) were artifacts which could be due
to the highly AT rich sequence at the 5-terminus.
The position of a second minor RNA terminus at
position 866 observed with S, assays was also veri-
fied by the primer extension assay (Fig. 4).

Identification of the transcription initiation site by
‘capping’

The primary transcription product of a gene has -

a 5-terminal triphosphate, whereas 5-termini de-
rived through RNA processing would have either a
monophosphate or a hydroxy! group (9). This in-
formation can be used to verify a transcription in-
itiation site since guanylyltransferase will only add
GMP to the S5-terminus of RNA containing a
5-terminal polyphosphate (27).

Pea ctRNA was radioactively labeled with
alpha-*P-GTP using guanylyltransferase as
described in Materials and Methods. The 3?P-RNA
was then hybridized to a 1308 bp BamHI-Pstl frag-
ment or to single-stranded M13 viral DNA contain-
ing the same 1308 nuc insert. Equal molar
amounts of each probe were hybridized to the 3?P-
RNA and then subjected to S; nuclease treatment.
When the resulting assays were electrophoresed on
sequencing gels a single intense band of approxi-
mately the size expected for the largest psbA tran-
script was observed (Fig. 5, marked with an arrow).
The single intense band showed slower migration
than that of a corresponding 3?P-DNA which had
been protected by psbA transcripts. Similar mobili-
ty differences have been previously noted by Mullet
et al. (28) for rbcL transcripts. The apparent differ-
ence in mobility is probably due to the ‘CAP-
structure’ and the structural differences between
RNA and DNA. The five minor bands of lower
molecular weight were found to be S; nuclease
resistant even in the absence of any externally
added probe. These minor bands were eliminated
by pretreatment of the 3P-RNA with DNase I
(data not shown) indicating that the minor bands
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Fig. 5. S, nuclease protection assay of ‘Capped’ ctRNA reveals
the protection of a major 590 nuc RNA. Lanes 1 and 2 show S,
nuclease protection assays using 50000 cpm of 32P-RNA (la-
beled by guanylyltransferase and alpha 3P-GTP) and
100 fmoles of M13 mpl8 containing the 1308 nuc BamHI-Pstl
fragment or 200 fmoles of the 1308 bp double stranded frag-
ment respectively. The resulting assays show a major 32P-RNA
species that migrates at approximately 590 nucleotides. The as-
say shows that the single stranded DNA probe provides greater
sensitivity in this assay. Lane M shows molecular weight
markers.



could be some ‘capped>RNA species that were pro-
tected by residual ctDNA.

Correct initiation of transcription by E. coli

Since the promoter sequences of psbA and those
of E. coli are similar, we investigated the possibility
of proper transcription initiation of the psbA gene
in E. coli. In order to test this hypothesis we con-
tructed the plasmids pPPBX-10218 and
pPPBX-10219. The plasmids have the 709 bp Xbal-
Pstl restriction fragment of pea ctDNA (that con-
tains the entire putative promoter region,
5-untranslated region, and 471 nuc of the psbA
open reading frame) in opposite orientations with
respect to the lacZ’ gene of pUCI8 and pUCI19,
respectively (see Fig. 6).

Total nucleic acid was isolated from E. coli that
had been transformed with either pPPBX-10218 or
pPPBX-10219. When E. coli total nucleic acid and
ctRNA were hybridized to a 5-end labeled Xbal-
Ddel fragment (Ddel labeled) and treated with S,
nuclease, fragments of similar size were protected
from S; nuclease (Fig. 7). This suggests that E. coli
RNA polymerase may be initiating transcription
from the psbA promoter at a site similar to that
used by the chloroplast RNA polymerase in vivo.
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Transcription of the psbA gene in a homologous
pea in vitro transcription system

The homologous in vitro transcription system
used consisted of the plasmids pPPBX-10218 and
pPPBX-10219 as DNA templates and chloroplast
extracts which contain RNA polymerase. The RNA
produced in these experiments along with the psbA
RNA synthesized in E. coli were assayed by S,
nuclease protection assays using the Xbal-HindIII
probe shown in Fig. 6. This probe has 11 nucleo-
tides of vector sequence which allowed us to distin-
guish between in vivo ctRNA, in vitro ctRNA and
E. coli produced RNA. Figure 8 shows the results
of the S, protection experiments where RNA syn-
thesized in vitro from the psbA templates protected
565 nucleotides of the S; probe (lanes 2 and 4).
The size of the in vitro RNA is similar to RNAs
produced in E. coli which were transformed with
the psbA-templates (lanes 3 and 5). In Fig. 7, it was
shown that the psbA transcripts synthesized in E.
coli protected psbA specific S; nuclease probes of
similar size as in vivo ctRNA. Therefore the RNA
transcripts produced in the homologous in vitro ex-
tracts were initiated from a similar site on the psbA
template. The S, nuclease assays of the in vitro
transcription reactions also show full-length and an

E
| pPPBX 10218 V

lac z psh A
P
" ] X E
S e 7
FUN g o 7, Ly . é% pPPBX 10219
a@— -
b@
100 nuc.

a - 719 nuc Xba | / Hind Il Probe

b - 565 nuc S, Protected Fragment

E-EcoRl H-Hindlll P-Pstl X - Xbal

Fig. 6. The truncated psbA constructs used in analysis of transcription initiation. The top portion of this figure shows the plasmid
pPPBX-10218. In this plasmid (pPPBX-10218) psbA transcription is in the same direction as transcription of the lacZ’ gene of pUCIS.
In plasmid pPPBX-10219, psbA transcription is opposite that of the lacZ’ gene of pUCI19. The arrows show the direction and site of
transcription initiation. The boxed regions are chloroplast derived sequences, with the cross-hatched areas being the psbA open-reading
frame. The single lines are the vector sequences. ‘a’ is the 719 nuc Xbal-HindIII (5-end labeled) prove and ‘b’ is the 565 nuc S, pro-

tected fragment (see Figs. 7 and 8).
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Fig. 7. S, nuclease assays of RNA synthesized in E. coli trans-
formed with psbA. Lane 1 shows the 637 nuc Xbal-Ddel (5-end
labeled at the Ddel site) probe. Lane 2 shows an S, nuclease as-
say with the Xbal-Ddel probe and 0.021 g of total nucleic acid
from chloroplast. This lane shows the expected 485 nuc protect-
ed fragment. Lanes 3 and 4 contain 5 ug of total nucleic acid ex-
tracted from E. coli which had been transformed with the plas-
mids pPPBX-10218 and pPPBX-10219, respectively. Lanes 3 and
4 also show the characteristic 485 nuc protected fragment which
suggests that E. coli RNA polymerase recognizes and initiates
transcription near the psbA promoter. Lanes 5 and 6 contain the
S, assays using 5 ug total nucleic acid extracted from E. coli
which had been transformed with the plasmids pUCI8 and
pUCI9, respectively. No bands are seen in lanes S and 6 indicat-
ing the vectors alone cannot generate psbA transcripts. The
@ X174-Haelll (5-end labeled) molecular weight markers are in
lane M.

intermediate length S; protected band (Fig. 8,
lanes 2 and 4). The full-length S; fragment was
probably due to probe:probe hybridization caused
by the addition of excess probe to the hybridization
mixture. The intermediate fragment could be an S,
artifact caused by AT rich regions of the
probe:probe hybridization. The full-length S, pro-
tected fragment for the E. coli/pPPBX-10218 RNA
(lane 3) could be due to transcription starting at the
lacZ’' promoter and reading through the psbA se-
quences.

Control reactions with no chloroplast extract
were used to assay for any residual (plasmid trans-
formed) E. coli RNA or contaminating template
after DNase I treatment. No bands were detected in
the minus extract reaction (Fig. 8; lane 7). A con-
trol reaction in which the extract was present but
template was not present, assayed for the discrimi-
nation of the in vitro probe for in vitro transcribed
RNA (ie. the endogenous ctRNA would not protect
the 5-end label of the in vitro probe). This template
control reaction also showed no bands (Fig. 8,
lane 6). The pUC18 and pUCI19 vectors used to
construct the in vitro templates showed no S,
nuclease protected bands when used in the in vitro
system nor when RNA was isolated from pUCI8 or
pUCI19 transformed E. coli.

Discussion

In this report we describe the characterization of
P sativum chloroplast psbA transcripts produced
in vivo, in vitro and in E. coli. The 5-end of psbA
was previously localized to a 5.0 kb Pstl DNA re-
gion (33) and the psbA open reading frame se-
quenced (31). We extended the previous sequence
data upstream from the psbA open reading frame
and located a putative 3-exon of a gene coding for
tRNA-Lys and an unidentified reading frame
(Figs. 1, 2). The unidentified reading frame is the
3~end of an open reading frame originating from
a transcript whose 5-end maps approximately
2.9 kbp upstream of the BamHI site in Fig. 1
(Boyer & Mullet, manuscript in preparation). The
89 amino acids of the unidentified reading frame
reported here are highly charged and basic suggest-
ing that the protein could be a nucleic acid binding
protein. A homologous (70%) open reading frame
and gene coding for a putative 3 “exon of tRNA-Lys
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Fig. 8. S, nuclease assays of psbA RNA synthesized in a homologous chloroplast in vitro transcription system. Lane I shows the
719 nuc Xbal-HindIII (5-end labeled at the HindlII site) S, nuclease protection probe. Lanes 2 and 4 are S, nuclease protection ex-
periments of the RNA synthesized in vitro from pPPBX-10218 and pPPBX-10219 templates respectively. These lanes show a 565 nuc
protected band which corresponds to initiation at the position of the in vivo psbA RNA 5-end. Lanes 2 and 4 also show a full length
protected band and a faint intermediate band. Lanes 3 and 5 are S; nuclease assays of RNA derived from E. coli transformed with
pPPBX-10218 and pPPBX-10219 respectively. These lanes also show a 565 nuc protected band and lane 3 shows a full length protected
fragment. Lane 6 is an S, nuclease protection assay of a control reaction where no template DNA was added to the in vitro system.
Lane 7 is an S, nuclease protection assay were no chloroplast extract was added. The template DNA (pPPBX-10218) was assayed for
any residual RNA contamination in this experiment and showed no protected bands. An analogous experiment was done with
pPPBX-10219 and the results were the same as lane 7 (results not shown). Lane M is ©X174-Haelll molecular weight markers.

has been reported in N. tabacum (39). In N. taba-
cum evidence for splicing the tRNA-Lys was pre-
sented (39). A search for 3-termini between the pea
unidentified reading frame and psbA revealed tran-
script termini at the 3~side of the putative 3 “exon

of tRNA-Lys (Fig. 3a). This indicates that the
tRNA is not processed to a large extent or that
processed RNA is unstable. One other example of
a protein coding region which resides in the intron
of a tRNA has been published (8). In this case the
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tRNA-Gly was shown to be processed (8).

Examination of psbA in vivo transcript S-ends
revealed the presence of 5-termini 92, 93 and
68 nucleotides upstream from the psbA open read-
ing frame. The shorter transcript was present in low
abundance. Transcripts with termini 92 —93 nucleo-
tides upstream from the psbA open reading frame
were identified as primary transcripts. This was
based on capping experiments using guanylyltrans-
ferase (Fig. 5), the presence of sequences 10 and
35 bp upstream from the termini that are homolo-
gous with prokaryotic promoter sequences (43),
and production of transcripts similar to those
found in vivo, in vitro and in E. coli (Figs 7, 8). It
should be noted that production of psbA tran-
scripts in E. coli which are similar to in vivo tran-
scripts reported here is in contrast to results report-
ed by Link (19). The difference may be due to our
use of an in vivo E. coli assay in contrast to the in
vitro assay used by Link which requires linear tem-
plates.

In vitro transcription of psbA in a pea transcrip-
tion extract indicated that transcription of psbA
was accurately initiated in this system. Link (19)
has also reported an in vitro transcription system in
mustard which can use linear templates to accurate-
ly synthesize ‘run-off’ transcripts of the psbA gene
(19). Transcription of deletion mutants of psbA in
vitro were used to determine the location and the
requirement for different promoter elements for
psbA (19). An element located 35 bp upstream
from the site of initiation was required for tran-
scription of psbA in the mustard system. Our se-
quence analysis of the pea psbA showed the pres-
ence of a similar sequence in pea psbA except that
our sequence is GTGACA instead of TTGACA as
found for mustard psbA. It should also be noted
that our -35 sequence is a palindrome with se-
quence GGGTGACACCC. Palindromic sequences
in E. coli are often found in regulatory regions and
therefore this sequence may be a regulatory protein
binding site in the pea chloroplast.

DNA sequences between the -35 region of psbA
and the upstream URF 3-end could be involved in
the regulation of psbA transcription. Sequence
comparison between P. sativum and N. tabacum
(39) in this region show a lack of homology be-
tween the sequence 40 bp upstream from psbA
RNA 5%end and the sequence demarked by the
3“terminus of the tRNA-Lys sequence (Fig. 2). The

lack of homology and size variation (pea is 199 bp
and tobacco is 88 bp) of this region suggests that
regulatory sequences, if present, have not been con-
served between these species. The divergent inter-
genic spacer region, however, is very AT rich in
both species and may be a site of entry for RNA
polymerase. Further study of regions between other
genes in the chloroplast genome should aid in the
determination of the function of these intergenic
regions.
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