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Nucleotide sequence of the maize chloroplast rpo B/CI/C2 operon: 
Comparison between the derived protein primary structures 
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Summary. The genes (rpo B/C~/C2) coding for the fl, fl', 
fl" 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 rpoC1 and an insertion of approximately 450 bp in rpoCa 
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 fl' 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 

* Present address: Department of Microbiology, University of 
British Columbia, Vancouver, Canada 
** Permanent address: Agricultural Research Institute of the Hun- 
garian Academy of Sciences, P.O. Box 19, H-2462 Martonvfisfir, 
Hungary 

Offprint requests to: G.L. Igloi 

for proteins bearing a strong sequence resemblance to the 
subunits of Escherichia coli RNA polymerase. The expres- 
sion was demonstrated of the c¢-subunit (from the rpoA 
gene) in maize (Ruf and K6ssel 1988) and pea (Purton and 
Gray 1989) and of the/~, fl' and a novel fl" subunit (from 
rpoB, C1 and C2, 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 C1 and Cz, with the Ca 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 (K6ssel 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 [~-35S]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 D N A  coding for the RNA polymer- 
ase subunits, a maize chloroplast genomic D N A  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 rpoB/C1/C2 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 



GTTTGATCAGTACTATAAT CCTAAGTATTTTATTGATCAGG CGGC AC CCAGATTTGAACTGGGGGTAAAGGATTTGCAGTC CC CTGCCTTAC CACTTGGC CATGC C GC CAAAAAATCC GA 120 
3' ~CCGCCGTGGGTCTAAACTTGACCCCCATTTCCTAAACGTCAGGGGACGGAATGGTGAACCGGTACGGCGt~ 5'-4---t rnC~ 

TCTAAAATCGAGAAAAGAGCAAGTATTCATTC ACATTTTTTTACTAATTAC TAAAACCTTTTTTTCTTTTATCTTGAATCTAATTC TAGTTAGTTTTTTAGAATCTTTTTCAAAATAGTT 240 
I I 

TCTGCTTTTTTGGATCCAGTTTCGCTTATTCTCCTCGATGGATTCTATCTTAAAACACACATTGCTAACACTAGAAAACTTCCCGCTTCTTTCTATTCTATTGAGATGA•AAAGAAGAAA 360 

AGAAGAA~IAAGTGGATTTC CAGT C GCAGGCTGCAAAATTCAGAACA~ATTAGAACCATTAACTATAATATAATAAAATTAGAATATAATAATATAATTAACTATAATATAATAAAATAAA 480 

ACTATAATATAATAATATAATAAATATAATATTATTATTATTATTTTTTGAATTGCAGTAGTGAACGACTCTTAAATC GGTATTCC C C C C CATTATTTTGAATGGC ATAATAAAATAGAA 600 

TAAGAATAAATGTTTCC CTAAT CTGTATATAGGGAAACT C CAGGTC CGAACAGCATTATTATC TACAGATC C CCCTTATGTACATATTC C TATGGGGAATC GTG CTTTAATTTTTCATTG 720  

TATT.~TATCTTGAATAA~. .~ .~ t~ .GAGGG~TTTGCTCTGATATAC-ATTATAGC CAGG C CTTCTTGG C CCAC CT~AGTG CAATTACGAT~G-~L~-GGATATGTAGATAGGTGGA 840 

TAAC TAGATTGGCAAGTACTTAAAAAATAAAGTACTTTATC TTTATTTTAGGATTCTACAACGAAATCC TTTATTTTCTAG CAATT C TACTACTACGAAACAAAAAAGACC C TT CAAATT 960 

CTTTTTGAAAAAGAAACTAAG CGTGCTATTCTAAATCGTT CTAAAGTCAAAC TTTCTAGTGC TTATAAATTCTTATGGCTTTATCC CGTTT C ATAGAAAGGAGATAAAACGAGAAATCTT 1080 

TGCTATCCAAT•TTTTTAGAATATCATAAAGTTTCAGTGGCAGAATTTTTTTCTAGGACTGTTTTATCAATTcATTTTTATTCCATTTCAACCCCTGCTAAATTCGAACTTTCGTCGAAA 1200 

TCGTCTCTATT CATATGTATGAAATACATATATGAAATAC GTATGTGGAGTTC C CTAGAATTTCATGTGATTC AGTAAACAGAATATGGATT C CATGATTGCTAGATTGATC C GTAGGGA 1320 

TTGATGAAGAGTGAGCTGATAATGGAATTTTTCTTCTATAAATAGGAAACTTAAGATTCAAATGC~TCC GGAAT GGAAATGAGGGAATGTC CACAATAC C CGGATTTAGT C AGATC CAATT 1440 
FpoB M L R N G N G M SIT I PI G F S I Q F I 

C GAGGG ATTTTGTAGATTCATTAAT CAAGGCTTGGCGGAAGAAC TTGAGAAGTTT CC CACAATTAAAGATC CAGATCACGAAATTGCAT~T C AATTATTTGC GAAAGGATAT CAATTGCT 1560 
E G F C R F N Q G L A E E L E K F P I K D P D H I A F Q L F A K G Q L L 

1 1 I I 1 
AGAAC C CTCGATA~_iAGAAAGGAATGCTGTGTATGAATC ACTCAC CTATTCTTC C GAATTATATGTAT CCGCGAGATTAATTTTTGGTTT C GATGTGCAAAAGGAAACCATTTCTATTGG 1680 
E p S I K E R N A V Y E S L T Y S E L Y V S A R L F G F D V Q K E T S I G 

I I I I 
AAACATT C CTATAATGAATTC CTTAGGAACCTTTATAATAAATGGAATATAC C GAATTGTGATC AATCAAATATTG CTAAGTCCTGGTATTTACTACCGCTCGGAATTAGACCATAAGGG 1800 
N I P I M N L G T F I I N G I Y R I V I N Q I L L P G I Y Y R EL H K G 

1 1 I 1 
AATTTCTATATATAC CGGGAC TATAATATCAGATTGGGGAGGAAGGTCGGAATTAGCAATTGATAAAAAAGAAAGGATATGGGC TCGCGTGAGTAGAAAAC AAAAGATATCTATTTTAGT 1920 
I S I Y T G T I  I S D W G G R S E L A I D K K E R I W A R V S R K Q K I  I L V 

I I I 
TCTATCATCAG C TATGGGTTCGAATCTAAGAGAAATTTTAGATAATGTTTC CTAC C C CGAAATTTTCTTGT CTTT C CCGAATGCTAAGGAGAAGAAGAGGATTGAGTCAAAAGAAAAAGC 2040 
LS S A M G S N L R E  I L D N V S Y P E I F L  S F P N A K E K K R I E S K E K A  

I I I 
TATTTTGGAGTTTTAT C AACAATTTG CTTGTGTAGGTGGGGAC CTGGTATTTTCGGAGTCCTTATGC GAGGAATTACAAAAGAAATTTTTTCAACAAAAATGTGAATTAGGAAGAGTTGG 2160 
I L E F Y Q Q F A C V G G D L V F S E S L C E E L Q K K F F Q Q K C E L G R V G  

I 1 I I 
TCGACGAAATATGAATCGGAGACTGAATCTTGATATCCCTCAGAAcAATACATTCTTGTTACCACGAGATGTATTGGCCGCTACGGATCATTTGATTGGAATGAAATTTGGAACGGGTAT 2 2 8 0  
R R N M N R R L N L D  I p Q N N T F L L P  R D V L A A T D H L  I O M K F G T G I  

I I 
ACTTGACGATGACGATATGAATCACTTGAA/u%ATAAACGTATTCGTTCGGTTG CAGATC TGTTACAAGATCAATTCGGAC TGGCT CTTGGC C GTTTACAACATGCGGTTCAAAAAACTAT 2400 
L D D D D M N H L  K N K R  I RS V A D L L Q D Q F G L A L G R L Q H A V Q K T  I 

C CGTAGAGTATTCATACGTCAATCGAAACCGACTC CACAAACTTTGGTAACTC CAACTTC AACTTC GATTTTATTAATAACTACTTATGAGACC TTTTTTGGC ACATAC C C CTTAGCTC A 2520 
R R V F I R Q S K P T P Q T L V T P T S T S  I L L I T T Y E T F F G T Y P L A Q  

I I I 
AGTTTTTGATCAAACCAATCCATTGACACAAACGGTTCATGGGCGAAAAGTGAGTTGTTTGGGTCCAGGAGGATTGACGGGGAGAACTGCAAGTTTTCGGAGCCGAGATATTCATCCGAG 2640 
V F D Q T N P L T Q T V H G R K V S C L G P G G L T G R T A S  F R S R D I H P S  

I 1 I I I [ 
TCACTATGGGCGTATTTGTcCAATTGACACGTCCGAAGGAATCAATGTTGGACTTACCGGATCGTTAGCTATTCATGCGAGAATTGATcACTGGTGGGGATCTATAGAGAGTCCGTTTTA 2760 
H Y G R I C P  I D T  S E G I N V G L T G S  L A T H A R I D H W W G  S I E S  P F Y  

TG AAATATC,r GAGAAAG CIAAGAAAAAA~ AGAGAGAC AGGTAG TTTAT"~TATCAC C AAITAGAGATGAATATTATATGITaG C aGC AG; A~TTCTTT;TC C TTG AATCAG GGTATTCI 2880 
E I S K A K E K K E R Q V Y S p N R D E Y Y M I A A G N S L S L N G I Q 

I I 
GGAAGAACAGGTTGTTCCAGCTAGATACCGTcAAGAATTCCTGACTATTGCATGGGAACAGATTCATGTTAGAAGTATTTTTCCTTTCCAATATTTTTCTATTGGAGGTTCTCTCATTCC 3000 
E E Q V V P A R Y R Q E F T I W E Q I H V R S I F P F Q Y F S I G G L I P  

I 
TTTTATTGAGCATAATGATGCGAATCGGGCTTTAATGAGTTCTAATATGCAGCGCcAAGCAGTTCCACTTTCTCGGTCCGAGAAGTGCATTGTTGGAACTGGATTGGAACGCCAAACAGC 3120 
F I E H N D A N R A L M S N M R Q A V P L S R S E K C I V G T G L E Q T A 

X 
TCTAGATTCGAGGGTTTCCGTTATAGCCCAACGCGAGGGAAAGATCATTTCTAGT•ATAGTCACAAGATCCTTTTATCAAGTAGTGGGAAGACCATAAGTATTCCTTTAGTTGCCCATCG 3240 
L D S R V S V I A Q R E G K I I S D H K I L L S S G K T I S P L A H R 

GC GCT CTAACAAAAATACTTGTATGCAC C~.AAAACCTCGGGTTC CGC GGGGTAAATC CATTAAAAAAGGGC AAATTTTAGCGGAGGGAGCAGC TACAGTTGGCGGGGAACTTGC TTTAGG 3360 
R S N K N T C M H Q K P R V P R KS K K G Q I L A E G A A T V G G E A L G 

AAAAAACGTTTTAGTAGcTTATATGCCCTGGGAGGGTTACAATTTTGAAGACGCAGTACTAATTAGTGAACGTTTGGTATATGAGGATATTTATACTTCTTTTCACATCCGAAAATATGA 3480 
K N V L V A Y M P W E G Y N F E A V L I S E R L V Y E D I Y T S F H I K Y 

AATTC AGAC GGATACGACAAG C CAAGG CTCC GC TGA-AAAAATCAC TAAACAAATACCACATC TAGAAGAA CATTTACTTC GCAATTTGGACAGAAATGGAGTTGTAAGGTTGGGATCCTG 3600 
I Q T D T T S Q G S A E K I T K Q I P H L E E H L L  N L D R N G V V R L G S W 

I I I 
GGTAGAAACTGGCGATATTTTAGTAGGTA.AATTAACG CC TCAGATAGCGAGCGAAT CGTC CTATATC GC GGAAGC TGGATTATTACGGGC TATTTTTGGTCTTGAGGTATC CACTTCAAA 3720 
V E T G D I L V G K L T P Q I A E S S Y I A E A G L R A I F G L E V T S K 

AGAAACTTCTC TC AAACTACC TATAGGTGGAAGAGGGCGCGTTATCGATGTGAAATGGATC CAGAGGGACC C CTTTGACATAATGG TTCGTG TATATATTTTAC AGAAACGTGAAATCAA 3840 
E T S L K L P  7 G G R G R V I D V K W T Q R D P F D  M V R V Y I L Q K R E I K 

I I 1 I 
AGTTGGGGATAAAGTAGCTGGAAGACAC GGGAATAAGGGGATCATTTC CAAAATTTTGC CTAGGCAAGATATGC C CTATTTGCAAGATGGAGC AC C TGTTGATATGG TCTTCAAT C C C TT 3960 
V G D K V A G R H G N K G I  I S K I L P R Q D M P Y  Q D G A P V D M V F N P L 

1 I I 1 
AGGAGTAC C C TCACGAATGAATGTGGGACAA.kTATTTGAAAGCTCGCTC~GATTAG CAGGGGATC TGCTAAAGAAACATTATAGAATAGCAC C CTTTGATGAGAGATATGAGCAAGAGGC 4080 
G V P  S K M N V G Q I  F E S  S L G L A G D L L K K H  R I A P F D E R Y E Q E A 

I 
TTCAAGAAAACTTGTGTTTTCGGAATTATATGAAGC C AGTAAACAAAC AAAAAATC CATGGGTATTTGAAC C CGAG TAC C CGGGAAAAAG CAGAATATTTGATGGAAGAACAGGAGATCC 4200 
S R K L V F S  E L Y E A  S K Q T K N P W V F E P E Y P G K S R I F D G R T G D P  

I I I I I I 1 I 
CTTCGAACAGCC TGTTCTAATAGGGAAGTC C TATATCTTAA~ATTAATTCATCAAGTTGATGAGAAAATTC ATGGAC GTT C TACTGGGCC CTAC TC ACTTGTTACC C AAC ~C C CGTTAG 4320 
F E Q P V L I G K S Y I L K L I H Q V D E K I  H G R S T G P Y S L V T Q Q P V R  

1 1 I I I 1 I I 
AGGAAGAG C CAAGCAAGGGGGACAACGAATAGGAGAAATGGAAGTTTGGGCTTTAGAAGGATTTGGTGTTGCTCATATTTTACAAGAGATACTTACTTATAAATC TGATCATC TTATAG C 4440 
G R A K Q G G Q R  I G E M E V W A L E G F G V A H I  L Q E  7 L T Y K S  D H L I A  

I I I I I 1 I I 
TC GC CAAGAAATACTTAATGC TACGATC TGGGGAAAAAGAATGCC TAATCACGAGGATCCGC CAGAATCTTTTC GAGTCCTCGTTCGAGAACTACGATC TTTGGCTC TAGAACTGAAC CA 4560 
R Q E  I L N A T  I W G K R M P N H E D P  P ES F R V L V R E L R S L A L E L N H  

I 1 ~. I 1 
TTTC C TTGTATCTGAGAAGAACTTCCAGGTTAATAGGGAGGATGTTTGATCGGAATAAATATAAATTTTTTTCTTATTTCTATTTTATGATTGACCAATATAAACATAAACAACTTCAAA 4680 
F L V S E K N F Q V N R E D V , [poCIM ~ D Q Y I K H  K Q L Q  I ' 

TTGGACTC GTTTC C C CTCAACA2~ATAAAGGCTTGGGCTAAAAA-KATCC TAC CTAATGGGGAAGTCGTTGGCGAAGTCACA~AGGC CC TC CACTTTTCATTATAAAACC GATAAA C CAGAAA 4800 
G L V S  p Q Q I K A W A K K I L P N G E V V G E V T R P  S T F H Y K T D K P E K  

Fig. 2 (Continuation, see page 382) 
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I I I I I I 1 I 
AAGATGGATTGTTTT@CGAAAGAATCTTTGGACCCATAAAAAGCGGAATTTGTGCTTGT•GAAACTCTcGA•CGAG•GTACGTGAAAACGAAGACGAAAGATTTTG•CAAAAATGCGGGG 4920 

D G L F C E R I F P I K S G I C A C G N  S R A S V R E N E D E R F C Q K C G V  
t 1 I I I 1 I I I 

TAGAATTTG TTGATTCTC GGATACGAAGATATCA~kATGGGATAC ATCAAAC TAGC ATGTC CAGTGAC TCATGTGTGGTATTTGAAAGGTC TTC C TAG TTATATTGCGAATC TTTTAGATA 5040 
E F V D S R  I R R Y Q M G Y I  K L A C P V T H V W Y L K G L P  S Y I A N L L D K  

I 1 I 1 ~ I 
AACC CCTTAAGAAATTGGAGGGCCTAGTATATGGTGATTTCTCTTTTGCTAGGCCCAGCGCTAAAAAACC TACTTTCTTACGATTACGGGGTTTATTCGAAGATGAAATTTCATCCTGTA 5160 

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

AccAcAGTATTTcTc¢cTTTTTTTcTAccccAG~¢TTTGcAA¢ATTTcGAAATcGGGAAATT~cAAcAGsAGcAGGcGcTATTAGAGAAcAATTAGcAGATTTAGATTTGcGAATTATTA 5280 
H S I S P F F S T G F A T F R N R E A T G A G A K E Q L A D L D L R I I 

1 I I I 
TAGAGAATTCTTTGGTTGAATGG AAGGAATTAG AAGACGAGGGGTATAGTG GAGATGAATGGGAAGATAGAAAAAGACGAATAAGAAAAGTTTTTTTGATTAGA CGCATGCAATTGGCGA 5400 

E N S L V E W K E L E D E G Y S G D E E D R K R R R K V F L R R M Q L A K 
I I 1 1 

AACATTTTATTCAAACA3tATGTAGAACCAGAATGGATGGTTTTGTGCTTATTACCGGTTCTTCCTCCCGAATTGAGAC•CATTGTTTATAGATCTGGGGATAAAGTAGTGACTTCAGATA 5520 
H F I Q T N V E P E W M V L C L L P V P P E L R P V Y R S G D K V V T S D 

1 I I I 1 
TTAATGAA CTTTATAAGAGAGTTATC C GTCGGAACAA CAAC C TTGC CTATC TATTAA~%3LAG AAGTGAATTAGCAC CAGCAGATTTAGTAATGTG C CAGGAAAAATTGGTACAAGAAGC CG 5640 

N E L Y K R V I R R N N N L A Y L L K S E L A P A D L V M C Q K L V Q E A V 
I I I I I 

TGGATACA~TTCTTGATAGTGGGTCCCGCGGGCAACCGACGAGGGATGGTCACAATAAAGTATACAAATCACTTTCAGATGTAATTGAGGGTAAAGAGGGGAGGTTTCGCGAGACTCTGC 5760 
D T L L D S G S R G Q P T R D G H N K Y K S L S D V i E G K E G R F R E T L L 

I I I 1 I I 
TTGGGAAACGGGTCGATTACTCGGGGCGTTCTGTCATTGTTGTGGGTCCTTCGCTTTCATTACATCAATGTGGATTACCTCTAGAGATAGCAATAAAGCTTTTTCAGCTATTTGTAATTC 5880 

G K R V D Y S G R S V I V V G P S L S H Q C G L P L E I A I K F Q L F V I R 
I I I 1 J 

GC GATTTAATCA C GAAAC GTGC TACTTCTAATGTCAGGATTGC TAAAAGGAAAATTTGGGAAAAGGAA C C C ATTG TATGG GAAATACTTCAAGAAGTTA TGCGGGGACATC CTG TACTGT 6000 
D L I T K R A T S N V R I A K R K I W K E P I V W E I L Q E V M R G H P V L L 

I I 1 I 1 
TGAACAGAGCACCTACCCTGCATAGATTAGGCATACAGGCCTTCCAACCCACTTTAG rAGAGGGACGTACTATTTGTTTACATCCATTAGTGTGTAAGGGTTTCAATGCGGACTTTGATG 6120 

N R A P T L H R L G I Q A F Q P T L V G R T I C L H P L V C K G F N A D F D G 
I I 1 I 1 

GGGATCAAATGGCTGTTCACCTACCTTTATCCTTGGAAGCTCAGGCGGAAGCCCGTTTACT~ ATGTTTTCTCATATGAATCTCCTGTCTCCCGCTATTGGAGACCCTATTTGCGTGCCAA 6240 
D Q M A V H L  PL S L E A Q A E A R L  L M F S  H M N L L S  A I G D P I C V P T 

I 1 I I I 
C C CAAGACATGCTCATCG GACTTTATGTATTAAC GATTGGAAACC GTCTAGGTATTTGTGCAAATAGATATAATAGTTGCGGAAAC TCTC CAAATAAA.KAAGTAAA C TACAATAATAA CA 6360 

Q D M L I  G L Y V L T I G N R L G I C A N R Y N S C G N S  N K K V N Y N N N N 
I I I I I 

ATTATTATAAGTATAC GAAAGATAAAGAAC C C CATTTTTC TAGTTCCTATGATGCAC TGGGAGC TTATAGAC2u~ AAAC G AATC GG TTTAAACAGTC C CTTGTGGC TC CGATG GAAAC TAG 6480 
Y Y K Y T K D  KE P H F S  S S Y D A L G A Y R Q K R I G L N S P L W L R W K L D  

ATCAAC GCATC G TTGGGTCAAGAGAAGTTCCGATTGAAGTT C AATATGAATCTTTTGGGACTTATCATGAGATTTATGC C CAC TATC TAGTAGTGGGAAATAGAAAAAAAGAAAT CCGTT 6600 
Q R I V G  S R E V P  I E V Q Y E  S F G T Y H E I Y A H Y L V V G N R K K E I R S  

I I I I I I I 
CTATATACATTCGAACCACTCTTGGTCATATTTCTTTTTATAGAGAAATAGAGGAAGCCATACAAGGATTTAGTCG•GCCTATTCATACACTATCTAAACAAGGAAGTTAGATTCGGCGA 6720 

Iy I R T T L G H I  S F Y R E I E E A I Q G F  S R A Y S Y T I  
I I I I I I 

TGcCTTTCGGGGGGCATTCCGATTTCGCTAGTACCATcTTTTTTGCCGCGCAAATCCAGATTGAGATTGAGGAAAGGGAGTAAATTAAGTTTTCGAATCACTGACTCAGGC•CATTGTCG 6840 

AATC CTAC TCAGCA.KTTGTCGAATC CTAC TCAGC CAAAAAAAGGGGGTAC TTATGTATGG CAGAACGGGC CAAC CTGGTCTTTCATAATAAAGAGATAGACGGAAC TG C TATGA3LA CGG C 6960 

I I r~oC2M ~ E RAIN L V F H N K E I DIG T AIM K R L1 

TTATTAGCAGATTAATAGATCATTTCGGAATGGGATATACATCCCATATACTGGATCAAATAAAGACTCTGGGCTTCCATCAAGCCA•TACTACATCGATTTCTTTAGGAATCGAGGATC 7080 
I S RL I D H F G M G Y T  SH I T. DQ I K T L  G F H Q A T T T S  I S LG I E D L  

I I I 1 I I / I I I 
TTTTAACAATACCCTCTAAAGGATGGTTAGTCCAAGACGC@GAACAACAGAGTTTTCTTTTGGAGAAACACTATTATTATGGAGCTATACA•GCGGTAGAAAAATTACGC CAATCCGTTG 7200 

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

AGATATGGTATGCTACAAGTGAATATTTGAAACAAGAAATGAATTCGAATTTTCGAATAACGGATCCTTcTAATCCAGTCTATCTAATGTCTTTTTCAGGAGCCAGAGGAAATGCAT•TC 7320 
I W Y A T  S E Y L K Q E M N S N F R  I TD P S N P V Y L M S F S G A R G N A S Q  

1 1 I I I I I I I 
AGGTACACCAATTAGTAGGTATGAGAGGGTTAATGGCGGATCCTCAAGGACAAATGATTCATTTACCTATTCAAAGCAATTTACGCGAGGGACTTTCTTTGACAGAATATATAATTTC CT 7440 

V H Q L V G M R G L M A D P Q G Q M I  HL P I Q S N L R E G L S L T E Y !  I SC 
I I I I I 1 1 

GCTA•GGAGCCCGAAAAGGGGTTGTAGATACTG•TGTACGAACAGCGGATGCTGGCTATCTTACA•GTAGACTTGTTGAAGTAGTTCAACATATTATTGTGCGTAGAAGAGATTGTGGTA 7560 
Y G A R K G V V D T A V R T A D A G Y L T R R L V E V V Q H I  I V R R R D C G T  

CTATCCAAGGTATTTCTGTGAGT~CTCA~ATGGGATGACGGAAAAACTTTTTGT~CA~CACTAATTG;T~GTGTAT~G~AGACGATATATATATTG;TTCACGATGCATTG~TTCTC 7680 
I Q G I S V P Q N G M T E K L F V Q T L I G R V L A D D Y I G S R C I A S R 

I l 
G2ukATCAAGATATTGGAATTGGATTAGTCAATCGATTCATAACTGC CTTTCGAGCACAACCGTTTCGAGCACAACCAATATATATTAGAACCCCCTTTACTTGCCGGAGCACATCTTGGA 7800 

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

TCTGTCAATTATGTTATGGGCGGAGTCC CACTCATGGGGATCTGGTCGAATTGGGGGAAGCTGTAGGTATTATTGCGGGTCAATCAATTGGGGAGCCGGGGACTCAATTAA•ATTAAGAA 7920 
C Q L C Y G R  S P T H G D L V E L G E A V G I  I A G Q S  I G E P G T Q L T L R T  

CTTTTCATACTGGTGGAGTATTCACAGGGGGTACTGCCGACCTTATACGATCCCCCTCGAATGGAAAAATCCAATTCAATGAGGATTTGGTTCACCCCACACGTACCCGTCATGGGCAGC 8040 
F H T G G V F T G G T A D L I R  S P S N G K I  Q F N E D L V H P T R T R H G Q P  

CTGCTTTTCTATGCTATATAGACTTGCATGTAACTATTCAGAGTCAGGATATTCTACATAGTGTGAATATTCCGTTAAAAAGCTTGATTCTAGTGCAAAATGATCAATATGTAGAATCTG 8160 
A F L C Y I D L H V T I Q S Q D  I L H S V N Z  P L K S  L I L V Q N D Q Y V E S E  

l 

AACAAGTAATTG CGGAGATTCGTGC CGGAAC GTC CA CTTTGCATTTTAAAGAAAAGGTACAAAAG CATATTTATTC CGAATCAGA CGGGGAAATGCACTGGAGTACTGATGTTTAC C ATG 8280 
Q V I A E I R A G T S T L H F K E K V Q K H I  Y S E S D G E M H W S T D V Y H A  

I I 1 1 1 I 
CGCCCGAATATCAATATGGTAATCTTCGTCGATTACCAAAAACAAGCCATTTATGGATATTGTCAGTAAGTATGTGCAGATCCAGTATAGCATCTTTTTCG~TG~ACAAGGATCAAGATC 8400 

p E y Q Y G N L R R L P K T S H L W I L S V M C R S S I A S F S L H K Q D 
I I I I I 1 

AAATGAATA CTTATTC TTTTTCTG TTGATGGAAGATATATC TTTGACTTCTCAATGG C TAATGATCAAGTAAG CCATAGA C TGTTGGATA CTTTTGGTAA~h~AAG ATAGAGAAATTC TTG 8520 
M N T Y S F S  V D G R Y I F D F  S M A N D Q V  S H R L L D T F G K K D R  I L 

I 
ATTATTTAACGC CAGATCGAATCG TGTTCAACGGT CATTGGAATTGTTT CTATC C TTC CATT CTT CAAGATAATTCAGATTTGTTGGC GAA)~AAGCGAAGAAATAGG C TCGTCGTTC CAT 8640 

y L T p D R I V F N G H W N C F Y P S L Q D N S D L L A K K R R N R L V V P L 
1 I 1 I I 1 I I 1 I 

TA CAATATCATCAAGAACAAGAIuIAAGAGC GAATAT C CTGTTTGGG TATTTCAATGGAAATACC CTTTATGGGTG TTTTA CGTAGAAATA CTATTTTTGCTTATTTTGACG ATC CAC GAT 8760 
Q Y H Q E Q E K E R I  S C L G I  S M E I P  F M G V L R R N T I F A Y F D D P R Y  

1 I I I i 1 1 I I I I I 
ACAGAAAAGATA~kAAGGGGTTCAGGA-KTTGTTAAATTTAGATATAGGACCCTGGAGGAAGAATATCGGAC C CAAGAGGAAGAGTATAGGA C TC GAGAGGAAGAATATC GGAC TCGAGAGG 8880 

R K D K R G  S G I V K F R Y R T L E E E Y R T Q E E E Y R T R E E E Y R T R E E  
I I I 1 I I I I 1 I 1 1 

AAGAC TCAGAAGAC GAATATGAGAGC C CAGAGAACAAATATAGGACC CGAGAGGGAGAGGGC GAATATAAAATC CTAGAAGAC GAATATAGGACTCTAGAGGACGAATATGAAAC C CTAG 9000 
D S E D E Y E  S P E N K Y R T R E G E G E Y K I L E D E Y R T L E D E Y E T L E  

I I I I I 1 I I I ] 1 
AAGATGA~ATATGGGATC CTAGAGGACGAATATAGGAC TC TAGAGAAAGAC TC AGAGGAAGAATATGGGAGC CTAGAG AAC AAATATA GGAC T C GAGAGGGAGAGGGC G AATATGAAATC C 9120 

D E Y G I  L E D E Y R T L E K D S E E E Y G S  L E N K Y R T R E G E G E Y E I L  

Fig. 2 
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TAGAGGAAGAATCAGAAGAAGAATATGGGAGCTCTGAAGATGGCTCAGAGAAGGAATATGGGACTTTAGAAGAAGAC T CAGAAGAAGAC T CAGAGGAAGAC TCAGAAGAC G AATATGGGA 9240 
E E E S E E E Y G S E D G S E K E Y G T L E E D S E E D E E S E D E Y G 

I I l 
GCC CGGAGGAAGATTCTATCTTA3LAA~-KAGAGGGTTTTATTGAGCATCGAGGAACAAAAGAATTTAGTCTAA~ATAC CA/L%-KAGAAGTAGATCGGTTTTTTTTCATTCTTCAAGAACTGC 9360 

P E E D S I L K K G F I E H R G T K E F S L K Y Q K E V R F F F I L Q E L H 
I I I i 

ATATC TTGCCGAGATCCTCATCCCTAAAGGTACTTGACAATAGTATTATTGGAGTCGATACACAACT•ACAA-•AAATACAAGAAGTC GACTAGGTGGATTGGTC C GAGTGAAGAGAAAAA 9480 
I L P R S S S L K L D N S I I G V D T Q L T K N T R S R G G V R V K R K K 

I [ 

AAAGC CATACAGAACTCAAAATC TTTTC CGGAGATATTCATTTTC CTGAAGAGGC GGATAAGATATTAGGTGGCAGTTTGATAC CACCAGAAAGAGAAAAAAAAGATTC TAAGGAATC AA 9600 
S H T E L K I F S D I H F P E E A D K I L G G S L P P R E K K D S K E S K 

I I l 
A~AAAAGGAAAAATTGGGTTTATGTTCAACGGAA~TTTCTCAAA~GCAAGGAAAAGTATTTTGTTT~GGTTCGACCTGCAGTC GCATATGAAATGGACGAAGGGATAAATTTAGCAA 9720 

K R K N W V y V Q K K F L K S K E K Y F V S V R P- A V A E M D E G I N L A 
I I 

CAC TTTTC CCG CAGGATCTCCTG CAAGAAGAGGATAATC TCCAACTTCGAC TTGTCAATTTTATTTCTCATGAA~ATAGCAAGTTAACTCA~AAGAATTTATCACACGAATAGTCAATTCG 9840 
L F P Q D L L Q E D N L Q L R L V N F I S H E N S K L T R I Y H T N S Q F V 

I I I 
TTCGAACTTGC TTAGTAGTGAATTGGGAACAAGAAGAAAAAGAGGGAGCTCGTGCTTCTC TTGTTGAGGTAAAAACAAATGATCTAATTCGCGATTTCC TAAGAATTGAG T TAGTCAAG T 9960 

R T C L V V W E E E K E G A R A S L V E V K T N D L I D F L R I E L V K 

I 
CTAC T ATTTTGTATACACGAAGAAGGTATGATAGGACAAGTGTAGGATTGATTC C CAATAATAGGTTAGATCGCAACAATACCAATTCCTTTTATTCCAAGGCGAAGATTCAATCACTTA 

T I L Y T R R R Y D R T S V G L I P N R L D R N N T N S F Y S K A K I S L 
I I 

GCCAACATC AAGAAGTTATTGGCAC CTTGTTGAATCGAAATAAAGAATATCCATCTTTGATGATTTTGTTGGC A TC CAAC TGTTCTCGAATTGGTTTATTCAAGAATTCTA~-ATATCCCA 
Q H Q E V I G T L L N R N K E Y P S L M I L L A S N C S R G L F K N S K Y P N 

I I I 
A TGCGGTA3%AAGAATCGAATC CTAGAATTCCTATTCGAGATATTTTTGGGCTCTTAGGC GTTATTGTACCTAGTATATC G AATTTTTCTTCATCTTACTATTTATTAACGCATAATCAGA 

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

T C T T G T T AAAAAAA T A C T T G T T C C T TG A C AAT T T GAAA C AAAC C T TA C AAG T AC T T C AAG G A C T T AAATA C T C T TTAATAG A C G AAAATA_AAAGG A TT T C G AATTT T G A C A G T AA C AT CA 
L L K K Y L F L D N L K Q T L Q V L Q G L K Y S L I D E N K R I N F D N I 

I 

TGTTGGAGCCATTC CATTTGAATTGGCACTTTCTC CATCATGACTCATGGGAAGAGACATTGGCAATAATTCAC C T TGGACAATTTATTTGTGAAAATTTATGTC T ATTTAAATTACACA 
L E P F H L N W H F L H H D S W E E T L A I I H L G Q F I C E N L C L F K L H 

I 
T AAAAAAATC T GGTCAAATTTTCATTGTTAATATGGACTC CTTTGTTCTAAGAGCAGCTAAGCC TTATTTGGC CAC T ATAGGAGCAAC T GTTCATGGTCATTATGGAAAAATC CTTTACA 

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

AAGG A G A TA G G T TAG T T A C G T TTATAT A T GAA.KAAT C GAG AT C C A GTG A TATAAC G C AAGGTC T T C C AAAA G TAG A AC AAAT C T T C G AAGC G C G T TC AATT G ATTCA C TAT C G C C G AATC 
G D R L V T F I Y E K S R S S D I T Q G L P K V E Q I F E A R S D S L P N 

I 
TCGAAAGGAGAATTGAGGATTGGAATGAACGTATACCAAGAATTCTTGGGGTTCC CTGGGGATTCTTGATTGGAGCTGAGCTAACCATAGCCCAAAGTCGTATC TCTTTGGTTAATAAGA 

E R R I E D W N E R I P R I L G V P W G F L I G A E L T I A Q S R I S L V N K 

I 
TCCAAAAGGTTTATC G ATC CC A AGGGGTACAGATC CATAATAGACATATAGAGATTATTATACGC CAAGTAACATCAAAAG T AAGGGTTTCCGAAGATGGAATGTCTAATGTTTTTTTAC 

Q K V Y R S Q G V Q I H N R H I E I I I R Q V T S K V R V E D G M 8 N V F L 
I 

CTGGGGAATTAATAGGAC T ATTGCGAGCGGAACGAGCAGGGCGGGCTTTAGATGAATCGATC T ATTATCGGGCAATCTTATTGGGAATAACAAGGGCTTCC CTGAATACCC AAAGTTTCA 
G E L I G L L R A E R A G R A L D E S Y Y R A I L L G I T R A L N T Q S F 

I 
T ATCTGAAGC AAGTTTTCAAGAAACTGCTCGAGTTTTAGCAAAAGC T GCC CTACGAGGTCGTATTGATTGGTTGAAAGGTCTGAAAGAAAACGTAGTTCTGGGGGGGATTATACC TGTTG 

S E A S F Q E T A R V L A K A A L R G R I D W L K G L K E N V V L G G I I P V 
I 

GTACC GGATTCCAA~-KATTTGTGCATC GTTC C C CACAAGACAAGAACCTTTATTTAGAAATTCA~AATCTATTCGCGTCGGAAATGAGAGATATTTTGTTTC TCCATACAGAAT 
T G F Q K F V H R S P Q D K N L Y L E Q K K N L F A S E M R D L F L H T E 

I 
TAG T TT C T T C T GATT C T G A C G T AA C A AA C AATT T C T ATGAA.K CAT CA G AGA C C C C G T TTAC C C C TAT T TAT A CGATT T AAG TAT A C AT AAAG C A ATTT T T TTT A C T TTAATTTAAA C TAT 

V S S D S D V T N N F Y E T S E T P F T P I Y T I 

Z 
AC T TTTGACCTTAGAATGCTAACAGGTCTGATTTTCGATTTTGTACTTAAATTTAAATTGTATTTTAATAAGTAAAAGAAGTCAGTTAATTCATTAAGGCTATGTTTATACC G TGTATCA 

I I I I I I I I [ I I I 
ATGGTCAAGAAGGTTCCATTGGAA~AATTATTATTTATTTCAAGCTATTTCGG~T~TTTCTTAATCTT~AAAAAGAAATGAATTCCGTAATGGTAACACGA~3~AAAGAAAAAAAAAGGA A 

I ~. I i I I I I I I 1 I 1 
GTGTGGAAAAAATGACAAGAAGATATTGG AACATCAATTTGAAAGAGATGATAGAAGCGGGAGTTCATTTTGGTCATGGTATTAAGAAATGGAATC C CAAAATGGC CC CTTACATC TCGG 

rps2 M T R R Y W N I N L K E M I E A G V H F G H G I K K W N P K M A P Y I S. . . 
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Fig. 2. Nucleotide and derived amino acid sequence of the maize chloroplast rpoB/C1/C2 operon. The start site of each of the coding 
regions is indicated. Note that trnC upstream of rpoB 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 vertical 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/BglII 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 rpoC2 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 PstI 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 11 880 bp 
(Fig. 2) includes the flanking trnC 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, rpoC1, rpoC2 and rps2. 

These results show that, as is the case for wheat and 
rice, the region of the maize chloroplast DNA encompass- 
ing rpoB, C1, C2 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 
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Table 1. Comparative summary of the characteristics of the rpoB/C1/C 2 genes and their translation products 

Maize Rice Spinach Tobacco Liverwort E. c o l i  Cyanobact. 

rpoB bp 3225 3225 3210 3210 3195 4026 - 
aa 1075 1075 1070 1070 1065 1342 - 
pI 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 - 

rpoC1 bp 2049 2046 2031 2040 2052 17341 1863 
aa 683 682 677 680 684 5781 621 
pI 9.41 9.08 8.43 8.93 9.98 (9.19) 1 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 36.21 47.2 
Length of Intron bp 0 0 756 739 596 - 0 

rpoC2 bp 4581 4539 4038 4173 4158 24872 
aa 1527 1513 1361 1391 1386 8292 
pI 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 rpoC1 201 202 151 149 76 - 93 
Homology * : nt 92.0 77.3 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 - - 

1 N-terminal fragment of fl" 
z C-terminal fragment of fl' 
~s incomplete sequence 
* % rel. to Maize 

potent ia l  messenger on this restriction fragment,  having 
1075 codons and corresponding to a basic protein  (pI 9.35) 
of  121.6 kDa,  compared  to the acidic fl subunit  of  E. coli 
R N A  polymerase  of  155 k D a  (pI 4.93) (Ovchinnikov et al. 
1981). The similarity at the nucleotide and amino acid level 
with rpoB genes of  other organisms (Table 1) s trongly sup- 
por ts  its identi ty as the rpoB gene. Prepara t ions  of  R N A  
polymerase from maize chloroplasts  contain  polypept ides  
with apparen t  molecular  masses o f  120 and 140 k D a  (Kidd 
and Bogorad  1980). I t  remains to be seen which of  these 
components  is the rpoB encoded produc t  with the calculated 
molecular  mass o f  121.6 kDa.  

Figure  3 shows an al ignment of  the derived amino acid 
sequences of  five plast id fl subunits (maize, rice, spinach, 
tobacco,  l iverwort) together  with that  of  E. coli and, by 
extrapolat ion,  with the rpoB gene produc t  of  Salmonella 
typhimurium which shows 98.5% homology  with the E. eoli 
fl subunit  (Lisitsyn et al. 1988). In the schematic compar ison  
with the E. eoli protein  (Fig. 4), addi t ional  regions are indi- 
cated o f  homology  with the corresponding proteins of  ar- 
chaebacter ia  (Bergh6fer e t a .  1988; Leffers e t a l .  1989), 
yeast  (Sweetser et al. 1987) and Drosophila (Fa lkenburg  
et al. 1987). Compared  with the bacterial  fl subunit,  nine 
deleted segments in the chloroplast  sequence are clearly visi- 
ble (Fig. 4), which are located towards  the termini of  the 
prote in  and result in a reduct ion in the size of  the plast id 
prote in  by 270 amino acids. The largest delet ion 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). 

A n  examinat ion of  the amino acid sequence for features 
that  have been made  responsible for certain functional  

propert ies  has focussed on a number  of  sites of  potent ia l  
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 p subunit  than the remaining 
molecule. There are, nevertheless, two short  homology  
blocks (A and B) with the yeast  RPB2 protein  (the second 
largest subunit  o f  R N A  polymerase I I ;  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-  
pept ide segment. 

F r o m  approximate ly  amino acid 390 (maize numbering) 
to the C-terminus the chloroplas t  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 (Fa lkenburg  et al. 1987) 
and archaebacter ia  (Bergh6fer 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 propert ies  have been ascribed. In maize 
chloroplasts,  at  posi t ion 418, one finds a dodecapept ide  
whose two histidine and single cysteine residues are con- 
served in all plastids,  in E. coli, archaebacter ia  and in yeast  
(homology block D). A juxtapos i t ion  of  imidazole/ thiol  
groups (also found in E. coli D N A  ligase and T7 R N A  
polymerase)  (Lisitsyn et al. 1988) has been implicated in 
the catalytic activity of  kinases and aminoacy l - 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 posi t ion 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.o.), 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 r/fR positions but deviate 
from the E. coli wild type are marked by • 
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Fig. 4. Schematic comparison of the maize chloroplast RNA polymerase fl subunit with the corresponding proteins from other organisms. 
Insertions derived from the alignments in Fig. 3 are marked by black boxes. Regions of significant homology between maize chloroplast 
and E. coli are denoted by shading. Other blocks of homology are included as bars and labelled according to the yeast (or Drosophila) 
nomenclature A-I  (I-IX). Individual amino acids within the conserved sequence motifs, which are relevant to the discussion are boxed. 
The sources of the compared sequences are as given in the legend to Fig. 3 
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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 fl' subunit (Fukuda and 
Ishihama 1974), a zinc finger motif, discovered in the yeast 
fl subunit (Sweetser et al. 1987) is not observed in either 
the E. coli or chloroplast fl 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 G X X X X G K  which is present in all 
plastids, E. coli (Glass et al. 1986), methanobacteria (Berg- 
h6fer 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. coIi, 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; Bergh6fer 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 t-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 fl-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, 
"muta ted"  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 "muta ted"  form as isoleucine 
121 (in maize). It remains to be tested, by site directed 

mutagenesis, which of these positions (Ia2~, Tas9 or $431) 
confer the rif resistance to plastid RNA polymerase or 
whether perhaps other mutated positions also contribute 
to this resistance in a concerted mode. 

The rpoC1 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 Ca 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-rpoC1 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 C1 sequences, it is assumed that the maize C~ gene 
product does not bear this N-terminal extension. A remark- 
able feature of the rpoC1 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 fl' 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 fl' 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. 5, 6). On the other hand, 
the alignments are v~rtually colinear with only one signifi- 
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Fig. 5. Alignment of the derived amino acid sequences for the RNA polymerase fl' 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 fl' 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 , .  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 ? was re- 
cently characterized as being homologous with the N-termi- 
nal region of  fl ' and, therefore, corresponds to the chloro- 
plast rpoC1 gene (Xie et al. 1989), the homology with the 
plastid sequence is 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 fl ' .  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 l '  subunit 
still remains to be defined, it is, on the basis of  available 
experimental evidence, frequently associated with an in- 
volvement in D N A  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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Fig. 6a--e. Schematic comparison of the maize chloroplast RNA polymerase fl' and fl" 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/3" is marked by cross-hatching, a The position of the potential zinc finger structures in fl" 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 (Pfihler et al. 1989) 
and Methanobacterium thermoautotrophicum (Bergh6fer 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 ~-helical stretches (Garnier et al. 1978) are underlined, e 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 cyanobacter ia  within this stretch of  amino 
acids could be considered as taking on the role of  the miss- 
ing cysteines, al though the existence of  serines, while postu-  
lated in some cases (Bergh6fer et al. 1988) has yet to be 
demonst ra ted  in true Zn finger proteins.  This region of  
the C1 sequence is par t  of  a weak homology  box in terms 
of  eukaryot ic  polymerases.  However,  a limited degree of  

similarity does exist between E. coli fl' and a zinc-finger- 
type mot i f  suggested for the A subunit  of  Halobacterium 
halobium (Leffers et al. 1989) together with a number  of  
eukaryot ic  polymerase subunits (Jokerst  et al. 1989) (en- 
compassing cysteines 85, 88 and histidine 104 in E. coli). 
The only available par tner  in such a structure for histidine 
104 would seem to be either Set 109 (which, in fact, corre- 
sponds to a conserved Cys in plastids) or a conserved 
His 113. In  plastids and cyanobacter ia  even the residue cor- 
responding to His 104 has been replaced by tyrosine, al- 
though in the lat ter  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 rpoC2 gene and its translation product 

The gene for the largest subunit of chloroplast encoded 
RNA polymerase, rpoC2, 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 rpoCz 
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 rpoC2 
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. coIi 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 C2 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 rpoC2 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 rpoC2 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 adds. 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/~' 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 rpoC1 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. Alignment of the derived amino acid sequences for the RNA polymerase fl" 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~"  used for this alignment 

meric repeat contribute to the low pI  of  the monoco t  f l"  
subunit compared to the d icot /~"  subunits (Table 1). In 
rice (Shimada et al. 1990), despite the variability in this 
region, the initial tyrosine (coded by TAT in 13 out o f  
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 c~-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 D N A  
through intercalation of  the aromatic side chains. Such in- 
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teractions of  D N A  with tyrosines or repeating phenylala-  
nines were recently shown to play a central role in the bind- 
ing of  single-stranded D N A  (Merrill  et al. 1988; Shamoo 
et al. 1989). Fur thermore ,  directly upst ream of  the first hep- 
tameric unit  (at posi t ion 627, see Fig. 7 and insert b of  
Fig. 6) the sequence mot i f  R G S G I V K F ,  preserved with 
some conservative substitutions,  in all plastids,  is reminis- 
cent of  the consensus sequence for R N A  binding proteins 
of  (K ,R)G(F ,Y)(G,V)(F ,Y)VX(F,Y)  (Schwemmle e t a l .  
1989). The aromat ic  side chains al ternating with the small 
al iphatic residues are thought  to facilitate interact ion with 
the nucleic acid. Al though such an al ternat ion has been 
lost in the rpoC2 sequences above, the agreement in five 
out of  eight posi t ions with the consensus sequence does 
not  seem to be a r andom event: rpoB, of the same dimen- 
sions as rpoC2, 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 al ternating aromat ic  residues 
required by the consensus sequence have been replaced by 
the potent ial ly 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  G a m i e r  et al. 
(1978) as existing virtually uninterrupted from posit ions 
639-729; this is exemplified by the helix wheel representa- 
t ion of  residues 689-706 in insert c of  Fig. 6. This, in turn, 
could permit  a further interact ion with charged domains  
of  other proteins such as specific t ranscript ion factors. 

Developing this line of  thought  further, leads one to 
an analogy with t ranscr ipt ional  act ivators (Ptashne 1988). 
These proteins also bear  two distinct surfaces as, for exam- 
ple, in an amphipath ic  a-helix; the hydrophobic  surface 
binding to the D N A  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 conformat ion  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 R N A  polymerase (Sigler 1988). I f  this is the case, one 
may  reason that  in R N A  polymerases of  monoco t  chloro- 
plasts a t ranscr ipt ional  activator,  or at least its functional 
domain  has, for presumably  evolut ionary advantage,  be- 
come incorpora ted  into the f l"  subunit. The addi t ion of  
such a domain  would represent the opposi te  si tuation to 
the loss of  redundant  par ts  of  a protein sequence, as in 
the chloroplast  fl subunit,  or an al ternative to the separat ion 
of  functions by fragmentat ion,  as in the R N A  polymerases 
of  archaebacter ia  and in the case of  fl '  and f l"  in chloro- 
plasts. On the other hand,  the ext rachromosomal  R N A  
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 addi t ional  insert, in part icu- 
lar, have an as yet unknown but  essential function which 
may lie even further outside the generally accepted role 
of  R N A  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 
rpoCz and rpoB genes, respectively, reported here. 


