Biochem. J. (1986) 236, 453460 (Printed in Great Britain)

453

Pea chloroplast DNA encodes homologues of Escherichia coli
ribosomal subunit S2 and the f’-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 F, 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 #’-subunit of E. coli RNA polymerase and to yeast RNA polymerases

IT 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 of ribulose
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—f complex 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 of different 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 of the 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 of chloroplast ATP-synthase, we have discovered
that adjacent DNA sequences encode homologues of E.
coli ribosomal protein S2 and part of the #’-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 6.2kb Sall-Pstl1 fragment derived from plasmid
pPscS6, a pBR322 plasmid containing a 10.6 kb Sall
fragment of pea chDNA (see Fig. 1; Huttly & Gray, 1984)
wa8s 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 the M 13 mp8 vector that had previously
been digested with Smal (Bankier & Barrell, 1983).
Sequences in the resultant M13 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, 19824). Each
nucleotide in the sequence was determined six times on
average and at least once on each strand of the DNA. The
DNA sequences were analysed with ANALYSEQ
(Staden, 1984). A number of options 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.
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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):
16S and 23S, ribosomal RNAs; P700 is the
P700/chlorophyll a apoprotein of photosystem 1; 32 kDa,
44 kDa, D2 and cyt b,;, are components of photosystem
IT; cyt f, cyt by; and 15 kDa are subunits of the cytochrome
b—f complex; LS is the large subunit of ribulose
bisphosphate carboxylase; «, I, III, a, § and e are
components of ATP synthase (Cozens et al., 1986); S2 and
r pol g’ are homologues of E. coli ribosomal subunits S2
and the §’ 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 M, 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 Sal/l site and runs into the
sequence encoding a membrane component of ATP-
synthase which occupies most of the remainder of the
Sall-Pst1 fragment (Cozens et al., 1986). The A+T
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content of this sequence is 66.05%,, corresponding to
overall values of 61-67.39, 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 M, 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 of the 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.
coliribosome (Wittmann-Liebold & Bosserhoff, 1981; An
et al., 1981). Their close relationship is emphasized by
pairwise comparison of their sequences with the aid of the
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 409, of their
residues. This close relationship in primary structure and
the conservation of 16 S rRNA (Schwartz & Kossel,
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 ez 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
(Tischendortf 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 (M, 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 f’-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 #’-subunit
and the pea chloroplast protein requires that a large
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—-—RNA polymerase subunit beta'---) I
R L VEVYV @ BTI VVRRTUDCGT I RGTI SV NTHURNGMMEPETTITLTIAQTL
TCGACTTGTTGAAGTGGTTCAACACATTGTTGTACGGCGAACAGATTGCGGTACCATCOGTGGGATTTCTGTAAACACCOGAAATGGAATGATGCCAGAAATAATTTIGATACAAACATT
10 20 30 40 50 60 70 80 90 100 110 120

I GR VYV AENTIYTIG SR CTIVVYVE RN QDTIGTIGLTINE ERTFTITTFA QTS GQZPTITF
AATTGGTCGTGTAGTAGCOGAGAATATATATATAGGTTCACGGTGCATTGTCGTTAGAAATCAAGATATTGGAATTGGACTTATCAATCGATTCATAACT TTTCAAACACAACCAATATT
130 140 150 160 170 180 190 200 210 220 230 240

I

[ R TPFTCRNTSWICRLTCTZYGRS®PTIHGDTLVETLTGEAVGI I AGQ
TATTAGAACTCCCTTTACCTGTAGGAATACGTCTTGGATCTGCCGATTGTGTTATGGGCGGAGTCCTATTCATGGGGACCTGGTAGAATTGGGAGAAGCTGTAGGGATTATTGCTGGTCA
250 260 270 280 290 300 310 320 330 340 350 360

S I G E P GTQLTLRTTFEHTG GGV FTGG6TAETYVRAEPTSINGE EKTITE KTLNE
ATCTATTGGAGAACOGGGAACTCAACTAACATTAAGAACTTTTCATACTGGTGGAGTATTCACAGGGGGTACTGCTGAATATGTG CGAGCCCCCTCGAATGGAAAGATAAAATTGAATGA
370 380 390 400 410 420 430 440 450 460 470 480

DLVHPTI RTIRMHEGYUPAFTIT CNTIDLYVTTIEZESDDTITIHNVTITIZPTPTIKS
GGATTTAGTTCACCCTACACGTACACGTCATGGATATCCTG CTTTTATATGTAATATAGACTTGTATGTAACTATTGAAAGTGACGATATTATACATAACGTCATTATTCCACCAAAAAG
490 500 510 520 530 540 550 560 570 580 590 600

FLLVQNDA @YV VEKSTSEAQVTIAETIRAGTYTT FNLTZ KTERVYVZERIEKIHETIYSTDS
TTTTCTATTAGTTCAAAATGATCAATATGTAAAATCAGAACAAGTGATTG CGGAGATCOG OGCGGGAACATATACT TTTAATTIGAAAGAGAGGGTTCGAAAACATATTTATTCTGACTC
610 620 630 640 650 660 670 680 690 700 710 720

E G EMHW S TD VY HASETFMYSNVHTITLZPTI KT SHELUVWWTITLSGGZE KT ST CT RS
AGAAGGGGAAATGCATTGGAGTACOGATGTGTACCATG CATCAGAATTTATGTATAGTAATGTACATATCT TACCAAAAACAAGTCATTTATG GATATTGTCAGGAAAGTCGTGC OGGTC
730 740 150 760 770 780 790 800 810 820 830 840

NTTIHTFLLURIEKDA @D Q@TITMD SL S NGTE KTNTISNLTLET RNDA GVTI KTHTE KL
TAATACAATCCATTTTTTACTTCGCAAGGATCAAGATCAAATTACCATGGATTCACTTTCGAATGGAAAAACCAATATTTCGAATCTTTTAGAAAGGAATGATCAAGTAAAACATAAATT
850 860 870 880 890 900 910 920 930 940 950 960

F RFNTTPFGTT KTETZ KT GTIS SDYSIFNETITIT CTH DU HSTYUZPATITFHDTT FTYTFIL
ATTTCGTTTCAATACT TTTGGTACAAAAGAAAAGGGGATTAGCGATTATTCAATATTTAATGAAATCATATGTACGGATCATTCGTATCCOGCTATTTTTCACGATACT TTTTATTTCIT
970 980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

A KRRRNRFLTIUPTFZPTFAQSTIOQETZRTI KNETRMSZPSG GV STIETIZPTINSGTITF
GGCGAAAAGGCGAAGAAATCGATTTCTTATTCCATTTCCATTCCAATCGATTCAAGAACGAAAGAACGAACGAATGTCCCCTTCOGGTGTCTCCATTGAAATACCTATCAATGGTATTTT
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

HRNSTIFAYFDDUPAQYRRHBSSOGITTZ KT YRTTIGTIUHSTITFU QE KTETDTFTIE
TCATAGAAATAGTATTTTTGCTTATTTCGATGATCCTCAATACAGACGACATAGTTCAGGAATTACTAAATATAGAACTATAGGAATTCATTCCATTTTTCAAAAAGAAGATTTCATTGA
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320

Y RGIKE ELI KZPIEKSAQIQVDRTFTFTFTIUPETEVHTILUPI KT SS S SLMYVURERNNS
GTATCGAGGAATCAAAGAATTAAAGCCAAAATCTCAAATTCAAGTAGATCGATTTTTTTTTATTCCOGAAGAAGTGCATATTTTACCCAAATCTTCTTCCCTAATGGTACGGAATAATAG
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

LVe6 I GTUPTITT FNIRSRYVYVG6GLVRLDTI KT KT KT KT KTIETLTEKTITFSGNTIHTF
TCTTGTTGGAATAGGAACACCAATCACTTTCAATATAAGAAGTCGAGTAGGCGGATTGGTCOGATTAGACAAGAAAAAAAAAAAAATCGAATTAAAAATATTTTCTGGAAATATCCATTT
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

P G E MDI K IS RHSATITLTIPPGTV VI KT KT KT KT CNIE K ST KT KTITEKNUVWTITYVAQTVWTI
TCCOGGAGAGATGGATAAGATATCCOGACACAGTGCCATCTTGATACCACCOGGAACGGTAAAAAAAAAAAAATG CAATAAATCAAAAAAAATTAAAAATTGGATCTATGTCCAATGGAT
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

A TTI KT K KYT FVLVRPVYVILYETIUPDSNNTFVEIETLTFUZPAQDLTFAQET KT DNIL
CGCAACTACCAAAAAAAAGTATTTTGTTTTGGTTCGACCTGTCATTTTATATGAAATACOGGACAGTAACAATTTIGTAAAACTTTTTCCCCAAGATCTATTCCAGGAAAAGGATAATCT
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

E LKV VNYTIULYSGNSGT K STIRSGTISDTH RTIA QLU YVZRTT CLVTFNUVWDDSGTE KN
GGAACT AAAAGTTGTCAATTATATTCTTTATG GAAATGGAAAATCCATTCGGGGAATTTCOGACACAAG GATTCAATTAGTTCGGACTTGTTTAGTCTTCAATTGGGATGACGGCAAAAA
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
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S$ S S I EEAPAST FTIETVRTNGLTIETYTFLZRTIDLVESNTSTYTIHRTEKTRN
CAGTTCTTCGATTGAGGAGGCCCCOG CTTCCTTTATTGAAGTACGTACAAATG GTTTGATTGAGTATTTTCTAAGAATTGACTTAGTAAAATCGAATACT TCATATATTAGAAAAAGAAA
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

EPSGF GLIGDNTEKT SDRTINPTFTFEFS SIHSTE KSGEKTIOQQSLSAQNIHGTTITR
TGAACCATCTGGTTTCGGATTGATIGGGGATAATAAATCGGATCGAATCAATCCATTTTITTTCTATTCATTCCAAGGGCAAAATTCAACAATCACT TAGCCAAAATCACGGAACTATTCG
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160

M LLNRNEKYETCRS SV V¥TITILSS SN CFAQMRTPTFNNETKSI HNSGTITI KT KT DTEPI
TATGTTGTTGAATAGAAATAAAGAATGCCGATCTTGGATAATTTTGTCATCATCTAATTGTTTTCAAATGAGACCATTCAACAATGAAAAATCT CACAATGGGATAAAAAAAGATCCTAT
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

I S I NNNGPLGTIALA QYV ANTFYSLYHLTITH HNO GTI STITIIKNLA G GLTDEK
AATTTCAATTAATAATAATGGCCCTTTAGGAATAGCCCTTCAAGTTGCGAATTTTTATTCACT TTATCATTTAATAACT CATAATCAGATCTCAATAATTAAAAATTTGCAACTTGACAA
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

L TETIVFQ@VII KTYY YU LMDENDITI KTIT CIKT PDILTYSNTITILNZPTFHLNUWTFEFTFIL
ATTAACGGAAATTTTTCAAGTAATTAAATATTATTTAATG GACGAAAATGATAAAATTTGTAAACCCGATCTATACAGTAATATCATTTTGAATCCATTCCATTTGAATIGGTTTTTTCT
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

HHFYCETZ KTT FTH RTIZ SLGA Q@FTIUC CENTITZ CTIAQMEKNRPIHELTIEKILTEKSSGA® QYV
CCATCATTTTTATTGTGAAAAAACGTTTACAAGAATAAGTCTTGGACAATTTATTTGTGAAAATATATGTATAG CTCAAATGAAAAATAGACCACACCTAAAACTAAAATCGGGTCAAGT
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

I I VaMKXXDSVITIRSANPYLATPGATTIHGH[Y 6GETILSAQ@GDTITLVT
TATAATAGTTCAAATGGATTCTGTAATAATAAGATCGGCTAATCCTTATTTGGCAACTCCAGGAGCAACCATTCACGGCCATTATGGGGAGATCCTTTCTCAAGGAGATATTTTAGTTAC
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

jiI8

F I Y EK S RS GDITQGTULPGEKUYVES QTITLETIRT SIDSTISMNLTETEKT RTITDA
ATTCATATATGAAAAATCGAGATC CGGTGATATAACACAAGGTCTTCCAAAAGTGGAACAGATATTAGAAATACGTTCGATTGATTCAATATCCATGAATCTAGAAAAAAGAATTGATGC
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880

W NE CITZKTITIGTIUPUWGT FTULTIGA AETLTTIAQSRTIT S[LVNTEKTIAG QEKTVTYTZRS
TTGGAACGAGTGTATAACAAAAATTATCGGCATTCCT TGGGGATTCTTGATTGGTG CTGAGCTAACTATCGCGCAAAGTCGTATTTCTTTGGTTAATAAAATC CAAAAGGTTTATCGATC
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

v

Q G VH I HNRHTIETITIVRAGTITJSTEKUV]LVSEDTGHMSNTITFLTPGETLTIG®GIL
CCAGGGAGTACACATCCATAATAGACATATCGAGATTATTGTG CGTCAAATAACATCCAAAGTCTTGGTTTCAGAAGATGGAATGTCTAATATATITTITACCTGGCGAACTAATTGGATT
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

LRAERTGRALEEATLICYRALTLTLGUVTZ KTSLNTGO STFTISEASTFQ
ATTGCGAGCAGAACGAACGGGGCGTGCCTTGGAAGAAGCAATTTGTTACAGAGCT TTATTATTG GGAGTAACAAAAACATCT CTGAATACT CAAAGTTTCATATCCGAAGCGAGTTTTCA
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240

Vv

E T AR VL AK A ALRGRTIDUWULIEKTGLTIEKENVYVV VLG GMTI PV GTGFIZKRTI
AGAAACTGCTAGAGTTTTAG CAAAAGCOGCTCTTCGGGGTCGTATTGATTG GTTGAAAGGTCTTAAAGAGAATGTTGTTTTAGGGGGAATGATACCOGTTGGTACCGGATTCAAAAGAAT
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

HI!RSR'SRQIINKITRKKKLFEVBIRNLLFIIHRKLLDFANFK
AATGCACOGTTCACGGTCAAGGCAACATAACAAGATTACCOGGAAAAAAAAATTATTCGAAGTAGAAATTAGAAATCT TTTGTTCCATCACAGAAAATTATTGGATTTTGCTAATTTCAA

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

E F M *
AGAATTTATGTGATACATTACAAATATAGGATTAAATG CTTCCTAAAAG CGGGACTCATCCCCTTAAATCTTTAAATG CAGTCATTTGATTTGGTAATTAAAGTATAATAAAAAATAATA
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

ATAAATAGAAATCAAAGAATGGCCTGATTCTATATTAACGGCOGATCGTCTATAAAAGAGAAGGTTCCATCGGAACAATTATTTATTG CTATTTCAGGATACTGGGTCTCTCTCTTTTTT
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

ribosomal protein S2 ---)
M TEKRY V¥ NTITTFEEMMMEAGVYVYHTFSGHDTT RI KU WNZPRLHM
mmmAAACAAAGl’GI@TAAAmACPAMAGATAmGAACATAACI"I‘I'IGAAGAGAmAmGAAGC'I‘GGGGTTCATTTIGGCCA’ICATACI‘AGGAAA'mGAATCCl‘CGAAT
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
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APFI S AKRTEKGTIHTITNLTZE KT ARTFLSEIA AT CDTLATFDAASTEKSTEGTEKTAE GQTF
GGCACCTTTTATATCGGCAAAACGTAAAGGTATTCATATTACAAATCT TACTAAAACTGCTCGTTTTTTATCAGAAGCTTGTGATTTGGCTTTTGATGCAGCAAGCAAAGGAAAACAATT
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

LI VG6TI KT KT K AADS SV VTR RAAIRARTCHEYT YVYNEKT KT EYLUZRGMLTNYVWYTT
TTTAATTGTTGGTACAAAAAAAAAAGCAGCOGATTCAGTAACACGGGCTG CAATAAGAGCTCGATGTCATTATGTTAATAAAAAATG GCTCOGAGGTATGTTAACGAATTGGTATACTAC
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

ETRULGI KT FRDLRTEA QEKTS G EKTLNSLUPTI KR RDAAMLTIEKT ERAO QL SHTFETY
AGAAACGAGACTTGGTAAGTTCAGGGACT TGAGAACGGAG CAAAAGACGGGGAAACTGAACTCTCTTCCAAAAAGAGATGCGGCTATGTTGAAGAGACAATTATCTCATTTCGAAACATA
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

LGG I KYMTGLZPDTIVITIVDAaQ@Aa@EKEYTALAO QETCITLGGTIZPTTIT CLTI
TCTAGGCGGTATCAAATATATGACAGGGTTACCTGATATIGTAATAATOGTTGATCAG CAAAAAGAATATACGGCTCTTCAAGAATGTATCACTTTAGGAATTCCAACGATTTIGTTTAAT
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

D TNCDUPDLADMSTIUPANDUDATIA ASTIRLTILNTEKILTVYTFATIT CETGT RS S
CGATACAAATTGTGACCCAGATCT TG CAGATATGTCGATTCOGGCTAATGATGATGCTATAG CTTCCATCOGATTAATTCTTAACAAATTAGTTTTTGCAATTIGTGAGGGTCGTTCTAG
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

S I RN Y *
CTCTATACGAAATTATTGATTAATAATAAGATAAATCCATTTTTAGATTTGGTTGGGCGGTCATAGATTTTTGGAATTGGGTATTATAG CATTACAAAATTGTGTAAAAAGAAATATTTT

4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
ATPase a --=> -

M NVL

GTGATTAGTAGGTATTCAAAATAGAAAATCAAAGTAAAATAAGGAAATGGTTGAATCAAAATAATTCCCI TICAAGTTATATTTTTTTATTTTAGAGGACAGGACAATATG AATGTTCTA

4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

Fig. 2. Nucleotide sequence of pea chDNA from a Sall 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 #’-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 #’-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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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
(abscissa; bases 37494459 in Fig. 1); (b) the #’-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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Fig. 5. Alignment of the sequences of the protein predicted from the pea chloroplast complete open reading frame with that of the E.

coli 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 M, 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 transcribe mRNA are composed of multiple subunits
with a broad M, range (Kidd & Bogorad, 1980). The pea
enzyme may contain polypeptides of M, 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 of these
subunits.
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I
Pea chloroplast 1 [RL V VRRIDCGT/IR [GISEINTRN.[G| MMPEIHLlIQT 40
E.coli 799 |RL Lv VTEDDCGTHE [GIMMTPVIEG| GDVKEPLRDR 838
Yeast II 840 [RLVKALED[M [VEYDNTTRNS LGNV]JIQFIYG| EDGMDAAHIE 879
Yeast III 888 |RUMKSLEDLS CQYDNTVRTS ANGIVQFTYS| GDGLDPLEME 927
Pea chloroplast 41 LOGRVVAEN] 50
E.coli 839 VLGRV[TAEDPV 848
Yeast II 880 HTELQSLDT[T 889
Yeast III 928 GNAQPVNFNR 937

II
Pea chloroplast 81 IRTPFT|RNT [SWICRLCYGR Sp LVEL 120
E.coli 882 VR[SVVS|ODTD FGVICAHCYGR [DLARGHIINK 921
Yeast II 1031 RLUTKQAFDWV LSNIEAQFLR GEMVG 1070
Yeast III 1056 VSQLYRISEK [SVREFEIAL FKYRKARLE]P 1095
Pea chloroplast 121 [SIGEPGTQLT LRTFHTIGGVF TGGTREYVRA PS 152
E.coli 922 [SIGEPGTQLT [MRTFHIGGAA SRAAAESSIQ VK 953
Yeast II 1071 s:czﬂ@rﬂﬂ: F SKKVTSG[VlPR LK 1102
Yeast III 1096 [SIGEPGT F SMNVTLGVIPR IK 1127

III
Pea chloroplast 916 YBEI 1 UVTFIYEKSR SGFIT L
E.coli 1111 DE|VQIS[SEDr [LJARIPQE|SGG TKPITGEGL

Iv
Pea chloroplast 989 1QkVYR| she NRE IEJIIVRQITS [KVLV 1022
E.coli 1233 1 YR| LQGVKINDKH IEVIVRQMLR KATI 1266

\{
Pea chloroplast 1056 E' LLGV[TK] FIS| EASFQE v K I 1095
E.coli 1302 |YSRDLLGITK SFI SFQET[TRV R 1341
Yeast II 1379 GGLTSVTRHG FNRSNTGALM RCSF EI|LFEAGASAEL 1418
Yeast III 1367 GEVLGITRFG LSKMRDESVLQ LAS TDH | LFDAAFYMKK 1406
Pea chloroplast 1096 SR SR| 1127
E.coli 1342 Q 1373
Yeast II 1419 VMIDEE 1450
Yeast III 1407 GSFKVVEGTN IS 1438

Fig. 6. Alignment of homologous segments of the protein predicted from the incomplete open reading frame in the pea chloroplast genome,
the f’-subunit of E. coli RNA polymerase and yeast RNA polymerases II and III

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 p’-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 g’-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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