
Mol Gen Genet (1986) 202:1-5 
© Springer-Verlag 1986 

Intron in the gene for the ribosomal protein S16 
of tobacco chloroplast and its conserved boundary sequences 
Kazuo Shinozaki a, Hiroshi Deno 2, Mamoru Sugita 3, Seiki Knramitsu 4, and Masahiro Suginra 1 
1 Center for Gene Research, Nagoya University, Chikusa, Nagoya 464 
2 Bioscience Research Center, Mitsui Petrochemical Industries, Waki-cho, Kuga-gun, Yamaguchi-ken 740 
3 Department of Botany, Hokkaido University, Sapporo 060 
4 Department of Medical Chemistry, Osaka Medical College, Takatsuki, Osaka 569, Japan 

Summary. The nucleotide sequence of a tobacco chloroplast 
gene coding for a protein homologous to Escherichia coli 
ribosomal protein $16 (rpsl6) has been determined. It is 
located 690 bp upstream from the gene for tRNA Lys (UUU) 
on the same DNA strand. This gene has an 860 bp in- 
tron. The intron boundary sequences are similar to those 
of the tobacco chloroplast split genes for tRNA °~y (UCC), 
tRNA Lys (UUU), tRNAV"~(UAC) and ribosomal proteins 
L2 and S12. We classified these introns as a new group, 
designated group III, which is different from groups I and 
II proposed by Michel and Dujon (1983). The conserved 
boundary sequences of the group III  introns are 
G T G C G N Y  at the 5' ends and ATCNRY(N)YYAY at 
the 3' ends. The rpsl6 coding region contains 255 bp (85 
codons) and its deduced amino acid sequence shows 34% 
homology (46% conservative replacements) with that of 
E. coli ribosomal protein $16. The primary transcript of 
rpsl6 is 1.3 kb long. 
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Introduction 

Chloroplasts contain their own transcriptional and transla- 
tional systems. Chloroplast ribosomes are 70S in size and 
contain 4 to 5 rRNAs and about 60 ribosomal protein spe- 
cies (see Whitfeld and Bottomley 1983). All the chloroplast 
rRNAs are known to be encoded in chloroplast DNA (see 
Whitfeld and Bottomley 1983) and about one-third of chlo- 
roplast ribosomal proteins are thought to be encoded in 
chloroplast DNA (Eneas-Filho et al. 1981). Several of the 
genes for chloroplast ribosomal proteins (designated CS or 
CL; Sugita and Sugiura 1983) have been cloned and se- 
quenced: rpsl9, the gene coding for CS19, in Nicotiana 
tabacum (Sugita and Sugiura 1983); rps4, the gene for CS4, 
in maize (Subramanian etal. 1983); rpsl9 and rpl2, the 
genes for CS19 and CL2, respectively, in spinach and Nico- 
tiana debneyi (Zurawski et al. 1984) rps12 and rps7, the 
genes for CS12 and CS7, respectively, in Euglena (Montan- 
don and Stutz 1984) and rps14, the gene for CS14, in liver- 
wort (Umesono et al. 1984). The N. debneyi rpl2 gene con- 
tains a long intron (Zurawski et al. 1984). The deduced 
amino acid sequences of CS19, CS4, CL2, CS12, CS7 and 
CS14 as well as the determined amino acid sequence of 
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spinach CL12 (Bartsch et al, 1982) show moderate homolo- 
gy (40%-60%) with those of corresponding Escherichia coli 
ribosomal proteins. 

Here we present the nucleotide sequence of a cloned 
fragment of tobacco chloroplast DNA and show that it 
encodes a protein homologous to E. coli ribosomal protein 
$16. This gene (rps16) is interrupted by an 860 bp sequence. 
The intron boundary sequences of the chloroplast genes 
in higher plants analysed so far have been compiled and 
the conserved sequences are discussed in relation to molecu- 
lar mechanisms of splicing in chloroplasts. 

Materials and methods 

Recombinant plasmid pTB25, which contains a 15.7 kb 
BamHI partial fragment of Nicotiana tabacum (vat. Bright 
Yellow 4) chloroplast DNA, was constructed as described 
using pBR322 (Sugiura and Kusuda 1979). DNA sequenc- 
ing was performed by the chemical method (Maxam and 
Gilbert 1977) and the dideoxy chain termination method 
(Sanger et al. 1977). M13 vectors mpl0  and m p l l  and E. 
coli JM109 were used for cloning (Messing et al. 1981). 
DNA sequences were analysed using the GENETYX soft- 
ware system developed by Software Development Co. Ltd., 
Tokyo, Japan. Northern blot hybridization was carried out 
as described (Ohme et al. 1985). Tobacco chloroplasts were 
prepared from young leaves grown in a greenhouse or 
stored in a dark room for 2 days after growth in a green- 
house. Tobacco chloroplast RNA was extracted as de- 
scribed (Shinozaki et al. 1983). 

Results and discussion 

The DNA sequence 

We have cloned tobacco chloroplast DNA fragments pro- 
duced by partial digestion with BamHI followed by size 
fractionation (Sugiura and Kusuda 1979). One of the re- 
combinant plasmids, pTB25, contains 2.9, 0,45, 3.5, 0.17 
and 8.7 kb BamHI fragments in this order in pBR322 
(Fig. 1). The inserted sequence has been partialy sequenced 
and shown to contain the 5' half of trnK, the gene for 
tRNA Lys (UUU) (Sugita et al. 1985), trnQ, trnS, trnG and 
trnR, the genes for tRNA °~" (UUG), tRNA set (GCU), 
tRNA G~y (UCC) and tRNA Arg (UCU), respectively (Deno 
and Sugiura 1983, 1984) and atpA, atpFand atpH, the genes 
for the c~, I and III  subunits of proton-translocating AT- 
Pase, respectively (Deno et al.. 1983, 1984; Fig. 1). We se- 
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Fig.  1. Physical map of the cloned 15.7 kb partial BamHI fragment 
from tobacco chloroplast DNA and the strategy for sequencing 
part of it. Strand A (A) contains trnQ and trnR. Strand B (B) 
contains atpH, atpb, atpA, trnS, trnQ, rps16 and half of trnK. 
Coding regions are shown by thick lines and introns by boxes. 
The lower part shows an expanded physical map of rpsl6. Vertical 
lines indicate restriction sites. Horizontal thin arrows and bold ar- 
rows show the direciton and extent of the DNA segments analysed 
by the chemical method and the dideoxy chain termination method, 
respectively 

quenced the remaining 1.6 kb portion between trnK and 
trnQ in the consecutive 2.9, 0.45 and 3.5 kb BamHI frag- 
ments by the strategy shown in Fig. 1. Figure 2 shows the 
sequence of a 1,626 bp portion. 

The gene for a protein homologous to E. coli $16 

A short open reading frame (ORF14), in which the deduced 
sequence of the first 14 amino acid residues is similar to 
the NH2-terminus of E. coli ribosomal protein S16, was 
found at positions 1 to 42 and was 382 bp downstream 
from trnQ in the same orientation in the 3.5 kb BamHI 
fragment (Fig. 2). We then searched for a reading frame 
showing sequence homology with the rest of  E. eoli S16 
and found one of 71 codons (ORF71, positions 903 to 1,115) 
860 bp downstream of ORF14 and 690 bp upstream of trnK 
on the same strand. ORF14 plus ORFvl correspond to 85 
amino acid residues while E. coli S16 is 82 residues long 
(Vandekerckhove etal.  1977). In Fig. 3 amino acid se- 
quences deduced from ORF14+ORF71 and of E. eoli $16 
are aligned (with a few gaps to maximize homology) and 
homologous residues are boxed. Twenty-nine identical ami- 
no acid residues are found out of  the 85 positions (i.e. 34%) 
and 10 conservative replacements (i.e. 12%), giving an over- 
all homology of 46% between the two sequences. Homolo- 
gous residues in E. coli S 16 and O RF14 + ORFv ~ are distrib- 
uted throughout the polypeptides and their conserved sec- 
ondary structures, predicted by the method of Chou and 
Fasman (1978), gave essentially the same profiles (Fig. 3). 
The amino acid sequences of CL12, CS19, CS4, CL2 and 
CS14 showed 50%, 55%, 39%, 40% and 45% homology, 
respectively, with the E. coli counterparts (Bartsch et al. 

1982; Sugita and Sugiura 1983; Subramanian et al. 1983; 
Zurawski et al. 1984; Umesono et al. 1984). Based on the 
primary and secondary structural homologies, we con- 
cluded that ORFag+ORF71 represents the gene for to- 
bacco chloroplast ribosomal protein CS16 (rpsl6). The 
rps16 coding region contains 255 bp (85 codons) and the 
molecular weight of the tobacco CS16 deduced from the 
DNA sequence is 9,921 daltons. 

The intron in rpsl6 

Allocation of the intron site in tobacco rps16 was deter- 
mined by comparing the intron-exon boundary sequence 
of rpsl6 with those of the tobacco trnG, trnK, rpl2 and 
rps12 genes (Hallick et al. 1985; Sugita et al. 1985). The 
boundary sequences of these reported introns have a con- 
served sequence (GTGCGNY) at the 5' ends and a con- 
served sequence (ATCNRYY(N)YYAY) at the 3' ends 
(Fig. 4). We found a G T G C G A C  sequence (positions 41 
to 47) in rpsl6 which coincides with the 5' conserved bound- 
ary sequence. Therefore, the rpsl6 intron most likely starts 
at position 41 (Fig. 2). To follow the 3' conserved sequence 
and produce the 14 th arginine codon (CGN), the intron 
should end at position 900. The intron is hence 860 bp 
long. No significant open reading frames were found in 
either strand of the 860 bp intron. 

We have preliminarily proposed that introns found in 
chloroplast genes can be classified into three groups (Sugita 
et al. 1985). We compiled the intron boundary sequences 
of the chloroplast genes reported so far (Fig. 4) and also 
compared them with the nuclear and mitochondrial intron 
sequences to confirm our previous proposal. 

Group I introns (Michel and Dujon 1983). The intron of 
trnL, the gene for tRNA Le" (UAA) (Steinmetz et al. 1982; 
Bonnard etal.  1984; unpublished observation), can be 
folded into a secondary structure which is similar to the 
postulated structure of the intron of the autospliceable 
rRNA precursor of Tetrahymena (Bonnard et al. 1984). A 
T at the 3' ends of  their 5' exons and a G at the 3' ends 
of their introns are common to all group I introns including 
Tetrahymena rDNA (Cech 1983). Group I introns of mito- 
chondrial genes in lower eukaryotes have additional con- 
served sequences - named box2 and box9, sequences A 
and B (Michel and Dujon 1983). Open reading frames en- 
coding "maturases"  have been proposed for the mitochon- 
drial genomes of lower eukaryotes. Sequences similar to 
box2 and box9 were found in chloroplast trnL introns, al- 
though no significant open reading frames were found. Re- 
cently introns in the gene for the 32 kd protein (Erickson 
et al. 1984) and 23 S rRNA in Chlamydomonas (Rochaix 
et al. 1985) were found to belong to group I and contain 
"maturase"-l ike open reading frames. The chloroplast 
group I introns may be spliced out by an autocatalytic reac- 
tion, as is the case for the Tetrahymena rRNA precursor, 
or by a "maturase"  as for cytochrome b and cytochrome 
oxidase m R N A  precursors. 

Group H introns (Michel and Dujon 1983). Introns of trnA 
and trnI, the genes for tRNA Al" (UGC) and tRNA ne 
(GAU), respectively (Koch et al. 1981; Takaiwa and Su- 
giura 1982), can be folded into a secondary structure which 
is similar to the postulated structure of introns of the genes 
for maize mitochondrial cytochrome oxidase and yeast cy- 
tochrome oxidase and cytochrome b (Michel and Dujon 
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Fig. 2. DNA sequence of the 1,626 bp region containing rps16. The RNA-like strand (strand A) is presented. Exons are boxed. The 
deduced amino acid sequence is shown below the DNA sequence. Sequences similar to the "Pribnow box" ( -10 )  and " - 3 5  region" 
( -35 )  are underlined. A broken line indicates the Shine-Dalgarno (SD) sequence. Horizontal arrows indicate inverted repeats. The HinfI 
site at position 1,426 of this sequence is the same as the HinfI site at position -378 of the sequence reported previously (Sugita 
et al. 1985) 
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Fig. 3. Comparison between the amino acid sequence deduced from ORF~4+ORFvl (CS16) and that of Escherichia coli S16 (ES16). 
Identical amino acid residues are in solid boxes. Boxes with broken lines indicate conservative replacements (D/E, K/R, S/T, L/I/M/V). 
Common secondary structures, alpha helix (coils), beta sheet ( ~ )  and reverse turn (I---7), are shown over the amino acid sequences. 
A triangle indicates the intron site in rps16 

1983). Complex secondary structures may be necessary for 
excising the group II  introns. 

Group 111 introns (Sugita et al. 1985; this paper).  Int rons  
of  trnG (Deno and Sugiura 1984; Quigley and Weil 1985), 
trnK (Sugita et al. 1985), rpl2 (Zurawski  et al. 1984), rps12 
(Hallick et al. 1985), atpF (Bird et al. 1985) and rps16 (this 
paper)  have conserved sequences at  their boundar ies  

(Fig. 4). I f  the in t ron site of  trn V, the gene for t R N A  TM 

(UAC) (Deno et al. 1982; Krebbers  et al. 1984; Zurawski  
and Clegg 1984), is shifted one base (to posi t ion 38/39) 
from the posi t ion suggested (Deno et al. 1982), its possible 
intron boundary  sequence aligns well with the above se- 
quences. The conserved boundary  sequences of  the group 
III  introns are G T G C G N Y  at the 5' ends and A T C N -  
R Y Y ( N ) Y Y A Y  at the 3' ends (Fig. 4). These conserved 
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Fig. 4. Comparison of exon-intron boundary sequences of chloroplast genes in higher plants. The conserved intron boundary sequences 
of Euglena chloroplast genes (Hallick et al. 1985) and of nuclear protein genes (Cech 1983) are also shown 

boundary sequences resemble those ofEuglena graeilis chlo- 
roplast introns (see Hallick et al. 1985). Moreover,  they re- 
semble the conserved boundary sequences of  nuclear gene 
introns (see Cech 1983). The Group I I I  introns may be 
spliced out by a similar mechanism to that which worked 
for nuclear m R N A  precursors. Recently, Keller and Michel 
(1985) have reported that the introns of  trn V and trnG be- 
long to group II. However, both the 5' and 3' boundary 
sequences of  these introns are quite different from those 
of  trnI and trnA, which belong to group II. On the basis 
of  the boundary sequences of  introns, we think that the 
chloroplast introns can be classified into at least three 
groups and that trn V and trnG belong to group III. 

Expression of  rpsl6 

Northern blot hybridization was carried out to examine 
whether tobacco rps16 containing a long intron is expressed 
in chloroplasts. Total tobacco chloroplast R N A  was elec- 
trophoresed in a 1.2% agarose gel. The R N A  was trans- 
ferred to nylon membrane sheets and hybridized with the 
77 bp HpaII-BamHI fragment (positions --19 to 58) con- 
taining the 5' exon, the 448 bp BamHI + 282 bp BamHI- 
EcoRI fragments (positions 59 to 789) containing the in- 
tron, and the 480 bp EcoRI fragment (positions 790 to 
1,269) containing the 3' exon. These three D N A  fragments 
hybridized to an R N A  band of  about  1.3 kb (Fig. 5). F rom 
its size, the 1.3 kb R N A  should be an unspliced precursor 
RNA.  The D N A  fragments containing the 5' and 3' exon 
also hybridized to 0.4 kb RNA,  indicating that the 1.3 kb 
precursor is processed to the mature 0.4 kb RNA.  The 
D N A  fragments containing the intron also hybridized to 
0.9 kb R N A  which should be the spliced-out intron se- 
quence. T h e  D N A  fragments containing the intron and 3' 
exon hybridized to additional 0.7 and 0.5 kb RNAs.  These 
RNAs  may be processing intermediates. It is interesting 
that the ratio of  0.4 kb to 1.3 kb R N A  is higher in the 
dark than under light (Fig. 5). The rate o f  transcription 

Fig. 5. Detection of precursor and mature mRNA molecules for 
CS16. Autoradiographs of RNA blots of tobacco chloroplast RNA 
hybridized with 32p-labelled 480 bp EcoRI fragment (lane a), 
448 bp BamHI + 282 bp BamHI EcoRI fragments (lane b) and 
77 bp HpaII-BamHI fragment (lane c). RNA samples were extract- 
ed from leaves grown under light (L) or in the dark (D). Size 
markers are Escherichia call 23S, 16S, 5S and 4S RNAs. The lower 
part indicates the location of the DNA probes used. Exons are 
shown asfilled boxes and an intron as an open box. Arrows indicate 
the major RNA species detected 

is generally expected to be higher under light. It is suggested 
that splicing is the rate-limiting step in rps16 expression. 

The "Pr ibnow box"-like sequences T A T G G T  positions 
-- 85 to -- 80) and C A T A A T  (positions --41 to -- 36), and 



the " - 3 5  region"-like sequences T A G A T A  (positions 
- 1 0 8  to - 1 0 3 )  and A T G A C T  (positions - 5 8  to - 5 3 )  
were found in the region upstream of the 5' exon (Fig. 2). 
Two inverted repeated sequences (positions 1,153 to 1,198) 
were found in the region downstream of the 3' exon. These 
structures may be transcriptional init iation and termination 
signals for rpsl6. The distance between these two structures 
is about  1.3 kb, which agrees well with the size of an rps16 
transcript detected by Northern blot hybridization. 
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