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The plastid rpoA gene encoding a protein homologous
to the bacterial RNA polymerase alpha subunit

is expressed in pea chloroplasts

Saul Purton* and John C. Gray

Botany School, University of Cambridge, Downing Street, Cambridge CB2 3EA, UK

Summary. The gene rpo A, encoding a protein homologous
to the alpha subunit of RNA polymerase from Escherichia
coli has been located in pea chloroplast DNA downstream
of the petD gene for subunit IV of the cytochrome b-f
complex. Nucleotide sequence analysis has revealed that
rpo A encodes a polypeptide of 334 amino acid residues
with a molecular weight of 38916. Northern blot analysis
has shown that rpoA is co-transcribed with the gene for
ribosomal protein S11. A lacZ—rpo A gene-fusion has been
constructed and expressed in E. coli. Antibodies raised
against the fusion protein have been employed to demon-
strate the synthesis of the rpoA gene product in isolated
pea chloroplasts. Western blot analysis using these anti-
bodies and antibodies against the RNA polymerase core
enzyme from the cyanobacterium, Anabaena 7120, has re-
vealed the presence of the gene product in a crude RNA
polymerase preparation from pea chloroplasts.
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Introduction

The synthesis of multisubunit complexes within the chloro-
plast requires the co-ordinated expression of plastid and
nuclear genes. Consequently, the study of the chloroplast
transcription apparatus is of major importance for the un-
derstanding of chloroplast biogenesis. However, major un-
certainties remain with regard to the number of RNA poly-
merases present in the chloroplast, the subunit structure
of the enzyme(s) and the sites of synthesis of the subunits.

The recent discovery that the chloroplast genome con-
tains genes encoding homologues of the core components
of Escherichia coli RNA polymerase (Sijben-Miiller et al.
1986; Shinozaki et al. 1986; Ohyama et al. 1986) has led
to the suggestion that the plastid RNA polymerase has a
similar subunit structure to that of eubacteria. This idea
is supported by antibody studies demonstrating that the
E. coli and plastid enzymes are immunochemically related
(Briat et al. 1987) and by the identification, in chloroplast
extracts, of sigma factors which confer specificity to the
E. coli RNA polymerase core complex (Surzycki and Shel-
lenbarger 1976; Bilow and Link 1988).
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The suggestion that the core components of the plastid
RNA polymerase are chloroplast-encoded contradicts ear-
lier evidence that the RNA polymerase is nuclear-encoded
(Ellis and Hartley 1971; Biinger and Feierabend 1980; Sie-
menroth et al. 1981; Lerbs et al. 1985). Furthermore, the
isolation of different polymerase activities specific for either
ribosomal RNA genes or transfer RNA genes (Greenberg
et al. 1985) has led several workers to propose that the
chloroplast contains more that one RNA polymerase
(Greenberg et al. 1984; Lerbs et al. 1988).

Consequently, we have undertaken an investigation of
the role of the pea chloroplast genome in encoding subunits
of the plastid RNA polymerase. Here we present the se-
quence of the pea rpo A gene and demonstrate its transcrip-
tion in vivo together with the upstream ribosomal protein
genes rpl36 and rps11. Antibodies have been raised against
the rpo A gene product synthesised in E. coli as a f-galacto-
sidase fusion protein. Using these antibodies, the synthesis
of the rpoA gene product in isolated chloroplasts and its
presence in a crude chloroplast RNA polymerase prepara-
tion have been demonstrated.

Materials and methods

Plant material. Peas (Pisum sativum var. Feltham First)
were grown in Fisons Levington Compost with 16 h illumi-
nation daily. Leaf material was harvested after 7 days.

Recombinant DNA. Plasmid pPscHS5 contains a 3.5 kb
Hagell— Sall fragment of pea plastid DNA (Phillips and
Gray 1984) inserted into the Sa/l site of pUCS. Plasmid
pPscEK?2 was prepared by inserting a 2.0 kb EcoRI— Kpnl
sub-fragment of pPscHS5 into pUC18. Plasmid pPscT920
was made by inserting a 920 bp Taq I fragment of pPscEK2
into pUC18. Recombinant DNA was introduced into
E. coli strain TG1 by transformation (Cohen et al. 1972)
and subsequently isolated by the alkaline-SDS method of
Birnboim and Doly (1979). The expression plasmid
pEXT920 was prepared by inserting a 940 bp BamHI — Pst1
fragment of pPscT920 into pEX3 (Stanley and Luzio 1984)
and was introduced into the E. coli strain pop2136.

DNA sequence determination. Restriction fragments isolated
from agarose and polyacrylamide gels were inserted into
the appropriate sites in M13 strains tg130 and tg131 (Kieny
et al. 1983) and the hybrid DNA used to transform E. coli
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strain TG1. Isolation of single-stranded DNA and sequenc-
ing by the dideoxynucleotide chain termination method
were carried out as described by Sanger et al. (1980) with
the modifications of Biggin et al. (1983).

Preparation of chloroplast RNA. RNA was isolated from
chloroplasts prepared from 7-day-old pea leaves as de-
scribed by Blair and Ellis (1973) except that sorbitol was
substituted for sucrose in the isolation medium to avoid
the problem of RNase-contaminated sucrose. RNA was ex-
tracted as described by Covey and Hull (1981) except that
a chloroplast pellet rather than leaf material was used as
the RNA source.

Northern blot analysis. Chloroplast RNA (20 pg) was glyox-
ylated and electrophoresed on 1.1% agarose gels as de-
scribed by McMaster and Carmichael (1977). RNA was
transferred to Hybond-N nylon filters (Amersham Interna-
tional, Amersham, UK) and hybridised with labelled DNA
fragments as described by Newman and Gray (1988). Sin-
gle-stranded DNA probes for each of the three genes were
prepared by the ‘prime-cut’ method (Biggin et al. 1984).

Isolation of fusion protein and preparation of antisera. The
fusion protein resulting from the expression of pEXT920
in E. coli was excised from a 7.5% polyacrylamide gel after
electrophoresis of a crude cell extract (Stanley and Luzio
1984) in the presence of sodium dodecyl sulphate (SDS).
Protein was electroeluted from the gel strips and dialysed
against several changes of 0.01% (w/v) SDS. Antibodies
were raised by intramuscular injections of approximately
50 ug of eluted protein emulsified with Freunds complete
adjuvant into a New Zealand White rabbit at 14-day inter-
vals. Antibodies to the RNA polymerase core enzyme of
Anabaena 7120 were a gift from R. Haselkorn (University
of Chicago, USA).

Coupled transcription-transiation. Coupled transcription-
translation of plasmid pPscEK?2 in a cell-free system from
E. coli strain PR7, subsequent immunoprecipitation using
antibodies to the fusion protein and protein A-Sepharose,
and electrophoresis in a 15% polyacrylamide gel in the pres-
ence of SDS were carried out as described by Howe et al.
(1982).

Protein synthesis in isolated chloroplasts. A chloroplast
preparation capable of light-driven protein synthesis was
prepared from 15 g of 7-day-old pea leaves as described
by Blair and Ellis (1973). The chloroplast preparation was
diluted to a chlorophyll concentration of 200 pg/ml and
incubated in the light at 22° C in the presence of 150 pCi
L-[*°SImethionine. Illumination was provided by a 500 W
tungsten halogen lamp at a distance of 20 cm. Protein was
extracted by lysis of the chloroplasts in 5 volumes of ‘lysis
buffer’ (Orozco et al. 1985) followed by the addition of
NaCl to a final concentration of 1 M. Membrane material
was removed by centrifugation. Immunochemically related
proteins were precipitated using the anti-fusion protein anti-
serum and protein A-Sepharose essentially as described by
Howe et al. (1982). Radiolabelled proteins were electropho-
resed in a 10% polyacrylamide gel in the presence of SDS
(Laemmli 1970) and detected by fluorography (Bonner and
Laskey 1974).

Preparation of extracts from intact pea chloroplasts and from
Anacystis nidulans. A crude RNA polymerase extract active
in transcription was prepared from 7-day-old pea chloro-
plasts by the method of Orozco et al. (1985) with the modi-
fications of Lam and Chua (1987). A crude protein extract
from the cyanobacterium Anacystis nidulans was prepared
by sonication in ‘lysis buffer’ (Orozco et al. 1985). SDS
was added to the suspension to a final concentration of
2% (v/v) and the mixture heated at 95° C for 5 min. Un-
dissolved cell debris was removed by centrifugation.

Western blotting. Proteins electrophoresed in a 15% poly-
acrylamide gel in the presence of SDS were electro-blotted
on to nitrocellulose and treated with antiserum and
[**>*T]protein A according to the method of Yen and Web-
ster (1981).

Results
Sequence of the rpo A gene

Nucleotide sequence analysis of a 2.1 kb Sall — Kpnl frag-
ment of pea chloroplast DNA containing the 3" end of
the gene (perD) for subunit IV of the cytochrome b—f com-
plex has revealed the presence of two open reading frames
(Figs. 1, 2). The ORFs are transcribed on the opposite
strand to petD and encode polypeptides of 138 and 334
amino acid residues, respectively. The smaller ORF and
one of 37 codons, the 3' half of which is present on the
Sall— Kpn1 fragment, have been identified as the genes for
ribosomal proteins S11 and L36, respectively (Purton and
Gray 1987a, b). The larger ORF encodes a product of
38916 dalton (including the initiating formyl-methionine)
having significant homology to the alpha subunit of the
E. coli RNA polymerase; the two protein sequences have
a 29% identity over a 298 residue overlap. The ORF corre-
sponds to that found immediately downstream of petD in
the chloroplast genomes of spinach (Sijben-Miiller et al.
1986), liverwort (Ohyama et al. 1986), tobacco (Shinozaki
et al. 1986), maize (Ruf and K&ssel 1988) and wheat (Hird,
Dyer and Gray, unpublished data) and has been called
rpoA. A comparison of the deduced amino acid sequences
from the chloroplast rpo A genes is presented in Fig. 3 and
shows a high degree of conservation between the species;
the percentage of identical residues ranges from 79% for
tobacco and spinach to 54% for liverwort. Several dele-
tions/insertions have occurred within the pea sequence rela-
tive to the other species although the reading frame is main-
tained, suggesting that rpoA is a functional gene. There
are also several regions within the sequence where homolo-
gy is weak, most notably at the carboxy-terminus of the
protein.

Transcript analysis

To determine whether rpo A and the two upstream ribosom-
al protein genes are expressed in vivo, Northern blot analy-
sis of pea chloroplast RNA was carried out using single-
stranded radiolabelled DNA probes for each of the three
genes (Fig. 4). A major transcript of 1.8 kb was detected
by the rpoA and rps11 probes, together with other minor
transcripts. Analysis of the sequence data presented in
Fig. 2 reveals that the major inverted repeat sequences lo-
cated upstream of rps11 and downstream of rpoA are
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Fig. 1A and B. Restriction map of pea chloroplast DNA showing the location of the rpoA and rpsi1 genes. A Restriction sites for
Pst] (P) and Sall (S), as determined by Palmer and Thompson (1981), are shown and the restriction fragments are numbered in
decreasing order of size. B Detailed restriction map and sequencing strategy of the region of pea chloroplast DNA containing rpoA
and rps11. Full arrows indicate the direction of transcription of the genes; half-barbed arrows indicate the direction and extent of

sequencing

1.8 kb apart. Furthermore, no identifiable promoter se-
quences are present between rps11 and rpo A. It is therefore
concluded that the two genes are co-transcribed and that
the two inverted repeats delimit the transcript. The largest
transcript common to both rps11 and rpo A (approximately
2.4 kb) is not detected by the rp/36 probe. It would appear
that this transcript covers a region of the DNA extending
well into the petD coding region. This observation supports
the suggestion of Stern and Gruissem (1987) that chloro-
plast transcription continues beyond the inverted repeat se-
quences found downstream of a number of genes. This tran-
script is then presumed to be processed by nuclease activity.
Smaller transcripts common to both rps11 and rpoA are

too small to be full-length transcripts for both genes and :

may represent processing within the rpo A region. The rpl36
probe detected a single transcript of 0.8 kb. Whether this
represents a primary transcript or the product of rapid
mRNA processing of a larger transcript covering other
genes is not known.

Antibodies to the rpo A gene product

To investigate the presence of the rpo A gene product within
chloroplasts, antibodies were raised to a fusion protein syn-
thesised in E. coli from an expression plasmid. The plasmid,
pEXT920, was constructed by the insertion of 307 codons
of the rpo A gene into the multiple cloning site of the expres-
sion vector pEX3 to generate an in-frame lacZ —rpo A gene-
fusion. Fusion protein synthesised in the E. coli host cells
was recovered by electroelution from SDS-polyacrylamide
gels and used in the production of antibodies. The presence
of antibodies in the antiserum against the rpo A moiety of
the fusion protein was demonstrated by their specific im-
munoprecipitation of the rpoA gene product synthesised
in a cell-free coupled transcription-translation system from

E. coli (Howe etal. 1982) programmed with pPscEK2
(Fig. 5A).

Expression of the rpo A gene in organello

The light-driven synthesis of the rpo A gene product in iso-
lated chloroplasts was demonstrated by immunoprecipita-
tion from a crude protein extract prepared from pea chloro-
plasts after incubation in the presence of L-[>*S]methionine.
Immunochemically related proteins were precipitated using
the fusion protein antiserum and protein A-Sepharose and
analysed by SDS-PAGE together with the total extracted
proteins and those immunoprecipitated in the presence of
a pre-immune serum (Fig. 5B). The fluorograph shows that
the vast majority of the radiolabel is incorporated into the
large subunit of ribulose bisphosphate carboxylase and this
results in its contamination of the pre-immune and immune
tracks. However, a labelled polypeptide of approximately
41 kDa is specifically immunoprecipitated using the anti-
fusion protein antibodies. It is concluded that this is the
rpoA gene product and that the rpo A gene is actively ex-
pressed in isolated chloroplasts.

Identification of the rpo A gene product
in a transcriptionally active chloroplast extract

To investigate the relationship between the rpo A gene prod-
uct and the chloroplast RNA polymerase, a transcription-
ally active extract was prepared from pea chloroplasts as
described by Orozco et al. (1985). Western blot analysis
of this extract was carried out using the antibodies against
the fusion protein and also antibodies against the RNA
polymerase core complex of the cyanobacterium, Anabaena
7120 (Schneider et al. 1987). As a positive control for these
antibodies, a crude cell extract was prepared from the close-
ly related cyanobacterium, Aracystis nidulans, by sonication



rpl36—»
ArgLeuLeuVallleCysSerAsnProLysHisLysGlnArgGlnGly**» _
GTCGACTTCTAGTAATTTGTTCCAATCCAAAACATAAACAAAGACAAGGATAATATTCAAAGAAAARAGGGCTT TCIATTANTANGATTITGTATT TCGAATAGAATTCAAATACAAAATC
10 20 30 A0 50 60 70 80 90 100 110 120

ITATTAATATTCCATTTTCTTAAATACT TAATAATTCGAATCTAGTCTATAGT TATAAGTATTCTAATAACATAGAATTGCTTATTGCTTGATATT TTAAAAAAGGTATTCTATATGAAT

130 140 150 160 170 180 190 200 210 220 230 240

rpsll
MetAla
CGAATTATCGAATAAATATAGAATAACTAGATAGAAAATAGTANAGAATCCTTTTTGAGAGGAAATGCGATATATCCATATATTTCGGACTTATATTTTTTT TCAAATAAAARAAATGGCA
250 260 270 280 290 300 310 320 330 340 350 360

LysSerIleProlLysIleGlySerArgLysThrGlyArgIleGlySerArgLysHisProArgLysIleProlysGlyVallleTyrIleGlnAlaSerPheAsnAsnThrIlevValThr
AAATCTATACCAAAAATTGGTTCACGGAANACTGGACGTAT TGGTTCGCGTAAGCATCCTCG TAAAATACCAAAGGGGGTTATT TATAT TCAAGCTAGTTTCAACAATACCATTGTGACT
370 380 390 400 410 420 430 440 450 460 470 480

ValThrAspValArgGlyArgVallleSerTrpSerSerAlaGlySerCysGlyPhelysCGlyThrArghrgGlyThrProPheAlaAlaGlnThrAlaAlaGlyAsnAlalleGlnThr
GTTACAGATGTACGAGGTCGGGTGAT TTCTTGGTCCTCCGCCGCTTCATGTGGAT TCAAGGGTACACGAAGGGGGACACCAT TTGCCGCTCAAACCGCAGCGGGAAATGETATTCARACA
490 500 510 520 S30 540 550 560 570 580 590 600

ValValGluGlnGlyMetGlnArgAlaGluValArgllelysGlyProGlyLeuGlyArgAspAlaAlaleuArgAlalleTyrArgSerGlyIleLeuLeulysVallleArgAspval
GTAGTCGAGCAAGGCATGCAACGAGCAGAAGTAAGGATAAAGGGTCCGGGTCTAGGAAGAGATGCGGCATTAAGAGCTATT TATAGAAGTGGGATACTATTARAGGTTATACGGGATGTA
610 620 630 640 650 660 670 680 690 700 710 720

ThrProLeuProHlsAsnGlyCysArgAlaProLysLysArgArgVal x* ¥
ACCCCTCTGCCACATAATGGATGTCGGGCTCCTAAAARAAGACGTGTGTAAAACTANCAATAAACAT TANAGAAAAATATTTCAAGAGAAATARACAAT TAAATCAAGAGT TTCATARAA
730 740 750 760 770 780 790 - 800 810 820 830 840

rpoA
MetIleArgGlulysLeulysValSerThrGinThrLeuGlnTrplysCysValGluSerArgValAspSerLysArgLeuTyrTyrGlyArgPheIlelLeuSerProLeu
ATATATTACTATGATTCGAGAAAAACTAAAAGTATCGACTCAGACACTACAGTGGAAGTGTGTTGAATCAAGGGTAGACAGTAAGCGTCTT TATTATGGACGCTTTATTCTGTCTCCACT
850 860 870 880 890 900 910 920 930 940 950 960

MetLysGlyGinAlaAspThrIleGlyIleThrMetArgArgIleLeuLeuGlyGlulleGluGlyThrCyslleThrArgAlalysSerGlulysIleProHisGluTyrSerThrile
TATGAAAGGTCAAGCAGATACAATAGGCATTACAATGCGARGAATTTTGC TCGGAGAAATAGAGGGANCATGTATCACACGTGCARAAT CTGAGAAAATACCACATGAATATTCTACCAT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

ValGlyIleGlnGluSerIleHisGlulleLeuMetAsnLeulysGlullevValLeuArgSerAsnLeuTyrGlyThrArgGluAlaSerIleCysPheLysGlyProGlyTyrValThr
AGTAGGTATTCAAGAATCAATACATGAAATTTTAATGAAT TTGAAAGAAATTGTATTGAGAAGTAATCTGTATGGAACTCGGGAGGCGTCTATTIGTTTCAAAGGTCCTGGATATGTAAC
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

AlaGlnAspIlelleleuProSerValGluVallleAspAsnThrGlnHisIleAlaAsnLeuThrGluProIleAsnleuCysIleGluLeuGlnIleGluArgLysArgGlyTyrArg
TGCTCAAGACATCATTTTACCTTCGGTGGAAGT CATTGATAATACACAACATATAGCTAACCTAACAGAACCTAT TAAT TTGTGTATTGAATTACAAATTGAGAGAAAGCGGGGATATCG
1210 1220 T 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

IleLysThrleuAsnAsnIleGlnAspGlySerTyrThrIleAspAlavValPheMetProValArgAsnAlaAsniisSerIleHisSerTyrValasnGlyAsnGlnLysGlnGlulle
TATAAAAACACTAAACAACATTCAAGATGGAAGTTATACTATAGATGCTGTATTCATGCCTGTTAGAAATGCAAATCATAGTATCCATTCT TATGTGAATGCAAAT CAAAAACAAGAGAT
1330 1340 1350 1360 1370 1380 139¢ 1400 1410 1420 1430 1440

LeuPhelLeuGlulleTrpThrAsnGlySerLeuThrProLysGluAlaLeuTyrGiluAlaSerArgAsnLeulleAspLeuPhelleProPheleut1sAlaGluGluGluAsnLeuAsn
ACTATTTCTGGAAATATGGACAAATGGAAGTTTANCTCCTAAGGAAGCACTTTATCAAGCCTCCCGGAATTTGAT TGATTTATTTATTCCTTT T TTACATGCAGAAGAAGAAAACTTAAR
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

PheGluAsnAsnGlnHisLysMetThrieuProLeuPheThrPheRisAspHisAspArgPheVallysAsplysleuArglysAsnGlnLysGlulleThrLeulysSerIlePhelle
TTTTGAAAACAATCAACACAAAATGACT TTGCCCCTTTTTACTTTTCATGATCATGATAGATTCGTTAAGCGATAAACTAAGGARANATCAAAMAGARAT TACAT TGARATCCATTTTTAT
1570 1580 1590 1600 1510 1620 1630 1640 1650 1660 1670 1680

AspGlnlLeuGluLeuProProArglleTyrAsnCysLeulyslysSerAsnllefiisThrvalleuGluLeuLeuAsnLysSerGlnGluAspLeaMetLysIleGluHisPheArgval
TGACCAATTAGAATTGCCTCCCCGGATCTATAATTGTCTTAAAAAGT CCAATATACATACAGTAT TGGAACTTT TCAATAAGAGTCAAGAAGACCT TATGAAAATTGAACATTTTCGAGT
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

GluAspleuLysPheIleLeuAsnIleLeuGlnileGluAsnHisPheValr**
AGAAGATTTAAAATTTATATTAAACATTTTACAAATCGAAAATCATT TTGTATAAATTTTAAATACATTGGATTTTTTTGAATCTT TAGCACAAATAAATCTATTCAGAATAGGTCTCAA
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920

***pheleuGlyLeuThrLeuSer
ATGAAATAGATGIATCTAGGGAT TAGTCAT T TCAAAGTGDAT TTTCCCTAGATACACAATACACCTGTCATGATATTTTATTTCACAATAGAATCAAT TTAAAAAAGACCTAACGTTAGG
1930 1940 1950 1960 1870 1980 1990 2000 2010 2020 2030 2040

«petD
LysGlulleProLeuThrAlaGlyIleGlyLeuTrpLeuAlavalValThrGly
GATTTTTCAATAGGTAATGTTGCTCCAATACCCAACCAAAGAGCCACGACGGTACT
2050 2060 2070 2080 2090
Fig. 2. Nucleotide sequence of the 2.1 kb Sal/l —Kpnl fragment of pea chloroplast DNA. The deduced amino acid sequence of the
genes rps1l and rpoA is shown together with that from the 3’ ends of rp/36 and perD. Regions of dyad symmetry are underlined.

Putative promoter regions are overlined
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Fig. 3. Comparison of the deduced amino acid sequence of rpo A from pea with that from wheat, spinach, tobacco, maize and liverwort.
A colon indicates a matched residue. A dash indicates a gap introduced into the sequence to maximise alignment. (1), Number of

amino acids; (2), percentage of identical residues with respect to pea

followed by SDS-extraction. Both protein extracts were sep-
arated on a polyacrylamide gel in the presence of SDS,
transferred to nitrocellulose and probed with each of the
antisera. The results are shown in Fig. 6 and show that
both antisera recognise a 43 kDa protein in the chloroplast
preparation. It is concluded that this is the rpo A gene prod-
uct. In the control track (track C) four proteins are de-
tected. The three largest bands are the f§, y and a subunits,
respectively, of the cyanobacterial RNA polymerase. The
smallest band probably represents a breakdown product.
A second protein of approximately 130 kDa is detected in
the chloroplast extract using the anti-4nabaena RNA poly-
merase antibodies (track D). This is possibly the product
of the chloroplast rpoB gene. This gene has recently been
sequenced in spinach chloroplast DNA (Hudson et al. 1988)
and shown to encode a 128 kDa product which is 50%
homologous to the S-subunit of E. coli RNA polymerase.
The protein detected in the cyanobacterial extract by the
anti-fusion protein antibodies does not correlate with any
of the known polymerase subunits and possibly represents
a protein immunochemically related to f-galactosidase.

Several attempts have been made to inhibit the tran-
scriptional activity of the chloroplast extract using the anti-
fusion protein antibodies but without success (data not
shown). This may be due to a lack of antibody binding
under the conditions used or, possibly, a lack of inhibition
of activity by bound antibodies.

Discussion

The gene, rpoA, encoding a polypeptide homologous to
the a-subunit of E. coli RNA polymerase, has been located
and sequenced in pea chloroplast DNA. Comparison of
the deduced amino acid sequence of #poA from pea, spin-
ach, tobacco, liverwort and wheat reveals a high level of
homology although variations between species are seen at
the carboxy-terminus and in the middle of the protein.
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Fig. 4. Northern blot analysis of transcripts of the rpoA, rpsil
and rpl36 genes. Glyoxylated chloroplast RNA fractionated by
gel electrophoresis and immobilised on nylon membranes was hy-
bridised with single-stranded probes shown in the upper part of
the figure. A, 101 bp Sa/l — EcoRI fragment; B, 357 bp TagqlI frag-
ment; D, 920 bp Tagl fragment. Lane M shows glyoxylated Sty
fragments of 4 DNA. Sizes shown are in kilobases
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Fig. 5.A and B. Immunoprecipitation of [*3Slmethionine-labelied
proteins synthesised in the Escherichia coli transcription-translation
system and in isolated pea chloroplasts. A Analysis of the products
of pPscEK?2 in the E. coli cell-free system. Lane 1, total products;
lane 2, immunoprecipitation with pre-immune serum; lane 3, im-
munoprecipitation with antibodies to the fusion-protein. B Analy-
sis of the products of protein synthesis by isolated pea chloroplasts.
Lane 1, total products; lane 2, immunoprecipitation with pre-im-
mune serum; lane 3, immunoprecipitation with antibodies to the
fusion-protein. The location of the rpo A gene product is indicated
by an arrow. Size markers are bovine serum albumin (68 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa) and trypsin in-
hibitor (20 kDa)
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Fig. 6. Western blot analysis of chloroplast and cyanobacterial ex-
tracts. A crude extract of Anacystis nidulans (tracks A and C)
and a high-salt extract of pea chloroplasts (tracks B and D) were
fractionated by SDS-gel electrophoresis and transferred to nitrocel-
lulose. The blots were then incubated with antibodies to the fusion-
protein (tracks A and B) or to the core complex of RNA polymer-
ase from Arabaena 7120 (tracks C and D). Size markers were as
for Fig. 5

As is the case for all chloroplast genomes so far studied,
with the possible exception of Euglena (Cushman et al.
1988) and geranium (J.ID. Palmer, personal communica-
tion), the pea rpo A gene is located immediately downstream
of the petD gene for subunit IV of the cytochrome complex
and is encoded on the opposite strand. The complete se-
quence of the tobacco and liverwort genomes has revealed

that rpo A is the most distal member of a cluster of twelve
‘house-keeping’ genes encoding components of the plastid
transcription and translation apparatus. The gene order
matches that found in the sequential E. coli operons $10,
spc and o although a number of genes are absent from
the chloroplast gene cluster. The gene organisation in pea
appears to be essentially the same as that in tobacco and
liverwort. The ribosomal protein genes rps11 and rpl36 are
located immediately upstream of rpo A. Upstream of #pl36,
other members of the gene cluster have been identified by
heterologous hybridisation (Palmer et al. 1988) and, in the
case of rp/16, by nucleotide sequencing (Purton and Gray,
unpublished resuits).

The pea genes rpi36, rps11 and rpo A are actively tran-
scribed in vivo. The rps11 and rpoA genes appear to be
co-transcribed as is the case in the E. coli a-operon (¢ps13 —
rps11—rps4d—rpoA—rpl17) (Bedwell et al. 1985). Interest-
ingly, the comparable region of the Bacillus subtilis genome
appears to represent an intermediate between that of E. coli
and chloroplasts (Suh et al. 1986). Here the rps4 gene is
absent, thereby linking rps11 and rpoA, whereas rps13,
which is not present in the plastid genome, is still present
in B. subtilis. Whether the pea rpl36 gene is also co-tran-
scribed is not known. A single transcript of approximately
0.8 kb is detected using the rp/36 probe. Presumably this
transcript corresponds to one or other of the pea transcripts
(0.65 and 0.85 kb) detected by Woodbury et al. (1988) using
DNA probes from either side of the unique Sa/1 site within
rpi36. A major inverted repeat sequence is present between
rpi36 and rps11 (Fig. 2). Whether this functions as a tran-
script processing site or transcriptional terminator is not
known, although it should be noted that two overlapping
promoter-like sequence are also present within the inverted
repeat sequence (Fig. 2). S1 nuclease mapping of this region
has not resolved the uncertainty (Purton and Gray, unpub-
lished results).

The transcript pattern observed for pea rpoA differs
from that recently presented for maize (Ruf and Kossel
1988). The largest transcript observed in pea is 2.4 kb
whereas in maize, transcripts as large as 10 kb were de-
tected. It is possible that this is a consequence of faster
transcript processing in pea. Alternatively, the transcrip-
tional organisation of this region may differ in legumes
relative to other plants as suggested by Palmer et al. (1988).
The 2.4 kb transcript is detected by both the rps11 and
rpo A probes but not by the rp/36 probe. This suggests that
the transcript extends approximately 0.5 kb beyond the in-
verted repeat sequence downstream of rpo A, into the con-
vergently transcribed psbB—psbH— petB—petD operon.
This supports the findings of Stern and Gruissem (1987)
that the rpo A —petD inverted repeat functions as a process-
ing site for longer transcripts. Interestingly, transcription
from the opposite DNA strand of the psbB—pshbH—
petB—petD operon has been reported previously (Kohchi
et al. 1988).

Antibodies raised against the fusion protein resulting
from the expression in E. coli of a lacZ—rpo A gene-fusion
have been employed to demonstrate the light-driven synthe-
sis of the rpoA gene product in isolated pea chloroplasts
and its presence in a transcriptionally active extract pre-
pared from intact chloroplasts. The discrepancy between
the size of the protein as predicted from the gene sequence
(39 kDa) and that determined by gel electrophoresis
(43 kDa) is in keeping with that observed for the E. coli



RNA polymerase alpha subunit. Here a 36.5 kDa protein
(Ovchinnikov et al. 1977) migrates on gels at 39 kDa (Bur-
gess 1976). Furthermore, the size of the pea protein matches
that determined recently for the maize rpo A gene product
by Western blotting using antibodies raised against a syn-
thetic peptide (Ruf and Kossel 1988).

The assignment of the rpo A gene product as a compo-
nent of the chloroplast RNA polymerase is supported by
the protein’s cross-reaction with antibodies raised against
the purified RNA polymerase core complex (subunit struc-
ture: o’ ) from the photosynthetic prokaryote, Anabaena
7120. These antibodies also detect a second polypeptide
in the chloroplast extract of approximately 130 kDa. It is
speculated that this is the product of the chloroplast rpoB
gene, which has recently been located in the pea plastid
genome (Palmer et al. 1988). The spinach rpoB gene prod-
uct has a predicted size of 128 kDa and a 50% similarity
with the E. coli beta subunit (Hudson et al. 1988). Polypep-
tides corresponding to the cyanobacterial y and £ subunits
are not detected in the chloroplast extract despite our obser-
vation that their sizes correlate reasonably well with the
predicted sizes of the spinach rpoC, and rpoC, gene prod-
ucts, respectively (Hudson et al. 1988).

The results presented here demonstrate that the rpoA
gene is transcribed and translated in chloroplasts. Further-
more, a 43 kDa polypeptide was detected in the chloroplast
RNA polymerase preparation using antibodies against the
rpo A gene product and against the cyanobacterial polymer-
ase. This gives support to the idea that the rpo genes of
plastid DNA encode the core components of a chloroplast
RNA polymerase with a subunit structure analogous to
that of eubacteria.
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