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Summary. Transcription of the 2.6 kbp psbK-psbI-trnG 
cluster in tobacco chloroplasts has been studied. This 
cluster contains, in linear sequence, the genes encoding 
two low-molecular-mass polypeptides, K and I, of photo- 
system II (psbK and psbI, respectively), and tRNA ely 
(UCC) (trnG). Northern blot hybridization revealed that 
the largest transcript (2.6 kb) hybridizes to psbK, psbI 
and trnG, but not to the following trnR-UCU. Ten other 
transcripts ranging from 0.1 to 1.3 kb were also detected. 
Three of these transcripts overlap the divergent transcript 
arising from trnS-GCU located on the opposite DNA 
strand. $1 mapping and primer extension experiments 
showed that these multiple transcripts comprise eight dis- 
tinct 5' ends. By in vitro capping assays two of them were 
determined to be transcriptional initiation sites; one is 
located 163 bp upstream of psbK and the other is 6 bp 
upstream of trnG. The 3' ends of transcripts were deter- 
mined by $1 mapping; one lies betweenpsbland trnG and 
the other is at the end of trnG. The presence of dual 
promoters of trnG is discussed. 
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Introduction 

Photosystem II (PSII) is one of the four supramolecular 
multiprotein complexes of chloroplast thylakoid mem- 
branes which are involved in the light reaction of photo- 
synthesis (Herrmann et al. 1985; Gray 1987). PSII con- 
tains about 20 different polypeptides of which at least 12 
are encoded in the chloroplast genome (for review see 
Sugiura 1989). These include: D1 (psbA) and D2 (psbD) 
polypeptides, which bind the chlorophyll, pheophytin 
and plastoquinone molecules of the reaction center; 47 
kDa (psbB) and 43 kDa (psbC) chlorophyll-apoproteins; 
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10kDa phosphoprotein (psbH); two subunits of cy- 
tochrome b559 (psbE, psbF) and five low-molecular mass 
PSII polypeptides (psbI, K, L, M and N). 

Two ORFs of 98 and 52 codons have been found in the 
opposite strand between trnS-GCU and trnQ-UUG in 
the tobacco chloroplast genome (Deno and Sugiura 
1983). ORF98 was identified as the gene for a PSII com- 
ponent (psbK) by comparison with the partial amino acid 
sequence of the 2 kDa polypeptide of spinach (Murata 
et al. 1988). ORF98 contains two potential start codons, 
GTG at position 1 and ATG at position 38. Comparison 
with the corresponding ORFs from several other plant 
suggests that the ATG is likely to be the initiation codon 
and, hence, tobacco psbK probably consists of 61 codons 
(ORF61). ORF52 was also identified as the gene for an- 
other PSII component (psbI) by determination of the par- 
tial amino acid sequence of the spinach 4.8 kDa polypep- 
tide (Ikeuchi and Inoue 1988) and the pea 4.5 kDa 
polypeptide (Webber etal. 1989). Downstream from 
psbK-psbIis trnG-UCC (containing a 691 bp intron in the 
D-stem region) and then trnR-UCU in the same direction 
(Deno and Sugiura 1984). Therefore, the tobacco (dicot) 
gene organization is (trnQ)-psbK-psbI-(trnS)-trnG-trnR 
(parenthesized genes on the opposite DNA strand, see 
Fig. 1, Shinozaki et al. 1986). However, the gene organi- 
zation in monocots (wheat, rice and barley), (trnQ)-psbK- 
psbI-(trnS)-psbD-psbC-(trnS-UGA) differs (Howe et al. 
1988; Hiratsuka et al. 1989; Sexton et al. 1990 a). This can 
be explained by the rearrangement of the monocot LSC 
with respect to the dicot LSC which results from at least 
three inversions in a tobacco-like ancestral form (for re- 
view see Sugiura 1989). 

As psbK-psbI was reported to be co-transcribed with 
the downstream psbD-psbC in barley (Sexton et al. 
1990a), it is of interest to know whether this is also the 
case for the dicot genome. We have analyzed transcripts 
from this region of tobacco and detected a large tran- 
script of 2.6 kb covering psbK-psbI-trnG but not trnR. 
Using an in vitro capping method, we found two initia- 
tion sites in this gene cluster: one is located upstream of 
psbK and the other is immediately upstream of trnG. 
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Materials and methods 

Recombinant plasmid pTB24, containing the 13.2 kbp BarnHI par- 
tial fragment (Ba26c-Ba10a-Ba4), has been described previously 
(Sugiura et al. 1986). Appropriate short DNA pieces derived from 
the plasmid DNA were either subeloned into pUC118/119 vectors 
or extracted from gels after electrophoresis. Oligonucleotides of 
23-36 mers were prepared by a DNA synthesizer (Applied Biosys- 
terns, USA, 380A) and labeled at their 5' ends with 32p. Tobacco 
(Nicotiana tabacum var. Bright Yellow 4) was grown in a greenhouse 
for 2-3 months and total chloroplast RNA was prepared as de- 
scribed by Tanaka et al. (1987). For Northern blot hybridization, it 
was separated in 1.1% agarose/6% formaldehyde gels, blotted onto 
a nylon membrane sheet (Amersham, UK, Hybond N) and subse- 
quently hybridized with [5' 32p]oligonucleotide probes according to 
BioRad's, USA instruction manual except that our prehybridiza- 
tion solution contained 1% SDS instead of 7%. $1 mapping was 
performed as described (Shinozaki and Sugiura 1982). 3' end-label- 
ing was carried out using a DNA 3' end-labeling kit (Boehringer, 
Mannheim, FRG) and [c~ 32p]ddATP (185 TBq/mmol). Primer ex- 
tension was carried out using Moloney murine leukemia virus re- 
verse transcriptase (BRL, USA) as described by Meng et al. (I 988). 
For in vitro capping, the 5' terminal triphosphates of total tobacco 
chloroplast RNA were labeled with [c~ 32p]GTP (110 TBq/mmol) 
and vaccinia virus guanylyltransferase (BRL) as previously de- 
scribed (Kennell and Pring 1989). 

Results 

Detection of transcripts 

To detect transcripts f rom psbK (61 codons), psbI (52 
codons), trnG and trnR, Northern  blot analysis was per- 
formed using total tobacco chloroplast  R N A  and 
[5' aZp]oligonucleotide probes (probes A - I ) .  As shown in 
Fig. 1, probes B - H  hybridized to a common  R N A  band 
of  2.6 kb. This band was not  detected with probe A (in 
the spacer between trnQ and psbK) and probe I (trnR), 
indicating that  the 2.6 kb transcript starts after trnQ and 
ends before trnR. Probes B - H ,  which span 2.5 kbp, hy- 
bridized also to a 1.3 kb R N A  band,  suggesting that  there 
are two or more  R N A  species which have a similar size of  
1.3 kb but differ in their ends (designated as 1.3 a and 
1.3b in Fig. 1). Probes B - D  hybridized to a 0.7 kb R N A  
and probes B and C hybridized to a 0.4 kb RNA,  both of  
which encode the K-peptide.  A 0.9 kb R N A  band was 
detected with probes D - E  but not  with probes A - C ,  
suggesting that  it has a 5' end after psbK and encodes the 
I-peptide. R N A  bands of  1.3 b, 1.15, 0.85, and an 0.75 kb 
R N A  band,  were found with probes F - H ,  and these 
RNAs  are likely to be the precursors of  t R N A  Gly (UCC), 
which contains a 691 bp intron in the D-stem region (De- 
no and Sugiura 1984). Another  0.7 kb R N A  band was 
detected with probes G and H but not  with probe  F, and 
this R N A  may  be a splicing intermediate containing the 
intron and the 3' exon. Two minor  bands of  2.0 and 
1.5 kb were detected together with a mature  t R N A  ~ly 
band of  0.1 kb with probes F and H, but not with probes 
E, G and I. The former  two bands may be the result of  
cross-hybridization to the precusors of  other tRNAs  Cly 
which have significant homology with probes F and H. 
Probe I hybridized only to a dense R N A  band of about  
0.1 kb, indicating that  trnR is not co-transcribed with the 
psbk-psbI-trnG cluster. 

Fig. 1. Detection of transcripts frompsbK, psbL trnG and trnR. The 
upper part represents the proposed transcripts. The middle part 
indicates the gene arrangements and the location of probes used 
(arrowheads). A, 36-met (positions -277 to -241); B, 31-mer (posi- 
tions -112 to -81); C, 29-mer (positions 64-93); D, 29-mer (positions 
363-392); E, 30-met (positions 564-594); F, 23-mer (positions 
1663-1686); G, 33-mer (positions 1785-1818); H, 26-mer (posi- 
tions 2391-2417);/, 27-met (positions 2630-2657). The lower part 
shows autoradiograms of Northern blot hybridization. Two autora- 
diograms with probe G are shown; long exposure (left) and short 
exposure (right). The size marker was a BRL RNA ladder (0.24- 
9.49 kb) 

Transcripts f rom trnS and trnQ, which are located on 
opposite D N A  strands, were also detected by Nor thern  
blot analysis (unpublished data), indicating that  a region 
containing trnS is divergently transcribed. 

Determination of the 5' and 3' ends of transcripts 

Primer extension analysis was conducted to determine 
the 5' ends of  the above transcripts. Oligonucleotides B, 
D, K, G and I were used as primers, the sites of  which are 
internal to the major  transcripts (Fig. 2). Total tobacco 
chloroplast  R N A  was hybridized to each of the primers 
labeled with 3zp at their 5' ends, extended by reverse 
transcription and then digested with RNase  A. The ex- 
tended D N A  was electrophoresed in parallel with the 
sequence ladder obtained by the dideoxy method using 
the same primer. Eight extended bands were detected and 
their positions are shown on the gene map (Fig. 2). The 
precise positions of  these bands are a t - I 6 3  bp upstream 
of the ATG codon of  psbK (1), -315 bp f rom psbI (2), 



261 

Fig. 2. Determination of the 5' ends of transcripts by primer exten- 
sion assay. The upper part shows the gene arrangement and the 
location of primers used (arrowheads). The position of probes B, D, 
G, I are the same as Fig. 1. Probe K, 27-mer (positions 1370-1397). 
The 5' ends are indicated by vertical arrows [1-8]. The lower part 
shows autoradiograms of the extended DNAs [1- 8] in parallel with 
the sequence ladders of the DNA strand complementary to each 
primer 

-510, -465, -378, -6 and +24  bp from the 5' exon oftrnG 
(3, 4, 5, 6 and 7, respectively), and + 1 bp from trnR (8) 
as shown in Figs. 2 and 5. These termini correlate with 
those of the major transcripts approximated by Northern 
hybridization analysis. All the 5' ends observed in the 
primer extension analysis were verified by $1 mapping 
(data not  shown). 

The 3' ends of transcripts were determined by S1 map- 
ping using total tobacco chloroplast RNA and two DNA 
fragments, a (BanII/DraI, 467 bp) and b (SalI/SnaBI, 
559 bp), labeled with 32p at their 3' ends (Fig. 3). The 
results revealed the presence of  two 3' ends: one between 
psbI and trnG and the other at the end of  trnG. Their 
positions on the D N A  sequence are 483 bp downstream 
from the termination codon ofpsbI and 2 bp downstream 
from the 3' exon of  trnG as shown in Figs. 3 and 5. Based 
on the results of  our Northern blot hybridization (Fig. 1) 
the other two 3' ends (of the 0.7 and 0.4 kb RNAs) are 
expected to be located between psbK and psbL We failed 
to detect clear $1 protected bands for the 3' ends of  the 
0.7 and 0.4 kb RNAs, probably because this region is rich 
in AT. 

Fig. 3. Determination of the 3' ends of transcripts by S1 mapping. 
The upper part shows the gene arrangement and the location of 
DNA fragments used (*, 32P-labeled 3' ends), a, 467 bp BanII/DraI 
fragment (positions 1031-1498); b, 559 bp SalI/SnaBI fragment 
(positions 2370-2929). The lower part shows autoradiograms of 
the protected bands (9, 10) in parallel with a size marker (M, a 
HaeIII digest of pBR322). The 3' ends (9, 10) are shown by vertical 
a r r o w s  

Determination of the transcriptional initiation sites 

Chloroplast primary transcripts retain triphosphates at 
their 5' ends which can be specifically capped in vitro. To 
determine whether the above 5' ends are transcriptional 
initiation sites or processed sites, we carried out an addi- 
tional $1 mapping using in vitro capped chloroplast 
RNAs. Total tobacco chloroplast RNA was labeled at 
the 5' terminal triphosphates with guanylyltransferase in 
the presence of [~ 32P]GTP and then hybridized to each 
of the D N A  fragments, c, d, e and f (Fig. 4). The capped 
R N A / D N A  hybrids were treated with single-strand 
specific mung bean nuclease and subjected to size-frac- 
t ionation in parallel with a size marker. When a 300 bp 
EcoRI/StuI fragment (e, positions -215 to +85)  was 
used, a protected R N A  band of  about  245 nucleotides 
was obtained and its 5' end corresponds to 163 bp up- 
stream of  the psbK coding region. Another  protected 
band of  about  215 nucleotides was observed by using a 
560bp HindIII/BamHI fragment (f, positions 1375- 
1935) and its 5' end corresponds to 6 bp upstream of the 
5' exon of  trnG. No protected RNA bands were obtained 
when 572bp StuI/BstNI (d, positions 85-657) and 
463 bp BamHI/DraI (e, positions 1 036-1 499) frag- 
ments were used (data not shown). 

We concluded, therefore, that there are two initiation 
sites in the psbK-psbI-trnG cluster: one is located 163 bp 
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u p s t r e a m  o f  the A T G  c o d o n  o f p s b K  and  the o ther  site is 
6 bp  u p s t r e a m  of  the trnG cod ing  region;  the rest  o f  the  
5' ends  shou ld  be p rocessed  sites. 

D i s c u s s i o n  

Fig.  5 shows the t r ansc r ip t i ona l  in i t ia t ion  sites, the p ro -  
cessed sites and  the 3' ends o f  t r ansc r ip t s  f rom the p s b K  
o p e r o n  in the D N A  sequence.  The  mos t  s t r ik ing  fea ture  
is the presence  o f  two in i t ia t ion  sites in this t obacco  oper -  

Fig. 4. Determination of the transcriptional initiation sites of the 
psbK cluster. The upper part shows the gene arrangement and the 
location of DNA fragments used (c-t). The in vitro capped RNA 
was hybridized to the coding DNA strand containing a 300 bp 
EcoRI/StuI fragment (c, positions -215 to + 85), a 572 bp StuI/BstI 
fragment (d, positions 85-657), a 463 bp BamHI/DraI fragment (e, 
positions 1036-1499) and a 560 bp HindIII/BamHI fragment 
positions 1375-1935). The lower part shows autoradiograms of the 
mung bean nuclease protected RNA fragments 1 and 6. M, size 
marker (a HincII digest of oX174 RF-DNA and a HaelII-digested 
pBR322). The initiation sites (1, 6) are indicated by vertical arrows 

T~ -4Ol 

-35 -10 ~1 
ATTGATCATTACATATAATTCAATTA•GATATTGTATGAAAATATGATTTTTTCGATTCTCCTTTGAGAAAAGGAGGATTTTTGATTGGGTGGGTTCAAA - 1 0 1  

GAAAAAGAAGTATTTTTTGTTTACCTTACTTACTTTCCCTTTCCTTATATCAATAACGCAATCAAAATGCAATTATCTCTCCAAGAACAAAAAGTCTGTT 1 

ATGCTTAATACCTTT~GTTTGATCGGTATCTGTCTT~ATTCGACCCTTTTTTCGAGTAGTTTTTTCTTCGGCA~ATTGCCCGAGGCCTATGCTTTTTTGA l ioo 
psbK[MLNTFSLIGICLNSTLFSSSFFFGKLPEAYAFLN l 

ATCCAATCGTAGATATTATGCCAGTCATACCTCTGTTTTTTTTTCT•TTAGC•TTTGTTT•GCAA•CTGCTGTAAGTTTTCG GAGATCCTTAATAATA 2 0 0  
[ PI VD I M P V l  P L F F F L  LAF V W Q A A V S F  R~ 

V2 
TCCTAGAAAATTCATGATTTATTCGAGAAAAATTCTAAAATAAATAAAATCAGATAAGCTTTACCGTTTG .............................. 

. . . . . . . . . . . . . . . . . . . .  CTATTCTCTTTTTTTCAAAAAAAATCATCTTGGAGATTGTGT~TGCTTACTCTCAAACTCTTCGTTTACACAGTAGTG~ 600 
~ L T L K L F V Y T V V ~  

psb~ [TATTTTTTGTTT~176176176176176176176 7O0 
F F V S L F I F G F L S N D P G R N P G R E E ]  

TTTTC~AATTTTCTTATGATTT~TCTATTCCACACATTTAACTAAGAATAAGAACAAAG~ATTTCGAAATTTGAAAAAAAAAAATCAAGT~ATCA~GG 800 
...................................................... ~_- 

trnSr AAAGAGAGGGATTCGAACCCTCGGTACGATTAACTCGTACAACGGATTAGCAATCCGCCGCTTTAGTC~C~AGCCA~T~CC~ATTGAAAAAGATA 9 0 0  

ATTAcTAcAT~A~ATA~A~A~AAGATAAA~AAA~AAT~rTcTTTcTcTcT~Tc~Tc~TT~ATA~TA~A~A~A~A~TAcAAcT~T~A~A~cAA~ ~ooo 

TTC•TTTATTTCTTTATCTAAAGTAAAGGAAGGGCTCAGAAGAGCCAAGAATATCAAGAAAAATAAAGAAGACCTCTTTTCTTTGTCTTGATTTTGTT•G ii00 
v3 v 4  

AAAGGACCCTCTTATTCTCATGGCCTGGTCTGGTCAGTACCCAGCCGGGCCTCTTTTGTTCCAACGAATTTGAATTTGAAAACTAAAAAGCCTGTTATAG 1200 
" ~ 9  V5 

TTGTAATATTTCATTTTAATTGAATA•TTAATATTCAAGCAACAAGAAAAAATTCCCATTTTTTGTAAAAGTAAAATAAAATATATAAAATAGAAAATTC 1 3 0 0  

GATCAAAATAAAAGTCTCArTTCTCTTTCT~CTTTTTTATTTTATGTTrACCACCTTACTeGACTAAAAA . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- 35  -10 ~ 6  . y 7  
. . . . . . . . . . . . . . . . . . . .  CCTGT~CGACAAAAGTTGCATTTGTATACAATAATCGGATTGT~CGGGTATAGTTTAGTGGTAAAA~GTGATTCGTTC 

trnG TATTATCCCTTAAATAGTTAAAGGGTCCTTCGGTTTGATTCGTATTCCGATCAAAAACTTGATTTCTAA ............................. 

trnR 
Fig. S. Portions of the nucleotide sequence frompsbKto trnR. Cod- 
ing regions are boxed. Closed triangles (1, 6), transcriptional initia- 
tion sites; open triangles (2, 3, 4, 5, 7), processed sites; open triangles 
with bars (9, 10), 3' ends (numbers correspond to those in Figs. 2, 3 
and 4). Possible ribosome binding sites (SD), -35 regions and -10 

1700 

. . . . . . . . . . . . . . . . . . . .  TTCAT•TT•GGTTTTGAATTAGAGA••TTAAAAATAATGAATCGT•GTC•A•TATAA•CC•TAGC•TT••AAGCTAACGA 2400 

TGCGGGTTC~ATTCCC~CTACCC~C~CTATATCTATTTATTCTAAATATTTTAATGTATTCATTAAATCAAATTTAGTTTATTA~TATTA~TACAT~ATT 2500 
"~ " I ~ 1 0  ~ a  

cAATATA~AAT~CAAAAATTCTTT~A~AT~GA~T~TTT~TGT~TTTTT~T~cAAA~AAAAAGTTAAAATACGAAAAAAAAAT~A~AATGAAA~c~T~ 2ooo 

CATTGTCTAATGGATAGGACAGAGGTCTTCTAAACCTTTGGTATAGGTTCAAATCCTATTGGACGCA~TTATTTCCATATATATTTTTTTTTAGATTTC 2'700 

regions are underlined. Inverted repeat sequences are indicated by 
horizontal arrows. The entire nucleotide sequence has been pub- 
lished (Shinozaki et al. 1986) and deposited with the EMBL data- 
base (accession No. Z00044) 
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T 
M 
B 

Fig. 6. Comparison of the upstream sequences of the psbK operon 
from tobacco (T), mustard (M) and barley (B). The nucleotide 
sequences between trnQ and psbK are shown (identical nucleotides 

-340 -330 -320 -310 -300 290 280 270 260 
T TTTAGATTTCTATTCGATACTAAGAAAGTATATTGCTTGTTTTGTTTGTTTGTCAACTCTAGTCCAAATATCTATAGAATAGATTAGATT 
M T-T--ATT-TTATTC- GACTAC AAAAGAG-AATA --C-AT GGTTGT-C -A-TTC-AT T---CCC-A -GCA--A 
B . . . .  GGG T T T A T G C G  C ~ C T A A T A  A C A - - A T  A G T - - A T  G T - A T T  G T C - A - A - C  T - T C A A T -  C T A - A T A A -  - A G  

- 3 5  - 1 0  
-250 240 -230 -220 -210 20 -190 -180 - 0 

T G G T A C T A G G A T T T T G C G A T G T T T T T G G T A T G T G T A G A T A T A G A A T T C A A C T T A A T T T ~ T T A C A T A T A A T T C A A 2 ~ T T  
M TAG T - - C A T - G G - - - C - - A G  . . . . .  A C - C  . . . . . . .  GCA - - C A  . . . . .  C . . . . . . .  J ~  G . . . . . . . .  J ~  
B A-ATA-TCTC--GATA-TAT-C-ACACATGCA ATA . . . . . .  C G  AAA--GCJ~::~-J - . . . . . .  G G  . . . . .  T - J - - - - f J  : -  

~160 -150 -140 -130 -120 -ii0 -i00 - 9 0  -80 
T GTATGAAAATATGATTTTTTCGATTCTCCTTTGAGAAAAGGAGGATTTTTGATTGGGTGG•TTCAAA•AAAAA•AAGTATTTTTTGTTTA 
M . . . . . . . . . .  T - - -  C - - T A  . . . .  A AA . . . .  T G A A  . . . . . . . . . . .  A - A A  . . . .  C A - - G T C T T T T - - G A C - A - C -  - C  
B A . . . . . .  G-CGA . . . .  A - - - C - C  . . . .  A . . . . . .  G T G C - - A T - C A A G G A G G - A T T - T - T G  T T G G - -  GTCCGAAGAAAAAAAGA-T 

- 7 0  - 6 0  - 5 0  - 4 0  - 3 0  - 2 0  - 1 0  + 1  
C C T T A C T T A C T T T C C C T T T C C T T A T A T C A A T A A C G C A A T C A A A A T G C A A T T A T C T C T C C A A G A A C A A A A A G T C T G T T A T G  
T T - A T T - A T T - A - T T T  . . . . . . . . . . .  A - - A - - T A T - T - A  T - - C T  - - C - A A A T - A A  T T - T - C  C - - - A A C A C C - A T T T T T G T T A T G  

T T G A - T C - G - C - - T T - C  - - T - - C C C - T  - A - - A A T - - C T C - - T C A A - - - C C A A - T A T T T - C T C T  C - - G A A T G A A A T G  

are hyphoned). The transcriptional initiation site of tobacco is indi- 
cated with an asterisk. The -35 and -10 elements are boxed. Initia- 
tion codons are underlined 

on, one in front ofpsbK and the other immediately before 
trnG. In barley, psbK has been shown to be co-tran- 
scribed with psbI, psbD and psbC, and the 5' end of  the 
transcript is about  150 bp upstream ofpsbK (Sexton et al. 
1990 a). In mustard, the transcriptional start site has been 
reported to be about  520 bp upstream ofpsbK and likely 
to overlap that ofrpsI6 on the opposite strand (Neuhaus 
and Link 1990). These sites have been mapped by either 
primer extension or $1 mapping, neither of  which can 
discriminate initiation sites from processed sites. We have 
demonstrated the transcriptional initiation sites of  the 
tobacco psbK operon by in vitro capping experiments 
which only detect initiation sites. The first position (-163) 
is similar to the 5' end of  the corresponding transcript in 
barley, but not in mustard. The Pribnow box-like se- 
quence (TAAGAT) and the -35 region-like sequence (TT- 
GATC) are found upstream of  the first initiation site. 
These motifs and their surrounding sequences are highly 
conserved among tobacco, barley and mustard (Fig. 6). It 
is, therefore, peculiar that mustard does not have the 
initiation site in this region. An additional cis-element 
may be necessary to initiate transcription in mustard. 

Our Nor thern  blot hybridization showed that the larg- 
est transcript of  2.6 kb covers psbK, psbI and trnG but not 
trnR, suggesting that the expression of  trnG is co-regulat- 
ed with psbK-psbI. Further analysis, however, revealed 
that there is an additional promoter  in front of  trnG. This 
initiation site is 6 bp upstream of  trnG and is identical 
with the 5' end of a transcript from trnG determined 
previously by $1 mapping (Deno and Sugiura 1984). The 
steady state level of  trnG transcripts is much higher than 
those of  psbK-psbI, suggesting that transcriptional effi- 
ciency differs significantly between trnG and psbK-psbI 
promoters. In barley, the largest transcript ofpsbK-psbI 
covers the downstream psbD-psbC and ORF62 (Sexton 
et al. 1990 a) although psbD-psbC has its own promoter  
(Yao et al. 1989; Sexton et al. 1990b). A light-induced 
switch from the psbK promoter  to the psbD-psbC pro- 
moter  has been proposed in barley (Sexton et al. 1990 b). 
As in the case of  barley psbD-psbC, tobacco trnG is tran- 
scribed from two distinct promoters.  The utilization of  
the dual promoters may be differentially regulated. An- 
other explanation for the dual promoters is that there is 
no strong termination signal downstream from psbI so 
that transcription proceeds to the next gene. Transcripts 

from the first and second initiation sites most likely use 
the same termination signal and our $1 mapping assay 
revealed that it is the 3' end of  trnG. This may also be the 
case for barley. Transcripts from three different initiation 
sites in barley may use one termination signal (Sexton 
et al. 1990 a). 

Our $1 mapping revealed that there is another 3' end 
between psbI and trnG (9 in Fig. 3). The region immedi- 
ately preceding this site can potentially form a stem-and- 
loop secondary structure (Fig. 5). Stem-and-loop struc- 
tures have been shown to be ineffective as transcription 
terminators, but serve as efficient RN A  processing ele- 
ments (Stern and Gruissem 1987). Therefore, this site is 
probably a processing site. 
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