Mol Gen Genet (1990) 221:379-394

MGG

© Springer-Verlag 1990

Nucleotide sequence of the maize chloroplast rpo B/C,/C, operon:
Comparison between the derived protein primary structures
from various organisms with respect to functional domains
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Summary. The genes (rpo B/C;/C,) coding for the g, f’,
B subnits of maize (Zea mays) chloroplast RNA polymer-
ase have been located on the plastome and their nucleotide
sequences established. The operon is part of a large inver-
sion with respect to the tobacco and spinach chloroplast
genomes and is flanked by the genes trnC and rps2. Notable
features of the nucleotide sequence are the loss of an intron
in rpoC, and an insertion of approximately 450 bp in rpoC,
compared to the dicotyledons tobacco, spinach and liver-
wort. The derived amino acid sequence of this additional
monocotyledon specific sequence is characterized by acidic
heptameric repeat units containing stretches of glutamic
acid, tyrosines and leucines with regular spacing. Other
structural motifs, such as a nucleotide binding domain in
the § subunit and a zinc finger in the 8’ subunit, are com-
pared at the amino acid level throughout the RNA polymer-
ase subunits with the enzymes from other organisms in
order to identify functionally important conserved regions.
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Introduction

RNA polymerase from chloroplasts, being a key enzyme
in maintaining the semiautonomous nature of the organelle,
has been the subject of investigations for some years (for
review see Briat et al. 1986). A number of purification
schemes for the enzyme from various sources have been
reported but the subunit composition, multiplicity and site
of transcription of its genes (imported proteins vs plastid
DNA encoded proteins) have been the subject of some dis-
cussion (Little and Hallick 1988).

Attention was directed to these issues recently with the
discovery of open reading frames in the chloroplast ge-
nomes of tobacco (Shinozaki etal. 1986), liverwort
(Ohyama et al. 1986) and rice (Hiratsuka et al. 1989) coding
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for proteins bearing a strong sequence resemblance to the
subunits of Escherichia coli RNA polymerase. The expres-
sion was demonstrated of the a-subunit (from the rpoA
gene) in maize (Ruf and Kdssel 1988) and pea (Purton and
Gray 1989) and of the f, " and a novel #” subunit (from
rpoB, C; and C,, respectively) in spinach (Hudson et al.
1988) and adds support to the view that this enzyme belongs
to the class of proteins encoded and expressed in the organ-
elle. While the existence was noted of an rpoBC operon
in tobacco and liverwort, a detailed analysis of the operon
was carried out for the dicotyledon spinach (Hudson et al.
1988), revealing the division of the gene corresponding to
E. coli rpoC into two entities C, and C,, with the C; se-
quence interrupted by an intron. It seemed, therefore, of
interest to compare the corresponding operon in the mono-
cotyledon maize, in order to establish the evolutionary con-
servation of these and other structural features.

At the time that this work was completed and presented
in a short report (Kossel et al. 1989), the sequence of the
rice chloroplast genome became available (Hiratsuka et al.
1989), of which the rpoBC operon is analysed in more detail
in the accompanying paper (Shimada etal. 1990). The
structural comparison of this region of the maize genome
could, therefore, be extended to the rpoBC operon of the
closely related monocotyledon rice.

Materials and methods

The maize chloroplast genomic library in pBR329 was con-
structed in this laboratory and made available by Dr. E.
Fritzsche (Fritzsche 1988). Restriction enzymes, DNA poly-
merase (Klenow) and T7 DNA polymerase sequencing Kits
were obtained from Pharmacia-LKB (Freiburg) and used
according to the manufacturers’ instructions. Deoxyoligon-
ucleotides were synthesized on an ABI 380A DNA synthe-
sizer and could usually be used as sequencing primers with-
out further purification.

Restriction fragments for sequence analysis were cloned
into M13mp18 or pUC19. The fragments generated by the
Sanger method using [#->°S]dATP (Amersham) were sepa-
rated on a Macrophor electrophoresis workstation (Phar-
macia-LKB, Freiburg) at 55° C on 6% polyacrylamide gels
containing 7 M urea. Gels were fixed in 10% MeOH/10%
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acetic acid (v/v) and dried. Autoradiography was accom-
plished by exposure to x-ray film (Fuji), usually overnight
at room temperature.

The raw data were analysed using a collection of com-
puter programs made available by W. Bottomly, CSIRO,
Canberra, or with the aid of PCGENE (Genofit, Heidel-
berg). Multiple alignments and specific lay-out of sequences
was achieved by purpose-written programs.

Results and discussion
Location and orientation of the genes

To locate the region of DNA coding for the RNA polymer-
ase subunits, a maize chloroplast genomic DNA library
(Fritzsche 1988) was screened using synthetic oligonucleo-
tide hybridization probes designed on the basis of conserved
sequences present in the tobacco and liverwort genes.
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Fig. 1. Genetic map of the maize chloroplast genome. The location of a number of known genes is indicated by black boxes: those
on the outside of the circle are transcribed clockwise, those on the inside, counterclockwise. The #poB/C,/C, operon and its flanking
genes are contained in the two PstI fragments D and J indicated at the lower left side of the map. In the lower part, the rpo genes
relative to these restriction fragments, are shown in schematically enlarged linear form



GTTTGATCAGTACTATAATCCTAAGTATTTTATTGATCAGGCGGCACCCAGATTTGAACTGGGGGTAAAGGATTTGCAGTCCCCTGCCTTACCACTTGGCCATGCCGCCAAAAAATCCGA

1 t | 3’ [[CCGCCGTGGGTCTAAACTTGACCCCCATTTCCTAAAC! ¢ 5 w—trnCi
TCTAAAATCGAGAAAAGAGCAAGTATTCATTCACATTTTTTTACTAATTACTAAAACCTTTTTTTCTTTTATCTTGAATCTAATTCTAGTTAGTTTTTTAGAATCTTTTTCAAAATAGTT
! ! !

TCTGLLLLLiLubATCCAbiLLLUkLlAllLLLCTCGATGGATTCTATC;TAAAACACAéATTGCTAACACTAGAAAACTTCCCGCTTCéTTCTATTCTATTGAGATGACAAAGAAGAAA
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ACTATAATA%AATAATATA;TAAATATAA%ATTATTATT;TTATTTTTTéAATTGCAGT;GTGAACGAC%CTTAAATCGéTATTCCCCCéCATTATTTTéAATGGCATA;TAAAATAGAA
TAAGAATAALTGTTTCCCTAATCTGTATA*AGGGAAACTéCAGGTCCGAACAGCATTATTATCTACAGA;CCCCCTTATéTACATATTCCTATGGGGAA%CGTGCTTTAATTTTTCATTé
TATTAAATA%CTTGAATAAAAAAAAAAAG;GGGAATTTGéTCTGATATAéATTATAGCC;GGCCTTCTTéGCCCACCTAAGTGCAATTAéGATAAAAGAAAGGATATGTAGATAGGTGG;
TAACTAGATéGGCAAGTAC%TAAAAAATA%AGTACTTTA%CTTTATTTTAGGATTCTACAACGAAATCC%TTATTTTCT%GCAATTCTACTACTACGAA%CAAAAAAGA%CCTTCAAAT;
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CTTTTTGAAAAAGAAACTAAGCGTGCTATTCTAAATCGTTCTAAAGTCAAACTTTCTAGTGCTTATAAATTCTTATGGCTTTATCCCGTTTCATAGAAAGGAGATAAAACGAGAAATCTT
| ! ! |

t | | | | |

TGCTATCCAATCTTTTTAGAATATCATAAAGTTTCAGTGGCAGAATTTTTTTCTAGGACTGTTTTATCAATTCATTTTTATTCCATTTCAACCCCTGCTARATTCGAACTTTCGTCGAAR

[ { | ! 1 { 1 ! | [ | !

TCGTCTCTATTCATATGTATGAAATACATATATGAAATACGTATGTGGAGTTCCCTAGAATTTCATGTGATTCAGTAAACAGAATATGGATTCCATGATTGCTAGATTGATCCGTAGGGA
! i ! ! | 1
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TTGATGAAGAGTGAGCTGATAATGGAATTTTTCTTCTATAAATAGGAAACTTAAGATTCAAATGCTCCGGAATGGAAATGAGGGAATGTCCACAATACCCGGATTTAGTCAGATCCAATT
rpoB¥ L R N 6 N E G M S TIPGF S QI QF
| { t ! [ 1 | | ! | 1
CGAGGGATTTTGTAGATTCATTAATCAAGGCTTGGCGGAAGAACTTGAGAAGTTTCCCACAATTAAAGATCCAGATCACGAAATTGCATTTCAATTATTTGCGAAAGGATATCAATTGCT
E G F ¢C R F I NOGQGULA ATETETLTET KTFT PTTIZ KT DTPUDEHETLIH ATFOQQLTFAEZ RKTGSGTYOQTUL L
] | 1 H | | i { ] { l
AGAACCCTCGATAAAAGAAAGGAATGCTGTGTATGAATCACTCACCTATTCTTCCGAATTATATGTATCCGCGAGATTAATTTTTGGTTTCGATGTGCAAAAGGARACCATTTCTATTGG
E P S I K ERNAV Y E S LT JYSSETULTYJVSaAaRULTITFGTFDVQZEKETTISIGC
| | { | | i | | { ! | i
AAACATTCCTATAATGAATTCCTTAGGAACCTTTATAATAAATGGAATATACCGAATTGTGATCAATCAAATATTGCTAAGTCCTGGTATTTACTACCGCTCGGAATTAGACCATAAGGG
N I P I M NS LGTTFTITINGTIJY®RTIVIN QTITLTLSZ®P?PG6TIJYTYURSETULTDIHTEKG
| ] I t ! ! | i ! ] {
AATTTCTATATATACCGGGACTATAATATCAGATTGGGGAGGAAGGTCGGAATTAGCAATTGATAAAAAAGAAAGGATATGGGCTCGCGTGAGTAGAAAACAAAAGATATCTATTTTAGT
I s I YTOGTTITISDUWSGGRSETLA ATITDTEKTEKTETSRTITWARTYSREKZ QEKTISTITLV

| | [ ! | I | ! ! } i
TCTATCATCAGCTATGGGTTCGAATCTAAGAGAAATTTTAGATAATGTTTCCTACCCCGARAATTTTCTTGTCTTTCCCGAATGCTAAGGAGAAGAAGAGGATTGAGTCAAAAGAAAAAGC
L § S A M GG S N L R E I L DNV S Y 9P ETIF L §8F P NAIKTET KT KT RTIESI KE KA

| | i 1 1 ! | | | !
TATTTTGGAGTTTTATCAACAATTTGCTTGTGTAGGTGGGGACCTGGTATTTTCGGAGTCCTTATGCGAGGAATTACAAAAGAAATTTTTTCAACAAAAATGTGAATTAGGAAGAGTTGG
I L EF Y Q Q FACV 6 6GDULV F S ESULCEZETLZGQI KT KT FTFOQQZEKTCETULGR VG
! i | i 1 | i ! ] { i
TCGACGAAATATGAATCGGAGACTGAATCTTGATATCCCTCAGAACAATACATTCTTGTTACCACGAGATGTATTGGCCGCTACGGATCATTTGATTGGAATGAAATTTGGAACGGGTAT
R R NM NR R LNILD I P Q NNTVFLULPRDV L A ATU DI HTLTITGMMIE KT FGTGTI
! ! | i ! | ! | ! |
ACTTGACGATGACGATATGAATCACTTGAAAAATAAACGTATTCGTTCGGTTGCAGATCTGTTACAAGATCAATTCGGACTGGCTCTTGGCCGTTTACAACATGCGGTTCAAAAAACTAT
L b D DDM®NUBHBHLIEKUNI KT ERTIURSUYVADILULAGQ?DQF 6L AL GRUL Q HAUV Q K T I
{ [ I | | 1 | 1 i |
CCGTAGAGTATTCATACGTCAATCGAAACCGACTCCACAAACTTTGGTAACTCCAACTTCAACTTCGATTTTATTAATAACTACTTATGAGACCTTTTTTGGCACATACCCCTTAGCTCA
R R VvV F I R S KPTPQTL VTU®P?PTS ST S ILLITTVYZETT FT FGTYPTUL A Q
|

| 1 | ! | | i ! | |
AGTTTTTGATCAAACCAATCCATTGACACAAACGGTTCATGGGCGAAAAGTGAGTTGTTIGGGTCCAGGAGGATTGACGGGGAGAACTGCAAGTTTTCGGAGCCGAGATATTCATCCGAG
vV F pDQ TNPL T Q TV HGRI KUVSsS LGP GG LT G RTAS FUR S RDTIHZ®PS
| ] ! ! ! } ! |
TCACTATGGGCGTATTTGTCCAATTGACACGTCCGAAGGAATCAATGTTGGACTTACCGGATCGTTAGCTATTCATGCGAGAATTGATCACTGGTGGGGATCTATAGAGAGTCCGTTTTA
H Y G R I C P I DT S E G I N Vv G L T G S L A II H A R I D HW WG iS I E 8 P F Y
i

TGAAATATCTGAGAAAGCAAAAGAAAAAAAAGAGAGACAGGTAGTTTATTTATCACCAAATAGAGATGAATATTATATGATAGCAGCAGGAAATTCTTTGTCCTTGAATCAGGGTATTCA
E I S E K A K E K EKEUR Q V VY L S P NURUDE Y Y M I A AGNSILSULNOQGTIQ
| | | | | | { | | | i {
GGAAGAACAGGTTGTTCCAGCTAGATACCGTCAAGAATTCCTGACTATTGCATGGGAACAGATTCATGTTAGAAGTATTTTTCCTTTCCAATATTTTTCTATTGGAGGTTCTCTCATTCC
E E Q V V P ARYURUGOQETFULTTIAWESGQTIUHKVU® RS IV FZPTF QYT FS5TIOGGSsSs L IP
1 ! ! | [ ! | ! | 1 !
TTTTATTGAGCATAATGATGCGAATCGGGCTTTAATGAGTTCTAATATGCAGCGCCAAGCAGTTCCACTTTCTCGGTCCGAGAAGTGCATTGTTGGAACTGGATTGGAACGCCAAACAGC
F I E H NDANUZRA ATLMS S NMOQROQAV PL SR SETZ KT CTIUVGTS GDLETRZQT A
i ] ! | | t | 1 | ! |
TCTAGATTCGAGGGTTTCCGTTATAGCCCAACGCGAGGGARAGATCATTTCTAGTCATAGTCACAAGATCCTTTTATCAAGTAGTGGGAAGACCATAAGTATTCCTTTAGTTGCCCATCG
L DS RV S VIAOQTZ RTETGHZ XKTITISSsSDSHI KTIULULS S S 666 K TZI S I P L V AHR
| | | ! | | | { | | ! !
GCGCTCTAACAAAAATACTTGTATGCACCAARAACCTCGGGTTCCGCGGGGTARATCCATTAAAAAAGGGCAAATTTTAGCGGAGGGAGCAGCTACAGTTGGCGGGGAACTTGCTTTAGG
R S N R N T ¢ M H Q K PRV PRGEK S I KK G I L A EGADNTV G G6 EUL ALG
| ! | | | | I 1 { { I
AAAAAACGTTTTAGTAGCTTATATGCCCTGGGAGGG T TACAATTTTGAAGACGCAGTACTAATTAGTGAACGTTTGCTATATGAGGATATTTATACTTCTTTTCACATCCGAAAATATGA
K N VL V A Y M P W EG YNV FEDAUV LI s ERULVYVY Y EDTI Y TS F HIU®RIKYE
| | | | i t | | ! 1
AATTCAGACGGATACGACAAGCCAAGGCTCCGCTGAAAAAATCACTAAACAAATACCACATCTAGAAGAACATTTACTTCGCAATTTGGACAGAARTGGAGTTGTAAGGTTGGGATCCTG
I Q TDTTS G S A EZ KTITI KT GQTIU®PUHLETEHTULULZ RNTILDU RNGV VYV RUDLG S W

| ! | | i 1 | 1 | i
GGTAGAAACTGGCGATATTTTAGTAGGTAAATTAACGCCTCAGATAGCGAGCGAATCGTCCTATATCGCGGAAGCTGGATTATTACGGGCTATTTTTGGTCTTGAGGTATCCACTTCAAA
vV ETG66D I L V G K L TP Q I A S E S S Y I A EAGULULRATITFGULEV S T S K

| | | | ! i ! [ ] | | [
AGAAACTTCTCTCARACTACCTATAGGTGGAAGAGGGCGCGTTATCGATGTGAAATGGATCCAGAGGGACCCCTTTGACATAATGGTTCGTGTATATATTTTACAGARACGTGAAATCAA
E T S L K L P I 6 G R G R V I DV KW I QRD?P F DIMV RVY Y I L Q K REIKZK
! 1 | | | | | | | l |
AGTTGGGGATAAAGTAGCTGGAAGACACGGGAATAAGGGGATCATTTCCAAAATTTTGCCTAGGCAAGATATGCCCTATTTGCAAGATGGAGCACCTGTTGATATGGTCTTCAATCCCTT
vV 6 D K V A 6 R HGUNIKGI IS EK I L PRQDMEPYULOQODGAUZPV VDMV FNUPL
! ! } ! | 1 | | ! i i !
AGGAGTACCCTCACGAATGAATGTGGGACAAATATTTGAAAGCTCGCTCGGATTAGCAGGGGATCTGCTARAGARACATTATAGAATAGCACCCTTTGATGAGAGATATGAGCAAGAGGC
G V P S R M NV G Q I F E S S L 6L AGD UL L KKHYR®RTIMOATPTFUDTEIZRYEZQE A
| ! ! { | | [ | | { [ ]
TTCAAGAAAACTTGTGTTTTCGGAATTATATGAAGCCAGTAAACAAACAAAARATCCATGGGTATTTGAACCCGAGTACCCGGGAAAAAGCAGAATATTTGATGGAAGAACAGGAGATCC
S R K L V F §$S E L Y E A S K QT KNP WV F EPEYUZPGIZ K S RTIVFDGRTGDP
| | [ ! [ | 1 ! | { 1
CTTCGAACAGCCTGTTCTAATAGGGAAGTCCTATATCTTAAAATTAATTCATCAAGTTGATGAGAAAATTCATGGACGTTCTACTGGGCCCTACTCACTTGTTACCCAACAACCCGTTAG
F E ¢ P V L I 6 K $§$ Y I L K L I B Q VD EI KTIHGH®R ST OGP Y S L VT Q QP VR
! | ! ! t | { ! } ! i
AGGAAGAGCCAAGCAAGGGGGACAACGAATAGGAGAAATGGAAGTTTGGGCTTTAGAAGGATTTGGTGTTGCTCATATTTTACAAGAGATACTTACTTATAAATCTGATCATCTTATAGC
G R A K Q G 66 Q R I G EMEV WALUETGT F GV A HIULQETIULTT YR K S DHILTI A
| | i i i | ] | ! ! [
TCGCCAAGAAATACTTAATGCTACGATCTGGGGAAAAAGAATGCCTAATCACGAGGATCCGCCAGAATCTTTTCGAGTCCTCGTTCGAGAACTACGATCTTTGGCTCTAGAACTGAACCA
R ¢ E I L N A T I W GG K RMUPNUHETU DU PU PESVFURYV LV RETLZ RS SULALETLNH
[ t ! | ! 1 1 | — } | |
TTTCCTTGTATCTGAGAAGAACTTCCAGGTTAATAGGGAGGATGTTTGATCGGAATARATATAAATTTTTTTCTTATTTCTATTTTATGATTGACCAATATAAACATAAACAACTTCAAR
F L V s E K N F ¢Q V N R E D V - rp()(:1M I D Q Y K H K QL Q I
| } ! | 1 i 1 1 !
TTGGACTCGTTTCCCCTCAACAAATAAAGGCTTGGGCTAAAAAAATCCTACCTAATGGGGAAGTCGTTGGCGAAGTCACAAGGCCCTCCACTTTTCATTATAAAACCGATAAACCAGAAA
6 L vV S P ¢ ¢ I KR A W A K K I L P N G E V V G E YV TR P S TF HYZ K TD K P E K

Fig. 2 (Continuation, see page 382)
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! | | | | | L 1 | [ 1 1
ARGATGGATTGTTTTGCGAAAGAATCTTITGGACCCATAAAAAGCGGAATTIGTGCTTGTGGAAACTCTCGAGCGAGCGTACGTGAAAACGAAGACGAAAGATTTTGCCAAAAATGCGGGG
D 6 L F CER I F G P I K S GG I € A CGN SR RAMASVERENEUDETRTFTCOQZEKTCGUV

i | i i | i i ! i !
TAGAATTTGTTGATTCTCGGATACGAAGATATCAAATGGGATACATCAAACTAGCATGTCCAGTGACTCATGTGTGGTATTTGAAAGGTCTTCCTAGTTATATTGCGAATCTTTTAGATA
E F V 0 s R I R R Y @ M 6 Y I KL A C©P VTHUV W YL KSGULUPSS Y I A NULLDK

! | | ! | | ! I I ! l
AACCCCTTAAGAAATTGGAGGGCCTAGTATATGGTGATTTCTCTTTTGCTAGGCCCAGCGCTAAAAAACCTACTTTCTTACGATTACGGGGTTTATTCGAAGATGAAATTTCATCCTGTA
P L K KL E G L YV Y 6GD F S F ARUP S A XKI KPTV FULURULIRGIL F EUDETI S § CN

t | | ! ! { [ | I I [
ACCACAGTATTTCTCCCTTTTTTTCTACCCCAGGCTTTGCAACATTTCGAAATCGGGAAATTGCAACAGGAGCAGGCGCTATTAGAGAACAATTAGCAGATTTAGATTTGCGAATTATTA
H s 1 s P F F S T P G F A TV FURNUZRETIATSG A G A I REGQQLADTULUDTLZ RTITII
1 ! ! ! ! 1 | ! ! | [
TAGAGAATTCTTTGGTTGAATGGAAGGAATTAGAAGACGAGGGGTATAGTGGAGATGAATGGGAAGATAGAARAAGACGAATAAGARAAGTTTTTTTGATTAGACGCATGCAATTGGCGA
E N S L V E W K E L EDEG Y S 66D EWUEUDUZ RIEKTZ RTZ RTIRIEKTGYFULTIURI RMOGQ@LAK
i | ! 1 | i | | i | |
AACATTTTATTCAAACAAATGTAGAACCAGAATGGATGGTTTTGTGCTTATTACCGGTTCTTCCTCCCGAATTGAGACCCATTGTTTATAGATCTGGGGATAAAGTAGTGACTTCAGATA
H F I Q T NV E P E WMV L CL L P V L PP EULIRPTIV YR S GDI KV V T S DI
| | ! [ ! | | ! ! ! |
TTAATGAACTTTATAAGAGAGTTATCCGTCGGAACAACAACCTTGCCTATCTATTAAAAAGAAGTGAATTAGCACCAGCAGATTTAGTAATGTGCCAGGAAAAATTGGTACAAGAAGCCG
N E L ¥ K R V I R RNNUJNULAYLUL KR S EL A P ADULV M C Q EK L V Q E A V
| ! | I i | ! | | ! t
TGGATACACTTCTTGATAGTGGGTCCCGCGGGCAACCGACGAGGGATGGTCACAATAAAGTATACAAATCACTTTCAGATGTAATTGAGGGTAAAGAGGGGAGGTTTCGCGAGACTCTGC
b T L L D S GG S R G Q P TR DG HUNE K V Y K s L 8DV I EGEKEGHRVFU&RETTL L
! | | | ! | ! | | ! |
TTGGGAAACGGGTCGATTACTCGGGGCGTTCTGTCATTGTTCTGGGTCCTTCGCTTTCATTACATCAATGTGGATTACCTCTAGAGATAGCAATAAAGCTTTTTCAGCTATTTGTAATTC
G K R VDY s 6GR s VI VV P S L S L EQ CG L P L ETIATIIZ EKTULTFOQUL F V IR
I l ! | ! t | 1 | ! i !
GCGATTTAATCACGAAACGTGCTACTTCTAATGTCAGGATTGCTARAAGGAAAATTTGGGAAAAGGAACCCATTGTATGGGAAATACTTCAAGAAGTTATGCGGGGACATCCTGTACTGT
D L I T KRAT S NV R I AE KR RIKTIWEI KET?PIUVWETITLUGQEUVMZERGHZ?PVILL
! i | | ! | | 1 | 1 !
TGAACAGAGCACCTACCCTGCATAGATTAGGCATACAGGCCTTCCAACCCACTTTAG TAGAGGGACGTACTATTIGTTTACATCCATTAGTGTGTAAGGGTTTCAATGCGGACTTTGATG
N R A P TUL HURULGI Q A F QP TUL V ® GR TICUDLHPUDLV CIZ KGTFNADTFDG
| | { 1 | ! { ! | ! |
GGGATCAAATGGCTGTTCACCTACCTTTATCCTTGGAAGCTCAGGCGGAAGCCCGTTTACTIATGTTTTCTCATATGAATCTCCTGTCTCCCGCTATTGGAGACCCTATTTGCGTGCCAA
D Q M AV HL P L S L E A QA EARULL M F s HHMNLULS P ATIGDU PTITCVPT
i .t 1 | | I i | | 1 [
CCCAAGACATGCTCATCGGACTTTATGTATTAACGATTGGAAACCGTCTAGGTATTTGTGCAAATAGATATAATAGTTGCGGAAACTCTCCAAATAAAAAAGTAAACTACAATAATAACA
Q Db M L I G L Y VL TTIOGNUZRULUGTIOCAWNU RTYND NS CGNSUPNZ KIEKUVNUYNNNN
| ! | [ | ! ! ! ! | ) !
ATTATTATAAGTATACGAAAGATAAAGAACCCCATTTTTCTAGTTCCTATGATGCACTGGGAGCTTATAGACANAAACGAATCGGTTTAAACAGTCCCTTGTGGCTCCGATGGAAACTAG
Y Y X Y T KD K E P HF s §$ S YD ALGAUYRQURRTIGULUNSZPILWLRWI KULD
1 ! ! i i | | ! } [ !
ATCAACGCATCGTTGGGTCAAGAGAAGTTCCGATTGAAGTTCAATATGAATCTTTTGGGACTTATCATGAGATTTATGCCCACTATCTAGTAGTGGGAAATAGAAAAARAGAAATCCGTT
Q R I V 6 S R E V P I EV Q Y E S$ F GG T Y HETI Y AHY LV YV G6GNURI KIZ KETITR S
| ! | ! i i | i | ! !
CTATATACATTCGAACCACTCTTGGTCATATTTCTTTTTATAGAGAAATAGAGGAAGCCATACAAGGATTTAGTCGGGCCTATTCATACACTATCTAAACAAGGAAGTTAGATTCGGCGA
I ¥ 1 R TTUL G H I §$ F YRETIUETEA ATIQGVF S RAMY s Y T I -

| ! ! ) | ! [ } | [ !
TGCCTTTCGGGGGGCATTCCGATTTCGCTAGTACCATCTTTTTTGCCGCGCAAATCCAGATTGAGATTGAGGAAAGGGAGTAAATTAAGTTTTCGAATCACTGACTCAGGCCCATTGTCG
| | | | i

] | t { e | 1 i
AATCCTACTCAGCAATTGTCGAATCCTACTCAGCCAARAAAAGGGGGTACTTATGTATGGCAGAACGGGCCAACCTGGTCTTTCATAATAAAGAGATAGACGGAACTGCTATGAAACGGE
rPoC2M A E R ANTULUV F HN K E I DGTAMTEKTRTL
i ! | ! | i § {
TTATTAGCAGATTAATAGATCATTTCGGAATGGGATATACATCCCATATACTGGATCARATARAGACTCTGGGCTTTCCATCAAGCCACTACTACATCGATTTCTTTAGGAATCGAGGATC
I sRLIDHFGHMGYTSHILDQIKTLGTFHRGOQATTTSISLGETIEDL
H | ! ! | { 1 | | ! !
TTTTAACAATACCCTCTAAAGGATGGTTAGTCCAAGACGCGGAACAACAGAGTTTTCTTTTGGAGAAACACTATTATTATGGAGCTATACACGCGGTAGAAAAATTACGCCAATCCGTTG
LTIPSEKG®WLYVQDAEQQSFLLETERHYYYGATIHALVERKTLERZ QSVE
{ | { { | | 1 1 |
AGATATGGTATGCTACAAGTGAATATTTGAAACAAGAAATGAATTCGAATTTTCGAATAACGGATCCTTCTAATCCAGTCTATCTAATGTCTTTTTCAGGAGCCAGAGGAAATGCATCTC
I ¥ YaATSEYLEKOQEMNSNTFRTITD®PSNEP?PYVYLMSFSGARESEHDNSRESQ
l | ! | | I | | i
AGGTACACCAATTAGTAGGTATGAGAGGGTTAATGGCGGATCCTCAAGGACAAATGATTCATTTACCTATTCAAAGCAATTTACGCGAGGGACTTTCTTTGACAGAATATATAATTTCCT
V HQ L V G ¥ R GLMADTPOGO QMTIUHTELTZPTIGQSNTILTR RETGH LS LTETYTITISC
| ! ! ! | H I | | { |
GCTACGGAGCCCGAAAAGGGGTTGTAGATACTGCTGTACGAACAGCGGATGCTGGCTATCTTACACGTAGACTTGTTGAAGTAGTTCAACATATTATTGTGCGTAGAAGAGATTGTGGTA
Y6 AR KGV VDTAVRTADRAGESGY L T RRLVEVYVQ H I I VRRZRTDTCEG T

CTA'I‘CCA.AGGTATTTC’I‘G'I‘GAGTCCTCAAAATGGGATGACGGAAAAACTTTTTGTCCAAACACTMTTGGTCG'I‘G’I‘ATTAGCAGACGATATATATATTGGTTCACGATGCATTGCTTCTC
I ¢ 6 I §$ VvV s P Q N G M T E K L FVQT™ULTIG®RUVLADUDTIT YTISGSURTCIASR

| ! | i [ | | i ! l 1
GAAATCAAGATATTGGAATTGGATTAGTCAATCGATTCATAACTGCCTTTCGAGCACAACCGTTTCGAGCACAACCAATATATATTAGAACCCCCTTTACTTGCCGGAGCACATCTTGGA
N ¢ DI G I G L V NU RYPFTITA ATFT RASQ Q?®PTFR®RAS® QPTIZYTIRTZ®PFTZCHZRSTS W I
!

! ! | | | | 1 1 ! {

TCTGTCAATTATCTTATGGGCGGAGTCCCACTCATGGGGATCTGGTCGAATTGGGGGAAGCTGTAGGTATTATTGCGGGTCAATCAATTGGGGAGCCGGGGACTCAATTAACATTAAGAA
c ¢ L ¢YGR SPTHGDULV ELTGEA AVG6I I AGQESIGE?PGGTQLTDLRT

i ! ! ! | 1 | ! ! { |
CTTTTCATACTGGTGGAGTATTCACAGGGGGTACTGCCGACCTTATACGATCCCCCTCGAATGGAAAAATCCAATTCAATGAGGATTTGGTTCACCCCACACGTACCCGTCATGGGCAGC
F HT 6 G V F T 6 G T ADULIUR S P S NG K I Q F NEDILV HPTRTRUHEGSO QP

! ] | ] ! ! 1 ! 1 1 !
CTPGCTTTTCTATGCTATATAGACTTGCATGTAACTATTCAGAGTCAGGATATTCTACATAGTGTGAATATTCCGTTAAAAAGCTTGATTCTAGTGCAAAATGATCAATATGTAGAATCTG
A F L ¢ Y I DL KKV T TTIGESQDTILHSV NTIUPILIEKSULTIZULVQNDSZGQYVESE
| | | i | | | ! ! | | !
AACAAGTAATTGCGGAGATTCGTGCCGGAACGTCCACTTTGCATTTTAAAGAAAAGGTACAAAAGCATATTTATTCCGAATCAGACGGGGAAATGCACTGGAGTACTGATGTTTACCATG
Q VI A E I R A G T S T L HF K EZ KV Q KH I Y S E S DGEMHEWS TDV Y HA

| ! | ! | | 1 [ ! ! |
CGCCCGAATATCAATATGGTAATCTTCGTCGATTACCAARAACAAGCCATTTATGGATATTGTCAGTAAGTATGTGCAGATCCAGTATAGCATCTTTTTCGCTGCACAAGGATCAAGATC
P E Y Q ¥ ¢ NLRURULUPE KT S KL WTIUL S V S M CR S s I 3 S F s L HKWDZGQDQ
!

! ! 1 | | t | ! ! |
AAATGAATACTTATTCTTTTTCTGTTGATGGAAGATATATCTTTGACTTCTCAATGGCTAATGATCAAGTAAGCCATAGACTGTTGGATACTTTTGGTAARAAAGATAGAGAAATTCTTG
M N T Y 8 F § VD 6 R Y I F D P S M A NDV S HR L L DTV F GG EKZEKDUZRETTLD

| | 1 I ! | 1 ! ! | |
ATTATTTAACGCCAGATCGAATCGTCTTCAACGGTCATTGGAATTGTTTCTATCCTTCCATTCTTCAAGATAATTCAGATTTGTTGGCGAARAAGCGAAGAAATAGGCTCGTCGTTCCAT
Yy L. T P DRI V F NGHUWNOCTPFJYU®PSIULOQDUNSDILLAZEKTI KT RTZERNU RTLUVVPL
| | | | ! ! | ! 1 [ !
TACAATATCATCAAGAACAAGAAAAAGAGCGAATATCCTGTTTGGGTATTTCAATGGAAATACCCTTTATGGGTGTTTTACGTAGAAATACTATTTTTGCTTATTTTGACGATCCACGAT
O Y H O EQ E XK ERTI S CULGTI S METIZPTFMGUVLRRNTTITFAYTFDDTFPR T
| | | ] | [ | | ! |
ACAGAAAAGATAAAAGGGGTTCAGGAATTGTTAAATTTAGATATAGGACCCTGGAGGAAGAATATCGGACCCAAGAGGARAGAGTATAGGACTCGAGAGGAAGAATATCGGACTCGAGAGG
R K D KR G S G I V KFRYZRTULETETEEYTZ RTIOQETEET YU RTHRETETEEYURTT®REE
i { I i | ! ] i ! } | {
AAGACTCAGAAGACGAATATGAGAGCCCAGAGAACAAATATAGGACCCGAGAGGGAGAGGGCGAATATAAAATCCTAGAAGACGAATATAGGACTCTAGAGGACGAATATGAAACCCTAG
D S EDE Y E S P ENI KTVYT RTZ RETGESGETYJZ KTIULEDET YU&RTULETUDET YETTLE
! ! | ! i 1 ! ! ! I | 1
AAGATGAATATGGGATCCTAGAGGACGAATATAGGACTCTAGAGAAAGACTCAGAGGAAGAATATGGGAGCCTAGAGAACARATATAGGACTCGAGAGGGAGAGGGCGAATATGAAATCC
D E Y ¢ I L EDE Y R T DL E KD S EEZE EYG6 s L ENZ KZYRTRETGETGETYETIHW.L

Fig. 2

4920

5040

5160

5280

5400

5520

5640

5760

5880

6000

6120

6240

6360

6480

6600

6720

6840

6960

7080

7200

7320

7440

7560

7680

7800

7920

8040

8160

8280

8400

8520

8640

8760

8880

9000

9120



| | 1 { | 1 | | | !
TAGAGGAAGAATCAGAAGAAGAATATGGGAGCTCTGAAGATGGCTCAGAGAAGGAATATGGGACTTTAGAAGAAGACTCAGAAGAAGACTCAGAGGAAGACTCAGAAGACGAATATGGGA
E E E s E E E Y & S 8 ED G s EKE Y 6 TULEEUD S EE D s

| 1 i ! { | ! 1 ! | | |
GCCCGGAGGAAGATTCTATCTTAAAAAAAGAGGGTTTTATTGAGCATCGAGGAACAAAAGAATTTAGTCTAAAATACCAAAAAGAAGTAGATCGGTTTTTTTTCATTCTTCAAGAACTGC
P E ED S IL K KUZEG ¥ ¥ I EHRGTI KT ETF S L K Y Q KEUV VDU RTFTFF

! ! i | | !
ATATCTTGCCGAGATCCTCATCCCTAAAGGTACTTGACAATAGTATTATTGGAGTCGATACACAACTCACAAAAAATACAAGAAGTCGACTAGGTGGATTGGTCCGAGTGAAGAGARAAA
I L P R S 8 §8 L K V L D N § I

{ ! | | ! ! ! ! |
AAAGCCATACAGAACTCAAAATCTTTTCCGGAGATATTCATTTTCCTGAAGAGGCGGATAAGATATTAGGTGGCAGTT TGATACCACCAGAAAGAGAAAAAAAAGATTCTAAGGAATCAA
S B T E L K I F $§ 6 D I H F P E E A DK IULG G

| | | | i | | | ! !
AAAAAAGGAARAATTGGGTTTATGTTCAACGGAAAAAATTTCTCAAAAGCAAGGARAAGTATTTTGTTTCGGTTCGACCTGCAGTCGCATATGAAATGGACGARGGGATARATTTAGCAA
K R KN W VY Vv Qg R KK F L K S KETZKYVF V S

] § ! i | i | ! | i |
CACTTTTCCCGCAGGATCTCCTGCAAGAAGAGGATAATCTCCAACTTCGACTTIGTCAATTTTATTTCTCATGAAAATAGCAAGTTAACTCAAAGAATTTATCACACGAATAGTCAATTCG
L F P Q D L L Q EEDINULGQULU RULVYVNTFTI S
1

1 ! ! ] i | 1 |
TTCGAACTTGCTTAGTAGTGAATTGGGAACAAGAAGAAAAAGAGGGAGCTCGTGCTTCTCTTGTTGAGGTAAAAACAAATGATCTAATTCGCGATTTCCTAAGAATTGAGTTAGTCAAGT
R T ¢ L V V N WEOQEZEI KETGARASULVYV EV KT NDULTIURIUDTFTULT®RTUIZETLVIZEK S

i { ! ] | | ! ! § i 1
CTACTATTTTGTATACACGAAGAAGGTATGATAGGACAAGTGTAGGATTGATTCCCAATAATAGGTTAGATCGCAACAATACCAATTCCTTTTATTCCAAGGCGAAGATTCAATCACTTA
T I L Y T RRRUYDURT S V 6L I PNNI RULDZ ERNWUNTNS
1

! ! i |
GCCAACATCAAGAAGTTATTGGCACCTTGTTGAATCGAAATAAAGAATATCCATCTTTGATGATTTTGTTGCCATCCAACTGTTCTCGAATTGGTTTATTCAAGAATTCTAAATATCCCA
Q H Q E V I 6T L L NR NI KU EVY P S L MM I L L A S NC

l | { ! | ! | | i !
ATGCGGTAARAGAATCGAATCCTAGAATTCCTATTCGAGATATTTTTGGGCTCTTAGGCGTTATTGTACCTAGTATATCGAATTTTTCTTCATCTTACTATTTATTAACGCATAATCAGA
A2 V K E S N P R I P IURDTIUPFP GL L GV I V P s I

! 1 t ! I | ! | 1 !
TCTTGTTAAAAAAATACTTGTTCCTTGACAATTTGAARCAAACCTTACAAGTACTTCAAGGACTTARATACTCTTTAATAGACGAAAATAAAAGGATTTCGAATTTTGACAGTAACATCA
L L K K YL FL DN NULZ KZGQTULQV L Q G L K Y s

1 i | 1 i ! i i !
TGTTGGAGCCATTCCATTTGAATTGGCACTTTCTCCATCATGACTCATGGGAAGAGACATTGGCAATAATTCACCTTGGACAATTTATTTGTGARRATTTATGTCTATTTAAATTACACA
L E P F H L NWHVFULHHD S W EUZETULATITIH HILGOQTF I
| | | | ! | | | ! |
TAAAAARATCTGGTCAAATTTTCATTGTTAATATGGACTCCTTTGTTCTAAGAGCAGCTAAGCCTTATTIGGCCACTATAGGAGCAACTGTTCATGGTCATTATGGAAAAATCCTTTACA
K K § 6 ¢ I F I VvV N M D S F VvV L R A A KUPJY UL AT

] i ! | ! ! i i
AAGGAGATAGGTTAGTTACGTTTATATATGAAAAATCGAGATCCAGTGATATAACGCAAGGTCTTCCAAAAGTAGAACAAATCTTCGAAGCGCGTTCAATTGATTCACTATCGCCGAATC
G DRL VTV F I Y E K SR S S DITOQSGUL P KV E QI
[ 1 i { ! { i | { ] |
TCGAAAGGAGAATTGAGGATTGGAATGAACGTATACCAAGAATTCTTGGGGTTCCCTGGGGATTCTTGAT TGGAGCTGAGCTAACCATAGCCCAAAGTCGTATCTCTTTGGTTAATAAGA

E R R I E D W NEURTIU PR RTIULGV P WG F L I

! i i | [ ! ! ! |
TCCAAAAGGTTTATCGATCCCARGGGGTACAGATCCATAATAGACATATAGAGATTATTATACGCCAAGTAACATCAAAAGTAAGGGTTTCCGAAGATGGAATGTCTAATGTTTTTTTAC
Q K V YR 8§ @ ¢ V ¢ I HNRUHIETITITIRQV TS KV RV S EDGM S NV F L P
|

| | i 1 } ! | 1 | [ }
CTGGGGAATTAATAGGACTATTGCGAGCGGAACGAGCAGGGCGGGCTTTAGATGAATCGATCTATTATCGGGCAATCTTATTGGGAATAACAAGGGCTTCCCTGAATACCCAAAGTTTCA
G E L I 6L L R AEURUAGHRALTUDE S
| ! | 1 i | i | 1 !
TATCTGAAGCAAGTTTTCAAGAAACTGCTCGAGTTTTAGCAAAAGCTGCCCTACGAGGTCGTATTGATTGGTTGAAAGGTCTGAAAGAAARCGTAGTTCTGGGGGGGATTATACCTGTTG
S E A S F Q ET ARV L A KAAULRGRTIDUWIL K GLKUENU VUV L G666 I I
! 1 | i | ! { 1 i !
GTACCGGATTCCARRAATTTGTGCATCGTTCCCCACAAGACAAGAACCTTTATTTAGAAATTCAAAAAAAAAATCTATTCGCGTCGGAAATGAGAGATATTTTGTTTCTCCATACAGAAT
T 6 F Q K F V R S P Q D K NUL Y L E

! | | ! | ! | ! t
TAGTTTCTTCTGATTCTGACGTAACAAACAATTTCTATGAAACATCAGAGACCCCGTTTACCCCTATTTATACGATTTAAGTATACATAAAGCAATTTTTTTTACTTTAATTTAAACTAT
vV $ 8 DS DV TNNTFYETTSETT®PFTP
I ! | | ] ! 1 t ] |
ACTTTTGACCTTAGAATGCTAACAGGTCTGATTTTCGATTTTGTACTTAARTTTAAATTGTATTTTAATAAGTAAAAGAAGTCAGTTAATTCATTAAGGCTATGTTTATACCGTGTATCA
1 t 1 | ! I )

i | | [
ATGGTCAAGAAGGTTCCATTGGAACAATTATTATTTATTTCAAGCTATTTCCGCTCTTTCTTAATCTTCAAARAGAAATGAATTCCGTAATGGTAACACGAAAAAAGAARAAAAAAGGAA
| | ! :

9240
E ED S EDTETZY G S
9360
I L Q E L H
1 1 ! | 1 1
9480
1 6 vVDTOQTZLTTZEKTNTT RTSZ RTLSGGTLVTZ RJTYZE KT RKEK K
! !
9600
S L I PPETRTETEKT KT DTST KTES K
!
9720
VR PAVAYEMTDTETGTINTLA AT
!
9840
H EN S KLTOGQT RTITYUHTUNT S GQEF V
!
9960
1
10080
F Y S K A KTIOGQSUL §
t |
10200
S R I GLF KNGSTZ KTYZPN
1
10320
S N F § § §S Y YL L THNG QI
1
10440
L I DEUNTZ KT ERTIT SN NTFUDSNTIHM
1 1
10560
C ENLCULTFRKTULHTI
10680
I 6 ATV HGHTYGI KTITULY K
1
10800
F E AR S I DS L S P N L
10920
6 A EL T I AOQ S RTISLVYVNTEKTI
1
11040
11160
I Y YRATITLTULTGTITT RASTLTDNTG QS SFI
11280
PV G
!
11400
I 9 K K NL F A SEMZERDTITELTFTLTUHTEL
11520
I Y T I -
11640
11760
11880

| — l | ! ! { i i
GTGTGGAAAAAATGACAAGAAGATATTGGARCATCAATTTGAAAGAGATGATAGAAGCGGGAGTTCATTTIGGTCATGGTATTAAGAAATGGAATCCCAAAATGGCCCCTTACATCTCGG
rps2M T R R Y W NINLIKUEWMMTIZEA AGV HFGHGG I KZKWNUPIKMMZ AZP Y I S...

-

383

Fig. 2. Nucleo‘tide and derived amino acid sequence of the maize chloroplast rpoB/C,/C, operon. The start site of each of the coding
regions %s indicated. Note that #nC upstream of 7poB is transcribed from the opposite DNA strand to that of the protein genes.
The position of the intron in spinach, tobacco and liverwort is indicated by a wvertical arrow. The 5-terminal region of the rps2 gene

is presented at the distal end of the sequences. The complete sequence of the latter gene has been described (Igloi et al. 1990)

Probes for the 5’ end of rpoC and the 3’ end of rpoB gave
signals within a 14 kb PstI D fragment (plasmid pZmc354)
of which the position in the genome is shown in Fig. 1.
This fragment was subcloned after BamHI/Bgl/lI or EcoRI
digestion into M13 or pUC vectors and subjected to se-
quence analysis using either the universal M13 primer or
one of a set of specific primers. It was found that the orien-
tation of the genes is opposite to that observed in spinach
and tobacco but is similar to that of liverwort. As a conse-
quence, the terminal 1791 bp of #poC, together with rps2
lay within the plasmid pZmc355 which contains the neigh-
bouring genomic PstI J fragment of 4.7 kb (Fig. 1). Unlike
all other fragments, no overlapping sequence could be ob-
tained for the PsiI site separating the two fragments in-
serted in the plasmids pZmc354 and pZmc355. However,
the nucleotide sequence at this point shows no break in
the reading frame, and a high degree of similarity between
the plastids means that it is unlikely to be a source of se-

quence uncertainty. The sequence, encompassing 11880 bp
(Fig. 2) includes the flanking rnC gene, 1272 bp upstream
of but of opposite orientation to four closely spaced open
reading frames which by homology to the other plastid
DNAs correspond to rpoB, rpoCy, rpoC, and rps2.

These results show that, as is the case for wheat and
rice, the region of the maize chloroplast DNA encompass-
ing rpoB, C,, C, is inverted with respect to spinach and
tobacco, of which the gene order is reported to be evolution-
arily older (Palmer 1985). In view of the second inversion
of 10 kb in wheat and rice, it is likely that the closely related
maize will also have this feature (Rodermel and Bogorad
1988).

The rpoB gene and its translation product

The ORF separated by 1272 bp from the oppositely ori-
ented trnC gene (Meinke et al. 1988) represents the first



384

Table 1. Comparative summary of the characteristics of the rpoB/C,/C, genes and their translation products

Maize Rice Spinach Tobacco  Liverwort E. coli Cyanobact.
rpoB bp 3225 3225 3210 3210 3195 4026 -
aa 1075 1075 1070 1070 1065 1342 -
plI 9.35 9.45 8.11 8.14 9.16 4.93 -
Mol. Mass (kDa) 121.6 121.6 120.9 120.5 120.4 150.6 -
Intergenic Dist. to trnC 1272 1084 1099 1281 138 - -
Homology *: nt 96.6 83.9 83.9 68.5 46.0 -
aa 98.0 81.0 81.2 63.6 37.5 -
rpoC, bp 2049 2046 2031 2040 2052 17341 1863
aa 683 682 677 680 684 5781 621
pl 9.41 9.08 8.43 8.93 9.98 (9.19)! 6.31
Mol. Mass (kDa) 78.3 78.1 78.1 78.4 78.9 65.5 70.2
Intergenic Dist. to rpoB 40 40 28 29 33 79 134
Homology*: nt 96.1 80.4 80.9 69.5 - -
aa 96.5 78.0 77.7 61.9 36.2* 47.2
Length of Intron bp 0 0 756 739 596 - 0
rpoC, bp 4581 4539 4038 4173 4158 24872 #
aa 1527 1513 1361 1391 1386 8292 #
plI 6.18 6.87 9.69 6.96 10.27 (5.36)2 -
Mol. Mass (kDa) 176.1 173.8 154.7 157.3 160.1 89.6 -
Intergenic Dist. to rpoC, 201 202 151 149 76 - 93
Homology *: nt 92.0 71.3 76.7 57.0 - -
aa 88.5 71.0 69.7 44.7 27.6
Insert Rel. to E. coli (aa) 754 739 602 618 604 - -

! N-terminal fragment of g’
2 C-terminal fragment of §’
# incomplete sequence

* % rel. to Maize

potential messenger on this restriction fragment, having
1075 codons and corresponding to a basic protein (pl 9.35)
of 121.6 kDa, compared to the acidic § subunit of E. coli
RNA polymerase of 155 kDa (pI 4.93) (Ovchinnikov et al.
1981). The similarity at the nucleotide and amino acid level
with rpoB genes of other organisms (Table 1) strongly sup-
ports its identity as the rpoB gene. Preparations of RNA
polymerase from maize chloroplasts contain polypeptides
with apparent molecular masses of 120 and 140 kDa (Kidd
and Bogorad 1980). It remains to be seen which of these
components is the rpoB encoded product with the calculated
molecular mass of 121.6 kDa.

Figure 3 shows an alignment of the derived amino acid
sequences of five plastid # subunits (maize, rice, spinach,
tobacco, liverwort) together with that of E. coli and, by
extrapolation, with the rpoB gene product of Salmonella
typhimurium which shows 98.5% homology with the E. coli
£ subunit (Lisitsyn et al. 1988). In the schematic comparison
with the E. coli protein (Fig. 4), additional regions are indi-
cated of homology with the corresponding proteins of ar-
chaebacteria (Berghofer et a. 1988; Leffers et al. 1989),
yeast (Sweetser et al. 1987) and Drosophila (Falkenburg
et al. 1987). Compared with the bacterial § subunit, nine
deleted segments in the chloroplast sequence are clearly visi-
ble (Fig. 4), which are located towards the termini of the
protein and result in a reduction in the size of the plastid
protein by 270 amino acids. The largest deletion is responsi-
ble for the loss of more than 100 amino acids and corre-
sponds to a C-terminal domain which has been demon-
strated to the functionally redundant (Glass et al. 1986).

An examination of the amino acid sequence for features
that have been made responsible for certain functional

properties has focussed on a number of sites of potential
interest. The N-terminal third is rather featureless in this
respect, having a number of small deletions and, in general,
being less similar to the E. coli f subunit than the remaining
molecule. There are, nevertheless, two short homology
blocks (A and B) with the yeast RPB2 protein (the second
largest subunit of RNA polymerase I1; Sweetser et al. 1987)
which together with the overall conservation of the N-termi-
nal domain tends to suggest a structural role for this poly-
peptide segment.

From approximately amino acid 390 (maize numbering)
to the C-terminus the chloroplast sequence is closely aligned
with that of E. coli, with the exception of one long and
several short deletions. There are also numerous homology
blocks in common with the corresponding subunits of yeast
(Sweetser et al. 1987), Drosophila (Falkenburg et al. 1987)
and archaebacteria (Berghofer et al. 1988; Leffers et al.
1989). Some of these are characterized by amino acid motifs
which are highly conserved between organisms and to which
certain functional properties have been ascribed. In maize
chloroplasts, at position 418, one finds a dodecapeptide
whose two histidine and single cysteine residues are con-
served in all plastids, in E. coli, archaebacteria and in yeast
(homology block D). A juxtaposition of imidazole/thiol
groups (also found in E. coli DNA ligase and T7 RNA
polymerase) (Lisitsyn et al. 1988) has been implicated in
the catalytic activity of kinases and aminoacyl-tRNA syn-
thetases (Pai et al. 1977; Carter et al. 1984). On the other
hand, one conserved histidine is replaced in Drosophila by
leucine. The only other conserved cysteine at position 627
in the maize sequence does not fall within one of the eukar-
yotic homology boxes. Nevertheless, a corresponding cys-
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Fig. 3. Alignment of the derived amino acid sequences for the RNA polymerase § subunit. Included in the alignment are the proteins
from maize chloroplasts (Z.m.), rice (Hiratsuka et al. 1989) (O.s.), spinach (Hudson et al. 1988) (S.0.), tobacco (Shinozaki et al. 1986)
(N.t.), liverwort (Ohyama et al. 1986) (M.p.), and Escherichia coli (Ovchinnikov et al. 1981) (E.c.). Also shown are regions of homology
with the eukaryotic sequence of the second largest subunit of RNA polymerase II from yeast (Sweetser et al. 1987) (S.c.) and from
Drosophila (Falkenburg et al. 1987) (D.m.). Amino acid identity is denoted by points and deletions (for the purpose of optimal alignment)
by asterisks. The numbering of actual amino acid positions is given at the right margins. Sequence motifs discussed in the text are
boxed. Positions that by mutation lead to rifampicin resistance in E. coli (Jin and Gross 1988) are underlined in the Rif region (positions
508-572) and at position 687. Positions 121, 389 and 431 of the maize sequence which coincide with E. coli rifR positions but deviate
from the E. coli wild type are marked by v
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Fig. 4. Schematic comparison of the maize chloroplast RNA polymerase § subunit with the corresponding proteins from other organisms.
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teine may be present in these organisms and may be in-
volved in the interaction with DNA, although disulphide
bridge formation with cysteine 426, destroying the potential
thiol/imidazole catalytic centre, cannot be ruled out. As
would be expected from the experimental evidence pointing
to the binding of DNA by the §’ subunit (Fukuda and
Ishihama 1974), a zinc finger motif, discovered in the yeast
B subunit (Sweetser et al. 1987) is not observed in either
the E. coli or chloroplast § subunit.

At position 744 in the maize sequence, and falling within
box G in the yeast comparison, we find the nucleotide-
binding-type of motif GXXXXGK which is present in all
plastids, E. coli (Glass et al. 1986), methanobacteria (Berg-
hofer et al. 1988) and, with an additional amino acid be-
tween the glycines, in yeast and Drosophila. This pattern
of amino acids may represent a G-protein-type of nucleo-
tide binding site (Wooley and Clark 1989). Of the other
sites mentioned in the literature (Rozen et al. 1989; Hart-
mann et al. 1988) as possible NTP binding sites or as being
involved in phosphodiester bond formation, after eliminat-
ing those not conserved in the plastid sequences, two pairs
of lysines (824, 832 and 954, 962), each flanking a histidine,
are found to be conserved in plastids, E. coli and methano-
bacteria. The first set of lysine/histidine/lysine is also found
in yeast and Drosophila (homology block H) while the sec-
ond is present with a lysine to arginine substitution in both
these species (homology block I).

The second motif'is also found in the extrachromosomal
RNA polymerase of the yeast Kluyveromyces lactis (Wilson
and Meacock 1988). Within this second motif, the aspartic
acid-glutamic acid pair in maize and rice chloroplasts corre-
sponds to the aspartic acid-aspartic acid sequence in the
other plastids, E. coli, yeast, Drosophila and the extrachro-
mosomal yeast polymerase, and has been suggested as being
important in the action of many polymerases (Argos 1988)
(although in methanobacteria the corresponding sequence
is threonine-aspartic acid ; Berghofer et al. 1988). The histi-
dine in this section of the sequence has been identified as
reacting with a nucleotide affinity label (Lisitsyn et al.
1988). Lysine 816, which was labelled in E. coli (position
1057) is conserved in all plastids but is not found in yeast
or Drosophila. On the other hand, lysine 824, also a target
for affinity modification in E. coli (position 1065; Lisitsyn
et al. 1988) is conserved in all organisms examined here.
Other lysines, labelled by site-specific reagents in E. coli
RNA polymerase, are not conserved in the plastid protein.

Despite the overall similarity of the chloroplast f-sub-
units to the E. coli protein, plastid RNA polymerases are
resistant to the antibiotic rifampicin (Briat et al. 1979; Kidd
and Bogorad 1980). Mutations in E. coli, leading to rifampi-
cin resistance are localized exclusively on the f-subunit
(Hartmann et al. 1988) and have been mapped in detail
(Jin and Gross 1988). Of the 11 sites whose mutation indi-
vidually results in rifampicin resistance only two (threonine
389 and serine 431) have amino acids that are conserved
between the chloroplast protein but are, at the same time,
“mutated” with respect to E. coli. Apart from the cluster
of mutations between amino acids 508 and 687 in E. coli
which result in rifampicin resistance and other related phe-
notypes (Jin and Gross 1989), there is a single site at posi-
tion 146 that may also be involved in rifampicin binding
(Lisitsyn et al. 1988). This amino acid is also present in
all the plastid sequences in a “mutated” form as isoleucine
121 (in maize). It remains to be tested, by site directed
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mutagenesis, which of these positions (I;25, Tsge OF S431)
confer the rif resistance to plastid RNA polymerase or
whether perhaps other mutated positions also contribute
to this resistance in a concerted mode.

The rpoC, gene and its translation product

The second ORF of the rpo gene cluster, coding for 683
amino acids is initiated by an AUG codon located 40 bp
downstream of the 3’ terminus of the rpoB gene (Fig. 2).
The molecular mass of 78.3 kDa calculated for this poly-
peptide is in the vicinity of the apparent molecular masses
of 70, 75 and 85 kDa of polypeptides observed in RNA
polymerase preparations from maize chloroplasts (Kidd
and Bogorad 1980). Further analysis is necessary to decide
which of these polypeptides is encoded by the rpoC, gene.
The 40 bp intergenic region between rpoB and C, is compa-
rable in all examined organisms except cyanobacteria (Xie
et al. 1989) where the distance is slightly greater (Table 1).
In fact, the same reading frame in maize extends back
through the intergenic rpoB-rpoC, region, overlapping in
an out-frame-mode the two terminal rpoB amino acids and
initiating with a Met. Similarly, in tobacco, the ORF ex-
tends four codons upstream from the AUG used for the
sequence alignments. However, by analogy with the other
plastid C; sequences, it is assumed that the maize C; gene
product does not bear this N-terminal extension. A remark-
able feature of the rpoC, gene is the loss of the intron
found in spinach, tobacco and liverwort. The closely related
rice with its high homology to maize, also lacks this intron
(Shimada et al. 1990). Splicing of the precursor RNA in
spinach, tobacco and liverwort leads to a derived protein
sequence across the intron boundaries which is virtually
identical to maize and rice in this region. This also confirms
the more favoured of the two potential splice sites in spin-
ach (Hudson et al. 1988). The site of the excision of the
intron during evolution has, it seems, been so precisely con-
served, that not only has the reading frame remained intact
but the amino acid sequence, itself, has been undisturbed
by insertions or deletions. Furthermore the sequence con-
servation during evolution, on going from dicots to mono-
cots suggests, despite the loss of the intron, a highly specific
mechanism such as reverse transcription of the spliced RNA
followed by reintegration into the genome at the same loca-
tion.

Despite the fact that the derived amino acid sequences
can be well aligned with each other (Fig. 5), a number of
blocks of variability exist of which the most obvious lies
between amino acids 557 and 582 where the dissimilarity
extends from a slight deviation in the rice sequence to a
significant deletion in the liverwort. It is also a region where
the maize and rice sequences are characterized by a stretch
of 15 basic amino acids (including asparagines) out of 28.
Clustering of basic amino acids has also been observed in
the E. coli p’ subunit (Ovchinnikov et al. 1982) but to a
more limited extent and at different locations.

The similarity of the chloroplast sequence with that of
the N-terminal section of E. coli f’ subunit was previously
noted by Hudson et al. (1988). The similarity ends prior
to this section of the sequence which, in fact, also corre-
sponds to the eukaryotic homology block E (Jokerst et al.
1989) and is the only eukaryotic consensus block with no
counterpart in prokaryotes (Figs. S, 6). On the other hand,
the alignments are virtually colinear with only one signifi-



388

Zinc Finger

g.m. MIDQYKHgQLQIGLVSPQQIKAW*AKKILPNGEVVGEVTRPSTFHYKTDKPEKDGLFCERIFGPIKSGICACGNSRASVRENEDERFCQKCGVEFVDS 97
- T o I I s es et eeverreseces s e aanenoenanan J L 2 NN 97
S.o. PR o JU : U T 0 20 SR S 5 SUPINRPIS | SR, teeseceanes Y. VIGD.K..PK..EQ.vuven.. 97
N.t. --.R...Q..R..85......8..*.T.......I.....K.¥......N....MDY.*VKN.............Y.VIGD.K. .PK..EQ. e o e n... 96
M.p. -TY.K..QH.R.E.A..E..RN.*.ERV.....I..Q..K.Y.L....H..........Riuivrunnn... . KYQGIEKKK.NIK. .EQ. ... .IE. 97
N.c. MRPAQTMQFDYVK...A..ER.RQ.*GERT....Q......K.E.IN.R.L...M...........*.DWE.H. .KYKE. .I.***VLSVSAVVL.VTE. 95
E.c. -K.LL.FLKA.TKTEEFDA. .IAL.SPDMIRSWSF...KK.E.IN.R.F...R.....A.....V.DYE.L. . KY***K . LKHRGVI.E.....VTQT 95

1 | | I | | | H | !
Z.m. RIRRYQMGYIKLACPVTHVWYLKGLPSYIANLLDRKPLKKLEGLVYGDFSFARPSAKKPTFLRLRGLFEDEISSCNHSISPFFSTPGFATFRNREIATGAG 197
O.s. ceestaeren s sa e et e eateeceeannasestneaearass s, feee e et ecaneeeas | 197
S.o. R SRS - SRS SRR eeeveeIiiiiiii i Y. Q. WKY..PL..T.Q..D.0u....8... 197
N.t. ettt ceeaneecs Rociiili U Elilsau e e e IT v e i e e e e . YL L Q L WKY. LPL..T.Q..D. ettt Set. 196
M.p. ceeseReiiaal. S........R..... . .A .. E..S...CILFL...IT....L.K.Q...KY.DQ.WKDIFPR. . .PR..EV.Q.......GD 197
N.c. .V..HR.......A..A..G.S.*AFLA.FHSVGYA.RDV.QI. .FNSYVVLSPGNAE.LTYKQL.S. .QWLEIEDQ.YSED.*****LLQGV.VGI..E 189
E.c. KV..ER..H.E..S.TA.I.F..S5...R.GL...M. . RDI.RVL.FESYVVIEGGMTNLERQQILTE. QYLDALEEFGDE DAKM.AEAIQALLKSMDLE 195
<Euk.A> C-GHF.H--..-..-. —G | ! ] ! ! | I

| H | | | I | |
Z.m. AIREQLADLDLRIIIENSLVEWKELEDEGYSGDEWEDRKRRIRKVFLIRRMQLAKHFIQTNVEPEWMVLCLLPVLPPELRPIVYRSGDKVVTSDINELYK 297
o.s. P P - e eteecteerasaettasaotaaaac e e Ceeteenraeseanaas e eteanenaa 297
S.o. Creeeeeaan +oT..DY.FA.....GE..5T.N......VGR..D.. V. ..E.V.e..ReeTurenunnnrannnnnn ...IQID.G.LMS.......R 297
N.t. tesecinrasessssoaaesesBE..GE.LHT.N......V6R..D..V..VE......R..Tueerururnennanenras . IQID.G.LMS.......R 296
M.p. «.QK..TN.N.QNV.NLAHL. .. .FAEQKST.N......IQR..DL.V..IK.........IK.....VS....vus....MIELGEGELT...L....R 297
N.c. «LLRL...**%*%xa*x%x4xxx**IN_ . Q.AE.LR.EIGNAKGQKRAK. .K.LRVIDN..A.GSK.....MAVI..I..D...M.QLD.GRFA...L.D..R 275
E.c. QEC...REELNETNS.TRX**Xa*kxkxkkxkxxxkxkxxx*x  *K TK.IK.LEA.V.SGNK....I.TV......D...L.PLD.GRFA...L.D..R 270

! i i 1 <Euk.B> R.---I---..-P.---.. ! |

| | | | ! t | | { 1
Z.m. RVIRRNNNLAYLLKRSELAPADLVMCQEKLVQEAVDTLLDSGSRGQPTRDGHNKVYKSLSDVIEGKEGRFRETLLGKRVDYSGRSVIVVGPSLSLHQCGL 397
o.s. e eeseerreana e e st ettt e e aae e aaann e tsseeeeeeranteraaeaaaan ettt e 397
S.o. e ¥ . T.TD..ST.RST.GE..oiivrnnncaneae . NoI oo Mounn... B e reteeateeeaaan R... 397
N.t. e Y P TD. TT.RST.GE. o iiiviinnraseea s NeIi e iMeiiieeieFerninnennnerennnnans esetesseeaceaaaRoL. 396
M.p. +«.Y...T.LDF.A..GST.GG..V..KR.......A. I.N.I... . MK.S..RP...F..Leveveuee.Nuvuuuonnn PP 00 397
N.c. «+eN...R..R.**QEI...EII.RNEKRML.....A.I.N.R..RTVVGAN.RPL.....T....0....ON.vuuruuennnnsmnn e .K.KI..... 373
E.c. +««N...R.KR..DL**A, .DII.RNEKRML.....A...N.R. ., RAITGSNKRPL.. . A.M.K..Q....ON.vcvruuuuenn. T...¥.Revunon 368

1 | } 1 ! <Euk.C> RLK..-..-.GN.-.....F.-.T..--D.N.-ID-V-V

| | ! | | | | | |
Z.m. PLEIAIKLFQLFVIRDLITKRATSNVRIAKRKIWEKEPIVWEILQEVMRGHPVLLNRAPTLHRLGIQAFQPTLVEGRTICLHPLVCKGFNADFDGDQMAV 497
O.s. et teeee e et ae et ieciettatstesaat et e et teecceiieaetatse et Chreessasaes 497
S.o. R....E...T....G..RQHLA..IGV.....R....... KeveoooQounnn Chseeeseceaeanaas G AU 497
N.t. IS DU - SN e PP To) 2§ 19 WHRS ("N - - o S Veeee Bt i iiiarnoansaaaanaas 496
M.p. .R.M..E...A....G..GRNFAP.L.A. . TM.QON. ... I.EV.....Queeeluururunenncnnnnnn [ RS | PR W - SRR « S .. 497
N.c. .R.M..E...P...NR,.** SGMVIHQ.APM.SRND.S..DV.E..IE....M.............S5.E.I.....A.Q...... PAiceinsnecnsns 471
E.c. -KKM.LE. .KP.IYGK.ELRGLATTIKA. .KMVERE.AV..D. . D..I.E.cicriennronsseaess BV ILKALQ . . dAAY ot inenenne 468

1 1 ! 1 <Euk.D> .-F..Q.-..--§--~H-———-P-=,FR-N----- PYeruonn. E.NL

| t | | | | | ! | |
Z.m. HLPLSLEAQAEARLLMFSHMNLLSPAIGDPICVPTQDMLIGLYVLTIGNRLGICANRYN* * SCGNSPNKKVNYNNNNYYRYTKDREPHFSSSYDALGAYR 595
O.s. FE OIS S S TR GHDY o DUPUPII -1 ARSI | PPN 594
S.0. VeiteiiieeirestttssenonsneaseSiiaeesaaa.al..8...R....... . PWNHKTYQ.ERIDDT. ***_  SM**_ _ F_.CNF...I.... 592
N.t. Veeee e Veoiiiieaeann ceeeseeeSiiiiecaiaraaesS. HR. ..V, .. PCNRR.YQ.Q.RSD.SHX*, . %% _ F..N....I.... 592
M.p. I..eieeevee Lo Koo, .T.E..S..S....L,..T...E.NQ..YG.K. .PSKKYD.KK. FS*xa*akx %k %xx4*QY Y. . .YDNVFR.LQ 584
N.c. V.....S5.c.0. . LASN.I....T.K..IT.5...VL.A.Y. AE. PGAX* Xk kxkkakahhakxhhhahkhhhnk*x GAGKY...LE.VIM.FQ 542
E.c. V..T....L... A, . M.TN.I....N.E,.I..S..VVL...YM.RDCVNAKGEGMVL***T PREAERLYRSGLASL*HARV.VRITEYEK..N.ELV 564
<Euk.D> .-.Q--.-R.. | | ! | <Euk.E> P-P~I-KP~-LW-G*KQ--S--I | 1

| | | ! i | { | |
Z.m. QKRIGLNSPLWLRWKLDQRIVGSR**EVPIEVQYESFGTYHEIYARYLVVGNRKKEIRSIYIRTTLGHISFYREIEEAIQGFSRAYSYTI 683
O.s. FR o o o O D PO ARG o RPN 682
S.o. ....H.D. .. Qo JTALR** AL, K...L.v.eee. o JIIRSV. .. ID. ... ..V Lol e e. ... YQLCL 677
N.t. «e..N.D...oo..Ro...VIA..**.T., . H.,.L..FY...G.. . I.RSL..Q.LF......V...AL. e vveeeruar...SGT 680
M.p. ..Q.Y.H.S.....QINL..ITLLNQ.G...I..K...NSFQ..E. .QLRK.KNQ..I.T..C..A.R.L.NQQ.......TYR.SLKQKTFVQKIEKNG 684
N.c. .EQ.D.HAYIYV.FDGEIESDQPD*T, *.VK.TENED. .RTLL.RKFRR.RQDA.GNVL.Q..Y..P.RVIYNNA.Q. .LAS 621
E.c. A.TSLKDTTVGRAI 578

Fig. 5. Alignment of the derived amino acid sequences for the RNA polymerase §’ subunit. In addition to the proteins from the
organisms described in the legend to Fig. 3, the sequence from the cyanobacterium Nostoc commune (Xie et al. 1989) (N.c)) is also
included. The comparison covers the first 578 amino acids of the E. coli f” subunit (Ovchinnikov et al. 1982). The eukaryotic homology
consensus blocks (Jokerst et al. 1989) A-E are depicted at the appropriate positions with dashes representing gaps in the eukaryotic
consensus sequences. The exon borders of the tobacco and spinach sequences are marked by v. Other symbols are as in Fig. 3

cant deletion in E. coli. In cyanobacteria, which have been
associated with evolutionary relationships to chloroplasts
(Gray 1989) and where the gene for the subunit y was re-
cently characterized as being homologous with the N-termi-
nal region of §” and, therefore, corresponds to the chloro-
plast rpoC; gene (Xie et al. 1989), the homology with the
plastid sequence 1s 47.2% and with E. coli, 36.2% (Table
1). The amino acid composition, however, gives rise to a
much more acidic protein than in the other organisms com-
pared. The cyanobacterial sequence in characterized further
by two deletions, with respect to chloroplasts, of which
one overlaps with the deletion in E. coli f’. While, as is
the case for the monocots, no intron is found in cyanobac-

teria, the protein sequence at the equivalent position is not
dissimilar, particularly at the 5 end of the splice site
(Fig. 5).

Although the specific function of the E. coli f’ subunit
still remains to be defined, it is, on the basis of available
experimental evidence, frequently associated with an in-
volvement in DNA binding (Fukuda and Ishihama 1974).
It may, therefore, be significant that near the N-terminus,
between positions 69 and 90 in maize, two pairs of cysteines
are located, which have been conserved within the plastids
and also in E. coli (Fig. 6, insert a). It has been postulated
(Hudson et al. 1988) that his motif could represent a Zn-
finger-type of structure, as found in other eukaryotic tran-
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657 YRTREEDSEDE TATCGGACTCGAGAGGAAGACTCAGAAGACGAA
668 YESPENK TATGAGAGCCCAGAGAACARA
675 YRTREGEGE TATAGGACCCGAGAGGGAGAGGGCGRA
684 YXILEDE TATAAAATCCTAGAAGACGAA
691 YRTLEDE TATAGGACTCTAGAGGACGAA
698 YETLEDE TATGAAACCCTAGAAGATGAR
705 YGILEDE TATGGGATCCTAGAGGACGAA
712 YRTLEKDSEEE TATAGGACTCTAGAGAAAGACTCAGAGGAAGAA
723 YGSLENK TATGGGAGCCTAGAGAACAAA
730 YRTREGEGE TATAGGACTCGAGAGGGAGAGGGCGAA
739 YEILEEESEEE TATGARATCCTAGAGGAAGAATCAGAAGAAGAA
750 YGSSEDGSEKE TATGGGAGCTCTGAAGATGGCTCAGAGAAGGAA
761 YGTLEEDSEEDSEEDSEDE TATGGGACTTTAGAAGAAGACTCAGAAGAAGAC
TCAGAGGARGACTCAGARGACGAA
780 YGSPEEDSILKKEG. .. TATGGGAGCCCGGAGGAAGATTCTATCTTARAR
AAAGAGGGT. ..
b

Fig. 6a—c. Schematic comparison of the maize chloroplast RNA polymerase f” and f’° subunits with the corresponding proteins from
other organisms. Insertions derived from Figs. 5 and 7 are marked by black boxes. Regions of significant homology between maize
chloroplast and E. coli are denoted by shading. Eukaryotic homology blocks are indicated by bars and labelled A-H. The monocotyledon
specific insert in f” is marked by cross-hatching. a The position of the potential zinc finger structures in §” is indicated and enlarged
to permit sequence comparisons. Within this stretch of amino acids, cysteines and histidines are boxed and certain serines (see text)
are underlined. In the three archaebacteria Halobacterium halobium (Leffers et al. 1989), Sulfolobus acidocaldarius (Pithler et al. 1989)
and Methanobacterium thermoautotrophicum (Berghdfer et al. 1988), the position of the cysteines and histidines correspond exactly to
the eukaryotic (Drosophila) case. Deletions are denoted by asterisks. b The heptameric repeats within the monocot specific insert together
with the corresponding nucleotide sequence. Predicted a-helical stretches (Garnier et al. 1978) are underlined. ¢ Helical wheel representation

of the central portion of the heptameric repeat structures, covering amino acids 689-706. The position of the hydrophobic and acidic
faces of the helix are indicated

scription factors (Klug and Rhodes 1987; Struhl 1989).
However, the strength of the homology argument is weak-
ened by the loss of the second pair of cysteines in cyanobac-
teria where they are replaced by valine. The pair of serines
that appear in cyanobacteria within this stretch of amino
acids could be considered as taking on the role of the miss-
ing cysteines, although the existence of serines, while postu-
lated in some cases (Berghofer et al. 1988) has yet to be
demonstrated in true Zn finger proteins. This region of
the C,; sequence is part of a weak homology box in terms
of eukaryotic polymerases. However, a limited degree of

similarity does exist between E. coli f’ and a zinc-finger-
type motif suggested for the A subunit of Halobacterium
halobium (Leffers et al. 1989) together with a number of
eukaryotic polymerase subunits (Jokerst et al. 1989) (en-
compassing cysteines 85, 88 and histidine 104 in E. coli).
The only available partner in such a structure for histidine
104 would seem to be either Ser 109 (which, in fact, corre-
sponds to a conserved Cys in plastids) or a conserved
His 113. In plastids and cyanobacteria even the residue cor-
responding to His 104 has been replaced by tyrosine, al-
though in the latter organism a single histidine residue does
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exist in the vicinity at position 100. An additional pair of
cysteines in eukaryotes and archaebacteria located 15 posi-
tions downstream of His 91 is not found in plastids and
E. coli.

Whether the alignment summarized in insert (a) of
Fig. 6 has a fundamental significance (in view of a rather
well-defined consensus motif for Zn fingers) remains to be
seen since it is not altogether compatible with a highly spe-
cific protein-DNA interaction. On the other hand, DNA
binding of RNA polymerase during the elongation phase
would not allow any sequence specificity and the reduced
consensus of the zinc finger motif may reflect the necessity
for relaxation from sequence specificity.

Another potential site of interaction with DNA was pos-
tulated for eukaryotic RNA polymerases (Allison et al.
1985) on the basis of alignment of a section of these se-
quences with the helix-turn-helix domain of DNA polymer-
ase I whose tertiary structure is known (Ollis et al. 1985a).
The prokaryotic DNA polymerase I seems to have little
significant homology with eukaryotic DNA polymerase
(Ollis et al. 1985b). Nevertheless, certain conserved amino
acids have been identified in eukaryotic RNA polymerases
(Allison et al. 1985), which suggests that this part of the
polypeptide chain (homologous to the regions between ami-
no acids 379409 and 501-509 in maize) could form a ho-
mologous tertiary structure and, accordingly, have a similar
DNA binding function. However, by including these plastid
sequences in the comparison with the helix domain of bacte-
rial DNA polymerase I, the homology is diminished to a
point where its significance becomes questionable. Also, the
secondary structure prediction for the maize chloroplast
sequence by the method of Garnier et al. (1978) does not
envisage a helix-turn-helix motif in this region (data not
shown).

On the other hand, a remarkably strong homology (con-
sidering the evolutionary distance involved) between the
regions at positions 360-403 and 449-509 (in maize) and
a segment of the extrachromosomal yeast RNA polymerase
from K. lactis (approximately equivalent in position to the
eukaryotic homology blocks C and D; see Fig. 5) is con-
firmed by the corresponding sequence from liverwort (Wil-
son and Meacock 1988). These sections of the sequence
are also highly conserved in cyanobacteria (Xie et al. 1989)
and indicate with considerable certainty the functional im-
portance of this structure.

The rpoC, gene and its translation product

The gene for the largest subunit of chloroplast encoded
RNA polymerase, rpoC,, follows on from rpoC; with an
intergenic region of 201 bp (Fig. 2). This compares with
151 bp in spinach (Hudson et al. 1988) (Table 1) whereby
the Initiation codon in maize corresponds to the second
methionine codon in the spinach sequence, four codons
downstreams of the first AUG in the spinach ORF. Trans-
lational initiation at this second AUG is favoured by Hud-
son et al. (1988) in view of the homology with the liverwort
sequence and because of the availability of a good Shine-
Dalgarno sequence. However, in maize, this putative Shine-
Dalgarno sequence, or any similar sequence, is not con-
served although in this case there is no alternative site for
translational initiation prior to the first AUG of the ORF.
The molecular mass of 176 kDa predicted for the rpoC,
encoded polypeptide correlates well with the 180 kDa poly-

peptide observed in RNA polymerase preparations from
maize chloroplasts (Kidd and Bogorad 1980).

The chain length of the protein derived from the rpoC,
genes varies dramatically from 1527 and 1513 in maize and
rice, respectively, through the dicots spinach, tobacco and
liverwort with 1361, 1391 and 1386, to the corresponding
section of the E. coli rpoC with only 829 amino acids and
is indicative of a characteristic feature with evolutionary
aspects. The section of the sequence responsible for the
variability lies in E. coli at position 369 (Fig. 7), where all
plastid C, gene products carry a long insert of approximate-
ly 600 amino acids, followed by a region of approximately
130 amino acids with a complete lack of significant homolo-
gy compared to E. coli. Within the plastid specific insertion,
the monocots rice and maize have an additional insertion
of about 150 amino acids. The actual existence of these
exceptional regions within the rpoC, gene, as opposed to
a sequencing/cloning artefact, is confirmed not only by the
conservation in two independently sequenced organisms,
but in the case of maize, by amplification of the appropriate
segment from total chloroplast DNA by polymerase chain
reaction (PCR) and analysis of the product by restriction
nuclease digestion. The length of the amplified product and
the restriction patterns are in complete agreement with the
determined nucleotide sequence (data not shown). Apart
from these major structural differences, together with a
chloroplast specific deletion with respect to E. coli of about
40 amino acids near the C-terminus, the alignment of the
plastid sequences with E. coli and the available fragment
of the cyanobacterial protein (Xie et al. 1989), is straightfor-
ward. Once again, regions of homology are clustered and
tend to occur in parallel with the eukaryotic homology
blocks (Fig. 6). There are, however, two regions of homolo-
gy between chloroplasts and E. coli which do not have
counterparts in the eukaryotic system (between homology
blocks G and H; Jokerst et al. 1989).

In view of the conservation of, presumably structurally
and functionally significant sections, it is all the more re-
markable that such a large additional portion of sequence
has evolved in the central part of the plastid rpoC, product
by which the eukaryotic homology block G is divided into
two sections. Further evolution from dicots to monocots
seems to have led to a yet greater expansion of this insert
by ca. 150 amino acids. The function of the chloroplast
insert, let alone that of the monocot specific insert, is not
known. Indeed, there are in the literature very few reports
concerned with a functional analysis of the C-terminal do-
main of the f’ subunit in prokaryotes. In eukaryotes, the
C-terminal domain of the largest subunit of RNA polymer-
ase II has been the subject of intense study (Allison et al.
1985; Jokerst et al. 1989; Evers et al. 1989a, b) largely in
view of the unusual heptameric repeat structure found at
the very end of the protein and the potential for transcrip-
tional control by phosphorylation of this tail (Cisek and
Corden 1989). The additional 150 amino acids in maize
can be broken down into a set of 13 almost identical re-
peated heptameric units (Fig. 6, insert b). These are charac-
terized by (i) tyrosine as the first amino acid (always -
16 times — coded by TAT, cf. the codon usage in rpoB
and rpoC; which would predict four TAC codons), (ii) five
leucines at heptameric intervals, and (iii) an extremely high
content of glutamic and aspartic acids whose negative
charges are partially offset by the presence of an arginine
in nearly all the heptamers. The acidic residues of the hepta-
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Fig. 7 (Continuation, see page 392)
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Fig. 7. Alignment of the derived amino acid sequences for the RNA polymerase " subunit. In addition to the proteins from the
organisms described in the legend to Fig. 3, the sequences for the C-terminal fragment of the protein from pea (Cozens and Walker
1986) (P.s.) and the N-terminal fragment of the protein from the cyanobacterium N. commune (Xie et al. 1989) (N.c.) are also included.
Due to minor corrections of the original tobacco sequence (Shinozaki et al. 1986) six positions (small letters) have been changed.
The numbering in brackets for E. coli corresponds to the C-terminal fragment of 7 used for this alignment

meric repeat contribute to the low pl of the monocot
subunit compared to the dicot #” subunits (Table 1). In
rice (Shimada et al. 1990), despite the variability in this
region, the initial tyrosine (coded by TAT in 13 out of
14 occasions) is retained but the leucine repeat in maize,
which may be seen there as a potential zipper motif (Land-
schulz et al. 1988; Struhl 1989) is not well conserved. The
high negative net charge is also a feature of the rice repeats.
In view of the lack of success in finding any similar pattern
of amino acids by a search of the EMBL data bank, one
is left to speculate over a possible function, bearing in mind
that the chloroplasts of dicots lack this structure.

Heptameric repeats are, apparently, not common in na-
ture although, perhaps significantly, a further heptameric
repeat of four leucines, which is partially conserved in rice
and spinach, is found towards the C-terminus, starting at
position 1136 in maize. Such units are clearly designed to
align certain amino acids along one face of the a-helix (as,
for example, in leucine zippers) and thus to promote helix-
helix interaction. The segregation of tyrosines to one face
and negatively charged amino acids to the opposite face
as is the case of the heptamers under consideration here,
could lead to an interaction of the protein with DNA
through intercalation of the aromatic side chains. Such in-



teractions of DNA with tyrosines or repeating phenylala-
nines were recently shown to play a central role in the bind-
ing of single-stranded DNA (Merrill et al. 1988; Shamoo
et al. 1989). Furthermore, directly upstream of the first hep-
tameric unit (at position 627, see Fig. 7 and insert b of
Fig. 6) the sequence motif RGSGIVKF, preserved with
some conservative substitutions, in all plastids, is reminis-
cent of the consensus sequence for RNA binding proteins
of (K,R)G(F,Y}G,V)(F,Y)VX(F,Y) (Schwemmle etal
1989). The aromatic side chains alternating with the small
aliphatic residues are thought to facilitate interaction with
the nucleic acid. Although such an alternation has been
lost in the rpoC, sequences above, the agreement in five
out of eight positions with the consensus sequence does
not seem to be a random event: rpoB, of the same dimen-
sions as rpoC,, contains no sequence that agrees with the
consensus sequence in even four out of eight positions. In
view of the location, adjacent to the heptameric repeats,
one could speculate that the alternating aromatic residues
required by the consensus sequence have been replaced by
the potentially more effective tyrosine repeats. The hepta-
meric arrangement would minimize electrostatic repulsions
between the backbone phosphates of the nucleic acid and
the negatively charged amino acids at the distal surface
of the a-helix, predicted by the method of Garnier et al.
(1978) as existing virtually uninterrupted from positions
639-729; this is exemplified by the helix wheel representa-
tion of residues 689-706 in insert ¢ of Fig. 6. This, in turn,
could permit a further interaction with charged domains
of other proteins such as specific transcription factors.

Developing this line of thought further, leads one to
an analogy with transcriptional activators (Ptashne 1988).
These proteins also bear two distinct surfaces as, for exam-
ple, in an amphipathic o-helix; the hydrophobic surface
binding to the DNA and the activating surface, consisting
to a large extent of negatively charged amino acids, interact-
ing with other proteins. The acidic residues and the alpha-
helical conformation seem to be essential elements for the
activation of transcription. Interestingly, it has been pro-
posed that the activating region may interact directly with
the RNA polymerase (Sigler 1988). If this is the case, one
may reason that in RNA polymerases of monocot chloro-
plasts a transcriptional activator, or at least its functional
domain has, for presumably evolutionary advantage, be-
come incorporated into the f” subunit. The addition of
such a domain would represent the opposite situation to
the loss of redundant parts of a protein sequence, as in
the chloroplast § subunit, or an alternative to the separation
of functions by fragmentation, as in the RNA polymerases
of archaebacteria and in the case of " and £ in chloro-
plasts. On the other hand, the extrachromosomal RNA
polymerase from K. lactis (Wilson and Meacock 1988)
would be another example where essential functional do-
mains have been fused into one protein. However, it is
conceivable that the large chloroplast specific insert, in gen-
eral, and the monocot specific additional insert, in particu-
lar, have an as yet unknown but essential function which
may lie even further outside the generally accepted role
of RNA polymerases.
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Note added in proof: Amino-terminal sequences of polypeptides corresponding to RNA polymerase subunits of 180 kDa and 120 kDa
[Hu J, Bogorad L (1990) Maize chloroplast RNA polymerase: The 180-, 120-, and 38 kilodalton polypeptides are encoded in chloroplast
genes. Proc Natl Acad Sci USA 87:1531-1535] have confirmed the primary structure predicted for the translation products from the

rpoC, and rpoB genes, respectively, reported here.



