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Rapid splicing and stepwise processing of a transcript
from the psbB operon in tobacco chloroplasts:
Determination of the intron sites in petB and petD
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Summary. Expression of the psbB gene cluster in tobacco
chloroplasts has been studied. This cluster contains the
genes for the 51 kDa chlorophyll a apoprotein (psbB) and
the 10 kDa phosphoprotein (psbH) of photosystem II, and
cytochrome b6 (petB) and subunit IV (perD) of the cyto-
chrome b/f complex in this order. Northern blot hybridiza-
tion and reverse transcription analyses have revealed that
petB and petD contain single introns and the psbB gene
cluster is transcribed as a single polycistronic unit. The pri-
mary transcript seems to be spliced very rapidly and then
processed into several small RNA species. The exact splice
sites have been located by cDNA sequencing. The transcrip-
tional initiation site of the pshB operon has been determined
by S1 mapping with in vitro capped chloroplast RNA. The
stepwise processing of chloroplast RINA precursors is dis-
cussed.
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Introduction

Chloroplasts contain unique transcriptional and transla-
tional systems different from the nuclear-cytoplasmic sys-
tems. The chloroplast systems have been shown to be simi-
lar to prokaryotic systems rather than eukaryotic systems
(Dyer 1984). Chloroplast genomes contain many gene clus-
ters which have been shown to be cotranscribed; rrn oper-
ons, aip clusters, trn clusters, psb clusters and ribosomal
protein gene clusters (e.g. Strittmatter and Kdssel 1984;
Shinozaki et al. 1983; Deno et al. 1984; Westhoff et al.
1985; Cozens et al. 1986; Westhoff 1985; Ohme et al. 1985;
Tanaka et al. 1986). Multiple RNA species have often been
observed for one given gene in these gene clusters. The
complex patterns of the RNA species have been thought
to be the results of multiple RNA processing of the primary
transcripts.

Barkan et al. (1986) have observed striking alterations
in the abundance and size of RNA species in psbB gene
cluster when chloroplast RNA extracted from a photosyn-
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thetic mutant of maize (hcf-38) was compared with that
from the wild type. This finding suggests that RNA process-
ing in chloroplasts may be involved in a post-transcriptional
regulation of chloroplast gene expression.

The psbB gene cluster is known to contain at least four
genes, the genes for the 51 kDa chlorophyll a apoprotein
(psbB), the 10 kDa phosphoprotein (psbH, formerly desig-
nated psbF, Shinozaki et al. 1986b), cytochrome b6 (petB)
and subunit I'V (petD) in this order, and has been suggested
to be polycistronically transcribed (Morris and Herrmann
1984; Heinemeyer et al. 1984; Phillips and Gray 1984).
Here we show that the tobacco petB and petD genes contain
single introns and that the transcript from the pshbB gene
cluster is rapidly spliced in tobacco chloroplasts.

Materials and methods

Total tobacco chloroplast RNA was prepared from young
leaves grown in a growth chamber at 25° C for 12 h illumi-
nation as described (Shinozaki and Sugiura 1982). To re-
move DNA contamination, 1 mg of the RNA preparation
was treated at 37° C for 1 h with 10 units of bovine pancre-
atic DNasel in the presence of 140 units of human placenta
ribonuclease inhibitor (HPRI) (Takara Shuzou Co., Ltd.).
After phenol treatment, RNA was precipitated with etha-
nol.

Reverse transcription analysis. A primer was hybridized to
100 pg of total tobacco chloroplast RNA in 50 mM Tris-
HCI (pH 8.3), 50 mM KCl, 6 mM MgCl, and 140 units
of HPRI at a temperature gradually decreasing from 65° C
to 42 °C for 2 h. cDNA was synthesized at 42° C for 30 min
in a reaction mixture containing 25 mM Tris-HCI (pH 8.3),
25mM KCl, 3mM MgCl,, 0.1 mM ecach of 4 dNTPs,
0.2 mM of either ddNTP, 5 units of AMV reverse transcrip-
tase (Boehringer Mannheim), 10 mM DTT and 50 pg/ul
actinomycin D (Zaita et al. 1987). After incubation this re-
action mixture was treated with 1 pl 1 N NaOH at 100° C
for 3 min and neutralized with 1 pl of 1 N HCL

S1 mapping was performed as described (Shinozaki and
Sugiura 1982). To label 5’terminal triphosphates of chloro-
plast RNA, 100 ug of tobacco chloroplast RNA was incu-
bated with [a-*?P]GTP in the presence of 1.8 units of guany-
dyltransferase (Bethesda Research Laboratories) in 300 wl
of reaction buffer containing 50 mM Tris-HC! (pH 8.0),
1.25 mM MgCl,, 6 mM KCl and 2.5 mM DTT (Crossland
et al. 1984). Labelled (capped) RNA was precipitated with
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Fig. 1. Determination of the splice sites of a precursor RNA from petB and petD. The upper part represents petB and petD structures.
Exons are shown as filled boxes and introns as open boxes. Bars indicate primers used for reverse transcription. The numbering starts
from the first nucleotide of psbB. The 1095 bp Xhol/PstI fragment containing the perB exon 2 and the 72 bp Sau3A fragment containing
the petD exon 2 were cloned into M13mpl18 or M13mp19 vectors. Coding strands were synthesized with [a-32P]dCTP by Klenow
fragment of DNA polymerase I and cut with HinfI/Rsal and Sau3A as primers for petB and petD, respectively. The lower part shows
autoradiograms of cDNA sequencing gels. Triangles indicate the splice sites

ethanol after addition of 2 pg of 572 bp Nsil DNA fragment
(see Fig. 4a) and subjected to S1 nuclease digestion. DNA
segments protected by the capped chloroplast RNA were
electrophoresed in a 4% polyacrylamide gel containing 8 M
urea.

Results

Introns of petB and petD

The nucleotide sequence of the tobacco pshbB gene cluster
(psbB—psbH-pet B—petD) has been reported (Shinozaki et al.
1986b; see Fig. 3). Computer analysis of the nucleotide se-
quences of petB and petD suggested the presence of long
introns in the petB and petD genes. To prove the existence
of the introns, reverse transcription analysis was performed
to detect the corresponding spliced RNA species. Primers
were prepared from the coding strands of the putative
exon 2 in petB and petD (see Fig. 1) and hybridized to total
tobacco chloroplast RNA. ¢cDNAs were synthesized from
the primers using AMYV reverse transcriptase in the presence
of dideoxyribonucleoside triphosphates.

RNA species in which the expected exon 1 sequences
were joined with the expected exon 2 sequences from petB
and petD were detected as shown in the sequencing ladders
(Fig. 1). These ladders indicate the exact splice sites of the
precursor RNA. We therefore concluded that there were
introns of 753 bp in petB and 742 bp in perD. No significant
open reading frames were found in either strand of these

introns. The intron boundary sequences are
(5)GTGTGAC—GCCTATCTCAAT(3) in petB and
(8 )YGTGTGAC—ACCTATCCCAAT(3) in petD (Fig. 2),
which match the conserved boundary sequences of chloro-
plast group III introns (Shinozaki et al. 1986a). The se-
quence ladders in Fig. 1 show little divergence after the
splice sites, indicating that the primary transcript is scarce.

Only two amino acids residues can be deduced from
exon 1 in petB and a sequence similar to the prokaryotic
ribosome binding site, GGAG, was found 2 bp upstream
of this exon (Fig. 2). In the case of petD, there are two
possible initiation codons. We tentatively assigned the prox-
imal ATG as the initiation codon because the distal GTG
codon is not conserved in the petD sequence of spinach
(Heinemeyer et al. 1984). Hence the petD exon 1 is only
8 bp (Fig. 2): a similar short exon has also been found in
the gene for ribosomal protein CL16 in chloroplast DNA
(Tanaka et al. 1986; Posno et al. 1986).

Expression of the psbB operon

Northern blot hybridization was performed to analyse how
this psbB gene cluster is expressed in tobacco chloroplasts.
As shown in Fig. 3, all probes for the psbB, psbH, petB
and petD coding regions hybridized to a common RNA
band of 3.9 kb while the 3.9 kb RNA band could not be
detected by probes derived from introns (1.5 kb in total)
of petB and perD. Based on the length of psbB gene cluster
(5.4 kb) together with the reverse transcription analysis de-
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Fig. 3. Detection of transcripts from the psbB operon. The upper
part shows the organization of the psbB operon. Exons are shown
as filled boxes and introns as open boxes. The numbering starts
from the first nucleotide of psbB. psb B, positions 1-1527 (1527 bp);
psbH, positions 2149-2370 (222 bp); petB, positions 2500-3900
(1401 bp, a 753 bp intron, positions 2506-3258); petD, positions
4091-5315 (1225 bp, a 742 bp intron, positions 4099-4840). DNA
fragments indicated by open arrows (A-1) were cloned into
M13mpi18 or M13mp19 vectors and labelled with [a-**P]dCTP by
Klenow fragment as probes. A, 509 bp EcoRI/Alul; B, 383 bp
Xmnl/EcoRI; C, 200 bp EcoRlI/Sacl; D, 270 bp Sacl/EcoRI; E,
236 bp EcoRI1/EcoRI1; F, 585 bp Xhol/SnaBl; G, 449 bp EcoRl/
EcoRI; H, 233 bp EcoRI/Sspl; 1, 155 bp EcoR1/Sspl. The lower
part shows the autoradiograms of RNA blot hybridization. Total
tobacco chloroplast RNA was sizefractionated on 1.0% agarose
gels, transferred to nylon membranes and hybridized with the
above probes. Numbers in the leftmost column are kb

scribed above, the 3.9 kb RNA species is most likely to
be a spliced RNA molecule encompassing the entire psbB
gene cluster with the psbB gene cluster being transcribed
as a unit (operon). The intron sequences derived from petB
and petD seems to be spliced out very rapidly from the
primary transcript, or removed while RNA is being tran-
scribed, in tobacco chloroplasts under our growth condi-
tions. Since several discrete RNA bands of less than 3.9 kb
were detected by probes for the psbB, psbH, petB and petD
coding regions, the spliced 3.9 kb RNA species is probably

--GTGAAGAGAARATGGATT [ATGGGAGT [GTGTGACTT-~===~=-=-----~ ACCTATCCCAAT {AACAAAA~--CTTTTT| TAAATTTTTA

429

exon2

GGAGT [ATGAGT J6TGTGACTT----==-=—m=m-mm= GCCTATCTCAAT|AAAGTATAT---CCTTTA| TAGAGAAAAGAAAAA--—----

Fig. 2. Portions of the nucleotide
sequences of petB and petD.
Exons are boxed and the
predicted amino acid sequences
are shown below the DNA
sequences with residue numbers.
Putative ribosomal binding sites
are underlined
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subjected further to stepwise processing, the rate of which
seems slower than that of splicing.

The RNA bands (>1 kb) detected by probes for the
petB and petD introns are apparently longer than the petB
and petD introns, 753 bp and 742 bp, respectively. This sug-
gests that the intron sequences excised do not remain as
linear forms but become unusual forms such as lariats
which have a retarded mobility. We detected at least two
RNA bands with the petD intron probe while only one
band with the perB intron probe. This difference remains
to be explained.

Transcriptional initiation and termination of the psbB operon

S1 mapping was performed to determine the site of tran-
scriptional initiation. Total tobacco chloroplast RNA was
hybridized to a 441 bp SspI/Nsil fragment labelled with
[32P] atits 5 end (Fig. 4a) and then digested with S1 nucle-
ase. Two protected bands of 248-250 bp and of 124-127 bp
were detected (Fig. 4b). These two bands correspond to
positions 175177 bp and 51-54 bp, respectively, upstream
of the psbB coding region in the DNA sequence (Fig. 4c).
Similarly two sites have been reported in the spinach psbB
gene cluster (Westhoff 1985).

To examine whether these two sites are the initiation
points, we performed an additional S1 mapping using the
capped chloroplast RNA. Total tobacco chloroplast RNA
was labelled at the 5’terminal triphosphates with guanydyl-
transferase in the presence of [a->*P]GTP and hybridized
to the 572 bp Nsil DNA fragment (see Fig. 4a). The capped
RNA/DNA hybrid was digested with S1 nuclease and sub-
jected to size fractionation in parallel with a size marker
and the capped RNA (no S1 nuclease treatment). We ob-
tained only one capped RNA band of 248-252 bp and con-
cluded that the distal site, 175-177 bp upstream of psbB,
is the initiation site; the proximal site, 51-54 bp upstream
of psbB, turned out to be a processing site (Fig. 4c). There
are sequences similar to the Pribnow box and — 35 region
in front of the initiation site. This region is very conserved
between tobacco and spinach psbB operons (Fig. 4¢). No
RNA bands were detected for the region downstream of
petD by Northern blot analysis when a 155 bp EcoR1/Sspl
DNA fragment (67 bp downstream of petD) was used as
probe (Fig. 3, lane 1). The termination site is probably lo-
cated within the 67 bp flanking region at the 3’ end of
petD.

Discussion

The 3.9 kb RNA species is the longest detectable RNA tran-
scribed from the psbB operon of tobacco grown under our
growth conditions. This 3.9 kb RNA species contains the
entire coding sequences of the operon and lacks the intron
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Fig. 4a—c. Determination of the transcriptional initiation site of the psbB operon by S1 mapping analyses. a Location of DNA fragments
used for S1 mapping analysis. The numbering starts from the first nucleotide of psbB. b Autoradiograms of S1 nuclease protected
fragments. The 572 bp Nsil DNA fragment was end-labelled with [-*?P]ATP by polynucleotide kinase, cut with Sspl and size fractionated
in a 5% polyacrylamide gel, and the 441 bp Sspl/Nsil fragment was eluted from the gel. Total tobacco chloroplast RNA (17 pg)
was hybridized with the heat-denatured [**P]fragment. Lane 1, 441 bp Sspl/Nsil DNA fragment; Lanes 2, 3 and 4, S1 nuclease-protected
DNA fragments (5 units, 10 units and 20 units, respectively). Total chioroplast RNA (100 pg) was labelled (capped) with [o-*?P]GTP
by guanydyltransferase and hybridized with the 572 bp heat-denatured Nsil DNA fragment. Lane 5, end-labelled HinclIl-digest of ¢ X174
DNA as size markers; Lanes 6 and 7, S1 nuclease protected capped RNA (20 units and 50 units, respectively); Lane 8, the capped
total chloroplast RNA (no treatment). ¢ Comparison of promoter regions of the psbB operon between tobacco (TC) and spinach
(SP). Identical nucleotides are shown by asferisks. Sequences similar to the —10 region and —35 region are boxed. Inverted repeats
are underlined. Transcriptional starting sites are shown by horizontal arrows and the processing site by vertical arrows

petD genes are transcribed polycistronically as a single unit.
This is compatible with that reported in the spinach psbB
gene cluster (Westhoff 1985). As we could not detect a po-
tential primary transcript, which should be at least 5.4 kb
long, covering this operon, the intron sequences in the pre-
mRNA molecule seem to be rapidly removed or splicing
initiates during transcription. Rapid splicing has also been
observed in frans-splicing of transcripts from the divided
gene for ribosomal protein CS12 (5-rps12 and 3’-rpsi2,
Zaita et al. 1987) and in cis-splicing of transcripts from
ndhA and ndhB (Matsubayashi et al. 1987) in tobacco chlo-

roplasts.
No transcripts starting in the 621 bp region between

sequences of petB and petD. The reverse transcription anal-
ysis showed that spliced RNA species lacking the intron
sequences is extremely dominant over the primary and un-
spliced RNA species; this allowed us to determine the splice
sites of the precursor RNA.

Initiation of transcription of the psbB operon was deter-
mined to be 175-177 bp upstream of the psbB coding region
by S1 mapping using the capped chloroplast RNA. No
other transcriptional initiation sites were detected between
psbB and psbH (data not shown), indicating that the 3.9 kb
RNA species is not a mixture of RNAs that start from
the regions upstream of psbB and between psbB and psbH
(the length from psbH to petD is about 3.9 kb). No tran-

scripts were detected from a region 67 bp or further down-
stream of the 3’end of petD, indicating that the transcrip-
tion ends within the 67 bp 3’ flanking region of petD. We
therefore conclude that the tobacco psbB, psbH, petB, and

psbB and psbH were detected, suggesting that the smaller
RNA species detected by Northern blot analysis are gener-
ated from the 3.9 kb RNA species. One of the processing
sites was located by S1 mapping 51-54 bp upstream from



the psbB coding region and resulting in removal of the §’
leader sequence of about 125 bases from the primary tran-
script. The complex pattern of RNA species raises the possi-
bility that post-transcriptional regulation may operate in
the expression of psbB operon by the cleavage of RNA
species. One of the possibilities is that the 3.9 kb RNA
species is processed stepwise in a fixed order into functional
monocistronic mRNAs. An alternative possibility is that
the spliced 3.9 kb RNA species is a tetracistronic mRNA
for the four proteins and the smaller RNA species are deg-
radation products.
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