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Pea chloroplast DNA encodes homologues of Escherichia coli
ribosomal subunit S2 and the i-subunit of RNA polymerase
Alison L. COZENS and John E. WALKER*
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, U.K.

The nucleotide sequence has been determined of a segment of 4680 bases of the pea chloroplast genome.
It adjoins a sequence described elsewhere that encodes subunits of the F0 membrane domain of the
ATP-synthase complex. The sequence contains a potential gene encoding a protein which is strongly related
to the S2 polypeptide of Escherichia coli ribosomes. It also encodes an incomplete protein which contains
segments that are homologous to the ,B'-subunit of E. coil RNA polymerase and to yeast RNA polymerases
II and III.

INTRODUCTION

The chloroplast genome is a circular double-stranded
DNA molecule, on average about 150 kb in size (for
reviews see Bonhert et al., 1982; Whitfeld & Bottomley,
1983; Dyer, 1984, 1985). It codes for about 70 proteins.
Some of these have been identified and are involved in
photosynthesis. They include the large subunit ofribulose
1,5-bisphosphate carboxylase, a soluble enzyme located
in the stroma, and components of the multi-subunit
thylakoid membrane complexes, photosystems I and II,
cytochrome b-fcomplex and ATP-synthase (reviewed by
Walker & Tybulewicz, 1985). These protein components
are made in the chloroplast by a transcriptional and
translational machinery localized in the stroma. This
apparatus is distinct from that used for production of
transcripts and proteins from nuclear genes, and
components of it are also encoded in the plastid DNA.
For example, chloroplast ribosomal 23 S, 16 S and 5 S
RNA species are transcribed from chDNA, as are all
tRNAs required for chloroplast protein synthesis,
although the number ofdifferent tRNAs involved has not
been clearly established (review by Dyer, 1985).

Other evidence indicates that some of the ribosomal
protein subunits are chloroplast gene products. In
Chlamydomonas reinhardtii five or six out of 31-33
proteins ofthe large ribosomal subunit and 14 of 31 small
subunit proteins are estimated to be products of
chloroplast protein synthesis (Schmidt et al., 1983). In
spinach at least seven to ten 30 S and six to thirteen 50 S
ribosomal proteins (Dorne et al., 1984; Posno et al., 1984)
and in pea at least six 30 S and five 50 S ribosomal
components are thought to be chloroplast coded
(Eneas-Filho et al., 1981). The presence in the chloroplast
genomes of genes encoding homologues of E. coli
ribosomal proteins has been demonstrated by hybridiza-
tion and DNA sequence analysis. For example, homo-
logues of E. coli ribosomal protein S19 have been found
in chDNA from two species of Nicotiniana (Sugita &
Sugiura, 1983; Zurawski et al., 1984). Moreover, the gene
for a homologue of the L2 subunit is found associated
with it in Nicotiniana debreyi and spinach (Zurawski et

al., 1984). Also, a homologue of the E. coli S4 protein is
encoded in maize chDNA (Subramanian et al., 1983) and
homologues of S12 and S7 are co-transcribed in Euglena
gracilis with a homologue of E. coli elongation factor Tu
(Montadon & Stutz, 1984; Passavant et al., 1983).
As described in the present paper, during the analysis

of a fragment of pea chDNA containing the gene for a
subunit ofchloroplast ATP-synthase, we have discovered
that adjacent DNA sequences encode homologues of E.
coli ribosomal protein S2 and part of the f'-subunit of
RNA polymerase. This strongly suggests that these
proteins are also produced from the chloroplast DNA.

MATERIALS AND METHODS
Isolation of the fragment of chDNA
A 6.2 kb SalI-PstI fragment derived from plasmid

pPscS6, a pBR322 plasmid containing a 10.6 kb Sall
fragment ofpea chDNA (see Fig. 1; Huttly & Gray, 1984)
was prepared as described previously (Cozens et al.,
1986).

DNA sequence analysis
Random fragments 300-800 bp long were produced

from a 6.2 kb Sall-PstI fragment by sonication. Then they
were cloned into theM 13 mp8 vector that had previously
been digested with SmaI (Bankier & Barrell, 1983).
Sequences in the resultant Ml 3 clones were determined
by the dideoxynucleotide chain termination method
(Sanger et al., 1977) as modified by Biggin et al. (1983).

Data analysis
DNA sequences were compiled in a database with the

computer program DBAUTO (Staden, 1982a). Each
nucleotide in the sequence was determined six times on
average and at least once on each strand ofthe DNA. The
DNA sequences were analysed with ANALYSEQ
(Staden, 1984). A number ofoptions in this program were
used to predict protein coding regions. Because of the
high A+T content of the DNA the most effective
procedure was that based on the positional base

Abbreviations used: chDNA, chloroplast DNA; kb, kilobase (pair); bp, base pair.
* To whom correspondence and reprint requests should be sent.
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Fig. 1. Physical and genetic maps of the pea chloroplast genome

The outer arcs indicate genes that have been identified by
hybridization and DNA sequencing. The arrows show the
direction of transcription. Gene names (see Dyer, 1985):
16 S and 23 S, ribosomal RNAs; P700 is the
P700/chlorophyll a apoprotein of photosystem 1; 32 kDa,
44 kDa, D2 and cyt b559 are components of photosystem
II; cytf, cyt b563 and 15 kDa are subunits ofthe cytochrome
b-f complex; LS is the large subunit of ribulose
bisphosphate carboxylase; a, I, III, a, and e are
components ofATP synthase (Cozens et al., 1986); S2 and
r pol /3' are homologues of E. coli ribosomal subunits S2
and the /3' subunit of RNA polymerase respectively.

preference method (Staden, 1985). This exploits the
preference for bases to occupy particular positions in
codons, this being a function of the frequencies with
which particular amino acids are found in proteins; thus
it can be used to distinguish coding and non-coding
regions. The calculations were weighted for a strong
preference for A or T in the third codon position. The
predicted protein sequences were analysed with ANALY-
SEP (R. Staden, unpublished work). This computer
program contains a number of options for analysis of
protein sequences including one used in the present study
which calculates the Mr of a protein from its sequence.
The protein sequences also were compared with database
of the Protein Information Resource (PIR; National
Biomedical Research Foundation, Georgetown Uni-
versity Medical Center, 3900 Reservoir Road NW,
Washington, DC 20007, U.S.A.) by using the program
FASTP (Lipman & Pearson, 1985). Homologous
sequences were analysed further by pairwise comparison
with DIAGON (Staden, 1982b).

RESULTS AND DISCUSSION
DNA sequence

The DNA sequence presented in Fig. 2 is 4680 bases
long. It extends from the Sall site and runs into the
sequence encoding a membrane component of ATP-
synthase which occupies most of the remainder of the
SatI-PstI fragment (Cozens et al., 1986). The A+T

content of this sequence is 66.05%, corresponding to
overall values of 61-67.3% for pea chDNA (Herrmann
& Possingham, 1980). Open reading frames (potential
genes) could be recognized in non-coding regions in both
strands of the DNA. Their locations were confirmed by
calculations employing the positional base preference
method as explained above (see Fig. 3).
One complete open reading frame (bases 3749-4459)

encodes a protein of 236 amino acids with an Mr of
26842. It is preceded by an incomplete open reading
frame (bases 1-3493) and is followed by the gene coding
for a protein identified as a component of chloroplast
ATP-synthase (base 4669 onwards; Cozens et al., 1986).

The ribosome component
By comparison ofthe predicted protein sequences, with

protein sequences in the Protein Information Resource
database, the complete open reading frame was found to
encode a protein which is closely related in sequence to
that of the component S2 of the small subunit of the E.
coli ribosome (Wittmann-Liebold & Bosserhoff, 1981; An
et al., 1981). Their close relationship is emphasized by
pairwise comparison of their sequences with the aid ofthe
computer program DIAGON (Fig. 4). It is supported by
alignment of the two protein sequences (Fig. 5) in which
the two proteins are identical in about 40% of their
residues. This close relationship in primary structure and
the conservation of 16 S rRNA (Schwartz & K6ssel,
1980; Tohdoh & Sugiura, 1982; Graf et al., 1982) and
other ribosomal subunits in bacteria and chloroplasts
implies that the tertiary structures of the two proteins and
their arrangements in the ribosome will also be similar.
E. coli ribosomal protein S2 is an elongated molecule
(Engleman et al., 1975; Tischendorf et al., 1975;
Georgalis et al., 1981). It can be cross-linked to ribosomal
proteins S1, S3, S5 and S8 (Traut et al., 1980) and also
to translational initiation factor IF-2 (Bollen et al., 1975).
Also, it can bind to 16 S rRNA (Littlechild et al., 1977).
Immuno-electron microscopic studies have located S2
near the cleft between head and body of the 30 S subunit
(Tischendorf et al., 1975; Lake, 1978). Several mutants
in--S2 have been isolated, some being linked to resistance
to the antibiotic kasugamycin (Okuyama et al., 1974;
Yoshikawa et al., 1975). The gene is located near minute
4 in the E. coli chromosome and is co-transcribed with
elongation factor EF-Ts (An et al., 1981).

The component of RNA polymerase
The 3.5 kb region of DNA sequence at the 5' end of

the fragment presented in Fig. 2 contains an open reading
frame which starts beyond the 5' end and terminates at
base 3493. It encodes a fragment (Mr 133591) of a
protein. Segments of this sequence (boxed in Fig. 2 and
summarized in Fig. 6) are related particularly to the
sequences of the /J'-subunit of E. coli RNA polymerase
(Squires et al., 1981; Ovchinnikov et al., 1982) and also
more weakly to the related yeast RNA polymerases II and
III (Allison et al., 1985). As summarized in Figs. 1 and
6, these relationships extend over five regions, I-V, of the
pea chloroplast open reading frame. Between amino acids
150 and approx. 900, no relationship is found between the
putative chloroplast protein and either the RNA
polymerases or any other proteins in the database. The
alignment with the E. coli RNA polymerase ,8'-subunit
and the pea chloroplast protein requires that a large
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---RNA polymerase subunit beta'---> I
R L V E V V Q B I V V R R T D C G T I R G I S V N T R N G M M P E I I L I Q T L

TCGACTIGTTGAAGTGGTTCAACACATITGTTTACGGCGAACAGATTGCGGTACCATCCGTGGGATTTCTGTAAMCACCOGAAATGGAATGATGCCAGAAATAATTTTGATACAAACATT
10 20 30 40 50 60 70 80 90 100 110 120

I G R V V A E N II Y I G S R C I V V R N Q D I G I G L I N R F I T F Q T Q P I F
AAITGTCGTGTAGTAGCCGAGAATATATATATAGGTTCACGGTGRCATTGTCGTTAGAAATCAAGATATTGGAATIGACTTATCAATCGATTCATAACTTTTCAAACACAACCAATATT

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

LI R T P F T C R N T S W I C R L C Y G R S P I H G D L V E L G E A V G I I A G Q
TATTAGAACTCCCTTACCTGTAGGAATACGTCTTGGATCTGCCGATIGTGTTAIBGGCGGAGTCCTATTCATGGGGACCTGTAGAATTGGGAGAAGCTGTAGGGATTATTGCTGGTCA

250 260 270 280 290 300 310 320 330 340 350 360

S I G E P G T Q L T L R T F H T G G V F T G G T A E Y V R A PSN G K I K L N E
ATCTATTIGAGAACCGGGAACTCAACTAACATTAAGAACTTTTCATACTGGGAGTATTCACAGGGGG ATTAA TGCGAGCCCCCTCGAATGGAAAGATAAMTGAATGA

370 380 390 400 410 420 430 440 450 460 470 480

D L V H P T R T R H G Y P A F I C N I D L Y V T I E S D D I I H N V I I P P K S
GGATTTAGTTCACCCrACACGTACACGTCAIGGATATCCrGCTTITATATGTAATATAGACTIUTATGTAACTATTGAAGTGACGATATTATACATAACGTCATTATTCCACCAAAAG

490 500 510 520 530 540 550 560 570 580 590 600

F L L V Q N D Q Y V K S E Q V I A E I R A G T Y T F N L K E R V R K H I Y S D S
T L NEATATTAGTTCAAAATGATCAATAIATAAAATCAGAACAAGTGATIICGGAGATCCGCGCGGGMCATATACTmIkAATTTAAAGAGAGGGTTCGAAAACATATTTATTCTGACTC

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

E G E M H W S T D V Y H A S E F M Y S N V H I L P K T S H L W I L S G K S C R S
AGAAGGGGAAATGHCA SGAGTACCGATGTGTACCATFCATCAGAATITATGTATSATAATGTACATATCTTACCAAAAACAAGTCATTTATGGATATITCAGGAAAGTCGTGTCCGGTC

730 740 750 760 770 780 790 800 810 820 830 840

N T I H F L L R K D. Q D Q I T M D S L S N G K T N I S N L L E R N D Q V K H K L
TATACAATCCAIHFLACTTCGCAAGGATCAAGATCALDITACCATGGATTCACTTTCGAATGGAAAAACCAATATTTCGAATCTTTTAGAAAGGAATGATCAAGTAAAACATAAATT

850 860 870 880 890 900 910 920 930 940 950 960

F R F N T F G T K E K G I S D Y S I F N E I I C T D H S Y P A I F H D T F Y F L
ATTTCGTTTCAATACTTT%'lGTACAAAAGAAAAGGGGATTAGCGATTATTCAATATITAATGAAATCATAI&TACGGATCATTCGTATCCCGCTATTTTTCACGATACTTTTTATTTrTT

970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

A K R R R N R F L I P F P F Q S I Q E R K N E R M S P S G V S I E I P I N G I F
GGCGAAAAGGCGAAGAAATCGAKiFQMTATTCCATTTCCAITCCAATCGAETCAAGAACGAAAGAACGAACGAAITCCCffTCCGGTGTCTCCATIAAATACCTATCAATGGTATTTT

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

H R N S I F A Y F D D P Q Y R R H S S G I T K Y R T I G I H S I F Q K E D F I E
TCATAGAAATAGTAIRTFCTTAYTrCGATGATCFHCAATACAGACGACATAGTTCAGGAATTACTAATATAAACTATAGGAATTCATTCCAIHIFQFCAIAAGAAGATTTCATA

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

Y R G I K E L K P K S Q I Q V D R F F F I P E E V H I L P K S S S L M V R N N S
GTATCGAGGATCAAAGAATTAAAGLCCAAAATCTCAAATTCAAGTAGATCGAIrF I--TLATTCCCGAAGAAGTGCATAVILACCCAAATCr LTCCCrAAINGTACGGAATATAG

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

L V G I G T P I T F N I R S R V G G L V R L D K K K K K I E L K I F S G N I H F
TCTTGTI&GAATAGGAACACCAATCACTTTCAATATAAGAAGTCGAGTAGGCGGATTGGTCCGATTAGACAAGAAAAAAAAAA TCGAATTAAAAATATTTTCTGGAAATATCCATTT

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

P G E M D K I S R H S A I L I P P G T V K K K K C N K S K K I K N W I Y V Q W I
TCCCGGAGAGAT'GGATAAGATATCCCGACACAGTGCCATCTIGATACCACCCG;GAACGGTAAAAAAAAAITGCAATAAATCAAAAAAATAAAAATIUGATCTATGTCCAAIGGAT

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

A T T K K K Y F V L V R P V I L Y E I P D S N N F V K L F P Q D L F Q E K D N L
CGCAACrACCAAAAAAAGTAITTTTTTTGGTTCGACCTTCATTTTATAIGAAATACCGGACAGTAACAAITTTTAAAACTTTTTCCCCAAGATCTATTCCAGGAvAAAGATAATCT

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

E L K V V N Y I L Y G N G K S I R G I S D T R I Q L V R T C L V F N W D D G K N
GGAACTAAGTCAATTATATTCUTAIGGAAMTGGAAAATCCATTCGGGGAATTTCCGACACAAG GATTCAATTAGTTCGGACTTGTTTAGTC'TTCAATIUGGATGACGGCAAA

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
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S S S I E E A P A S F I E V R I N G L I E Y F L R I D L V K S N T S Y I R K R N
CAGTTCTTCGATIGAGGAGGCCCCAGCTTCCrTTATIGAAGTACGTACAAAIIGGTL YALLAGTAISNCTAAAATTACTTAGTAAATCGAATACTTCATATATTAGAAAGAAA

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

E P S G F G L I G D N K S D R I N P F F S I H S K G K I Q Q S L S Q N H G T I R
IGAACCATCTGGMGATIAATIGGGGATAATAAATCGGATCGAATCAATCCA,-ii'iiCTAITCATTCCAAGGGCAAAATTCAACAATCACTTAGCCAAAATCACGGAACTATTCG

2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

M L L N R N K E C R S W I I L S S S N C F Q M R P F N N E K S H N G I K K D P I
TAINTWTTSAATAGAAATAAAGAATGCCGATCTGATAATNTCATCATCTAATITTTTCAAAIMAGACCATTCNCAAN AAAAATCTCACAAIGGATAAA AATCAT

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

I S I N N N G P L G I A L Q V A N F Y S L Y H L I T H N Q I S I I K N L Q L D K
MISITCATTATATAMT GCCCTT AGGAATAGCCCrTCAAGTTGCGAAITT ATTCACTTTATCATTTMMLACTCATAATCAGATCTCAATATTAAAAAITTGMCATACAA

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

L T E I F Q V I K Y Y L M D E N D K I C K P D L Y S N I I L N P F H L N W F F L
ATTAACGGAAATTTTTCAAGTAATTAAATAITATTTAMTGGACGAAAAIIATAAAATL WTAAACCCGATCTATACAGTAATATCATTTFAATCCATTCCATTILAATTGTTTTTTCT

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

H H F Y C E K T F T R I S L G Q F I C E N I C I A Q M K N R P H L K L K S G Q V
CECATKCAT TATTGAAAAACTTTACAAIAATAATCS GACAATTTATQ nTGAAATATAIGTATAGSCTCAAATGGAAAAATAGACCACACCrAAAACTAAAATCGGGTCAAGT

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

I I V Q M D S V I I R S A N P Y L A T P G A T I H G H |Y G E I L S Q G D I L V T
TATAATAGTTCAAIGATTGTATAT ATCGGCTAATCCTT LGCAACTCCAGGAGCAACCATTCACGGCCATTAIYGGGAGATCCEI CAAGGAGATATTTTAGTTAC

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

m
F I Y E K S R S G D I T Q G L P K V E Q I L E I R Si I D S I S M N L E K R I D A

ATTCATATAITAAAT,CGAGATCCGGTGATATAACACAAGGTCTTCCAAAATGGAACAGATATTAGAATACGTTCGATIGATTCAATATCCAIUAATCTAGAAAMAAAGAnATGC
2770 2780 2790 2800 2810 2820 2830 2840 2850 .2860 2870 2880

W N E C I T K I I G I P W G F L I G A E L T I A Q S R I S IL V N K I Q K V Y R S
TTGAACGAGTGTATACATTATCGGCATTCCI WGGGATTCTTFALIGTGCAGCTAACTATCGCGCAATCGTATTTTVSGTTATAAATCCAGTTTATCGATC

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

'V
Q G V H I B N R H I E I I V R Q I T S K Vi L V S E D G M S N I F L P G E L I G L

CCAGGGAGTACACAITCATAATAGACATATCGAGATTATTGTGCGTCAAATACATCCAAAGTCTGTTTCAGAAGATGMGATGTCTAATATAITSI AC GCGAACTAATIGATT
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

L R A E R T G R A L E E A I C |Y R A L L L G V T K T S L N T Q S F I S E A S F Q
ATLCGAGCAGAACGAACGGGGCGTGCCrTLGAAGAAGCAATIMTTACAGAGCTTTAITTLLGGAGTAACAAAACATCTCTGAATACQCAAAGTTTCATATCSGAAGCGAGTTTTCA

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

'V
E T A R V L A K A A L R G R I D W L K G L K E N V V L G G M I P V G T G F K R I

AGAACTGCTAGAGTTAGCAAAAGCCGCTCTTCGGGGTCGTATRIATID GLTKAAAGGTCTTAAAGAGAALlTTGTLAGGGGGAATGATACCCGTMP GTACCGGAITCAAAAAAT
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

M lI R S RI| S R Q II N K I T R K K K L F E V E I R N L L F II H R K: L L D F A N F K:
AASGCACCGTTCACGGTCAAGGCAACATAACAAGATTACCCGGAAAAA TATTCGAAGTAGAAATTAGAAATCTTRN TTCCATCACAGAAAATTAQLGATTTIHCTAATTTCAA

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

E F M *
AGAATTTAI&TGATACATTACAAMTATAGGAITAAAITGCTTCCTAAAAG CGGGACTCATCCCCrTAAATCTTTAAAIG CAGTCATI"IATTGGTAATTAAAGTATAATAAAAAATAATA

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

ATAAATAGAAATCAAAG;AAIGGCCrGATTCTATAITAACGGCOGATCGTCTATAAAAGAGAAGGTTCCATCGGAACAATTATTTATT7 CTATTTCAGGATACTGGGTCTCTCTCTTITTT
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

ribosomal protein S2 --->
M T K R Y W N I T F E E M M E A G V H F G H D T R K W N P R M

T¶TilTITAAACAAAUTGtGGMGAAAIIACrAAAAGATAThGAACATAACTrrTAAGAGATGGAAGCTG GGGTTCATTTrGGCCATGATACTAGGAAATGGAATCCTCGAAT
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
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A P F I S A K R K G I H I T N L T K T A R F L S E A C D L A F D A A S K G K Q F
GGCACCrI SARTATCGGCACGTGGTATTCATATrACAA TCTTACr AACTGCrFTT ATCAGAGC DLTGATTT DATGCAGCAAGCAGACAATT

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

L I V G T K K K A A D S V T R A A I R A R C B Y V N K K W L R G M L T N W Y T T
TIVTAATtGTAAGTGACArCADATAA RA TGTCHATTATNTTATA TGCTCW AGGTATGTT NAACAGTATACrAC

3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

E T R L G K F R D L R T E Q K T G K L N S L P K R D A A N L K R Q L S H F E T Y
AGAAACGAGACrTGTDGTTCAGGGACrTGAGAACGGAGCAGACGGGGA CTGAACTCTCTTCAAGAACGGCTAIT ACAATTATCTCAr ATACATA

4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

L G G I K Y M T G L P D I V I I V D Q Q K E Y T A L Q E C I T L G I P T I C L I
TCTAGGCGGTATCA MTATATGACAGGGTTACCDGATArTAATATVTDTATCAGCA AATATACGGCTCTTCAGAATGTATCACLAGGATTCCAAICATT IAAT

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

D T N C D P D L A D M S I P A N D D A I A S I R L I L N K: L V F A I C E G R S S
CGATACAAArMTGACCCAGATCTTGCAGATAI&TCGATTCCGGCTAAI&AT&ATGCTATAGCTTCCATCCGATTAATTCTTAACAAATTAGrrXTGCAATMTGuAGGGTCGTTCrAG

4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

S I R N Y *

CrCTATACGAAATTArATAnATAATTAAGATAAATCCA1TTTAGATTIGGTI&GGCGGTCATAG;AmTrrMGAATGGTATTATAG;CATTACAAAATlsTGTAAAAAGAAATArTT
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

ATPase a --->
M N V L

GTGATTAGTAGGTATTCAAAATAGAAAATCAAAGTAAA ATAAGGAAAIGGTI&AATCAAAATAA TTCCCrTTCAAGTTATAllarrMATTT AAIXMTTMCA
4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

Fig. 2. Nucleotide sequence of pea chDNA from a Sail site to the beginning of the gene for the ATP-synthase a subunit and sequences
of encoded proteins

Transcription and translation are from left to right. Proposed ribosome binding sites are boxed. The boxed protein sequences

are homologous to the fl'-subunit of E. coli RNA polymerase.
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Fig. 3. Gene predictions in the DNA sequenced

The positional base preference method (Staden, 1985) was employed. The three boxes represent the translational reading frames
of the DNA. The scale is in kb. The top of the scale on the ordinate represents the level that would be reached in a gene encoding
a protein of average amino acid composition. Points under the midline are likely to be non-coding. Vertical bars on the abscissae
represent possible start codons (ATG), those on the midlines indicate potential stop codons. The positions of the potential genes

for the fl'-subunit of RNA polymerase and ribosomal protein S2 are shown. The ATPase a subunit has been described elsewhere
(Cozens et al., 1986).
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50 100 150 200
Pea chloroplast

Fig. 4. Comparisons of the encoded proteins with the aid of the computer program DIAGON

(a) E. coli ribosomal subunit S2 (ordinate) versus the protein predicted by the complete open reading frame in the pea chDNA
(ab6cissa; bases 3749-4459 in Fig. 1); (b) the ,8'-subunit of E. coli RNA polymerase (ordinate) versus the protein predicted by
the incomplete open reading frame (abscissa; bases 1-3493). The sequences of homologous segments I-V are shown in Fig.
6. The numbers on the axes correspond to the lengths of the amino acid chains. The calculations were made with a window
of 25 amino acids and a score of 290.
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E . c o 1 i

Pea chloroplast
E.col i
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E.coli

1 so
MTKRYWNITF EEIIE GVHF G n GI

ATVSM RD*K GVHF G FG KI

51 100
ARFL*;iCDL AFDA *GKQ I K ADS R IR ARCH
VPMF_*AE LNKI R*KGK TAR SE D S CDQF P.M

101 lS0
MLTN TETRLGKF QKiL LHLD F'w
MTN VRQSIKRL SQDUTF D R8 KLN

151 200
GGI LPDIVI IV Q 4IuTIICL I IT A
S3k LPDWLFVIF DHp I I N*VFA I G V

201 245
lsAIRA SIDINK LVFAICGRS| SSIRNY

W jV I3AAV A VAATV,GRS QDLASQAEES FVEAE

Fig. 5. Alignment of the sequences of the protein predicted from the pea chloroplast complete open reading frame with that of the E.
col ribosomal subunit S2

Identities are boxed.

insertion of about 250 amino acids be present in the
chloroplast protein. This has two possible implications.
Firstly, that the pea chloroplast enzyme differs substan-
tially in structure from the bacterial enzyme, or secondly,
that the pea chloroplast gene contains an intron of
approx. 750 bp. In the absence of further experimental
evidence it is not possible, at present, to know which
interpretation is correct.

Chloroplasts have been shown to contain two, and
possibly three, different RNA polymerase activities. In E.
gracilis two types of activity have been isolated. One
polymerase is tightly bound to chDNA and is selective for
transcription of rRNA genes. It contains three major

subunits of Mr 116000-118000, 83000-88000 and
24000-26000 (Narita et al., 1985). The other is in the
soluble fraction and is selective for transcription of
tRNAs. It has not been determined whether chloroplast
mRNA is transcribed by the soluble extract (Greenberg
et al., 1984). Higher plant chloroplast RNA polymerases
that transcribemRNA are composed ofmultiple subunits
with a broad Mr range (Kidd & Bogorad, 1980). The pea
enzyme may contain polypeptides of Mr 180000,
140000, 110000, 95000, 65000, 47000 and 27000 (Tewari
& Goel, 1983), and it is conceivable that the fragment
sequenced in the present work corresponds to one ofthese
subunits.
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I

Pea chloroplast
E.coli
Yeast II
Yeast III

Pea chloroplast
E. coli
Yeast II
Yeast III

1
799
840
888

41
83 9
880
928

RLV v IRR1 CGiiR GISMONTRN. MMPEI IIQT

RLV CGTP E GIMMTPVI GDVKE ~DR
RLMKALED YDNTTRNS LNJIQFI EDGMDAAHIE

[M4iKSLEDLS CQYDNTVRTS ANGIVQFTY~ GDGLDPPJEME

L GRVVAENII 50

v 848

H BtQSLDT 889

GNAQPIMNF 937

II

Pea chloroplast
E . col1i
Yeast II
Yeast III

81
882

1031
1056

SVVS DTD FG HCYG AgGIV AIA

RLIlKQAFDWV LSNIEAQF1JVfVfP'GEMVG IGERG1$AI
VSQLYRISEK RJVRKF~JEIAL FKYRKARL~jP qjTjA~A~

Pea chloroplast
E . col i

Yeast

Yeast III

121

922

1071

1096

ISIGEPGTQLT RTLRTFGGfrTGGT YMA
SIGEPTQLT FHI SRAA SSIQ

SIGEPOT F SKKVTSG PR

ISIGEPGTF SMNVTLG PR

PS

VK

LK

152

953

1102

1127

III

Pea chloroplast
E. col i

916 Y E DL~~i1 VTFIY!j SR SGDI EQILiI 954

1111 D VQI S~D ARIPQJSGG TKDI L~j -JADLF1 ~R1149

IV

Pea chloroplast
E. col i

989 LV I VYR S NRH IEIIVRTS KVLV 1022

1233 IVNJE VYR G I DKH IEVIVR LR KATI 1266

V

Pea chloroplast
E.coli

Yeast II

Yeast III

1056

1302

1379

1367

GLTSVTRHKG FNRSNTGALM TEI EI~ASAEL
GEVIPGITRFG LIRKMRD~JVLQ L DHi YMKK

1095

1341

1418

1406

Pea chloroplast
E.coli

Yeast II

Yeast III

1096 w LKENV G VI T GFKRII SR 1127

1342 IIE ILKENVI LIPA T GYAYHQDI M.IIJ1373

1419 EDCRjVENV T FV[lE 1450

1407 AV ~VSf IJTNSIT SFKVVKGTN IS 1 438

Fig. 6. Alignment ofhomologous segments of the protein predicted from the incomplete open reading frame in the pea chloroplast genome,
the II'-subunit of E. coil RNA polymerase and yeast RNA polymerases H and mI

Parts I-V corresponds to homologies found in Fig. 4(b). See also Fig. 2. Identities between the pea chloroplast protein and

E. coli RNA polymerase and/or yeast RNA polymerases II and III are boxed.
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Gene arrangements
The region of the pea chloroplast genome discussed in

this paper has an arrangement of genes that is probably
as follows: RNA polymerase #'-subunit: ribosomal
subunit S2:ATPase a:ATPase III (see Fig. 1).
Transcription of this region has not been studied closely,
but it is known that a transcript extends at least from
within S2, through ATPase a and ATPase III (Cozens et
al., 1986). Moreover, the lack of extensive non-coding
sequences around the S2 gene makes it somewhat unlikely
that major promoters will lie there, and therefore it is
possible that all of these genes are co-transcribed.
Co-transcription of genes with unrelated function is
known in E. coli. For example, the a-subunit of RNA
polymerase is co-transcribed with several ribosomal
proteins (Post et al., 1980). It is therefore of some interest
to find that the chloroplast il'-subunit of RNA
polymerase is associated with ribosome subunit S2,
although the E. coli homologue is associated with a
translational factor, EF-Ts (An et al., 1981).

We are grateful to Dr J. C. Gray for supplying plasmid
pPscS6. A. L. C. is supported by an MRC Research
Studentship.
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