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Summary 

The map location and nucleotide sequence of the genes for the $4 ribosomal protein (rps4) and for 
tRNA xhr (UGU) (trnT) and tRNA ser (GGA) (trnS) on spinach chloroplast DNA have been determined, rps4 
lies approximately 5 kb 3' to atpBE in the large single copy region and is transcribed in the same direction 

t a "  as atpBE. It has a 178 bp leader sequence, a 603 bp coding region and 620 bp 3~t jJ: The sequence of the 
coding region is 83°70 homologous with that of maize rps4 (29) and the deduced amino acid sequences from 
the two species are 7% homologous. The spinach and Escherichia coli $4 proteins are only 36% homologous. 
As in the case of maize, trnT lies upstream from, and on the same strand as rps4 whereas trnS lies down- 
stream and on the opposite strand. Transcription of rps4 apparently proceeds past trnS. 

Introduction 

Approximately one third of the 55 or so chlo- 
roplast ribosomal proteins are synthesised in isolat- 
ed chloroplasts (4, 6, 9, 19, 23) and are presumed 
to be encoded in the organelle genome. Genes for 
the S19 protein of tobacco (30) and Viciafaba (26), 
for the S19 and L2 proteins of spinach and Nico- 
tiana debneyi (36), for the $4 protein of maize (29), 
for the S14 protein of Marchantia polymorpha (31) 
and for the $7 and S12 proteins of Euglena gracilis 
chloroplasts (16) have been mapped precisely and 
their sequences determined. Other genes, e.g. for 
the L24 and L25 proteins of spinach (3) and for the 
L28 protein of Spirodela oligorhiza (18), have been 
approximately mapped on the chloroplast genome. 
Evidence so far indicates that the genes are dis- 
persed around the 150 kb-DNA. 

The assembled ribosome contains equimolar 
amounts of most of the constituent proteins and 
therefore it is likely that expression of the 
ribosomal protein genes is coordinated. In the ab- 

sence of a suitable in vivo system for studying the 
regulation of chloroplast gene expression, the iden- 
tification of putative regulatory sequences may be 
approached by comparing the 5' flanking se- 
quences of a number of these genes. The limited se- 
quence data available has precluded the identifica- 
tion of such conserved regulatory sequences. We 
are therefore accumulating DNA sequence data on 
chloroplast ribosomal protein genes from a single 
species, Spinacia oleracea. In this paper we present 
the sequence of the rps4 gene and of the genes for 
tRNA ser (GGA) and tRNA TM (UGU) which, as in 
the case of maize (29), flank rps4. 

Materials and methods 

The recombinant plasmid pSocB149 (32), con- 
taining the 11 kb BamHI fragment 3 of spinach 
chloroplast DNA, was restricted with BamH1 and 
Sail and the 2.9 kb BamHI-SalI fragment (Fig. 1A) 
subcloned into pUC8. Smaller fragments for se- 
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dideoxynucleotide chain-termination method (21) 
and by the chemical cleavage method 05). Single- 
stranded DNA probes for $1 nuclease mapping ex- 
periments (1) were prepared as described below 
(12). Spinach leaf RNA (50 to 200 #g) was ethanol 
precipitated with 5 × 104 to 2× 105 Cerenkov cpm of 
the single-stranded probe and 2 #g sonicated salm- 
on sperm DNA, resuspended in 20 /~l 50% 
deionised formamide, 0.5 M NaCl, 1 mM EDTA, 
40 mM PIPES pH 6.4 buffer and incubated at 42 ° 
for 15 h. Ice-cold S1 buffer (200 #I of 30 mM sodi- 
um acetate, pH 4.5, 250 mM NaCl, 1 mM ZnSO4, 
5°70 glycerol) was added together with $1 nuclease 
(10 units per/~g RNA) and incubated for 30 min at 
37 °C. After phenol extraction the ethanol precipi- 
tated nucleic acid was resuspended in 4 #l 10 mM 
Tris-HC1, pH 8.0, 1 mM EDTA and 4/A formamide 
containing 0.1°70 Bromophenol Blue and Xylene 
Cyanol FE The samples were placed in a boiling 
water bath for 3 min and loaded onto a 6°70 poly- 
acrylamide/8 M urea sequencing gel. 

B t_~.r . . . . . . .  ,_pp4 . . . . . .  t j_. _s 
O 500 1OOO ;SOO 2000 2500 ba 

~ ltl Xba I xb= I Sin= I EcoRt 8=m H~ 

Fig. 1. Location of the genes for the $4 ribosomal protein 
(rps4), and for tRNA TM (trnT) and tRNA s" (trnS) on spinach 
chloroplast DNA. A. Sall/PstI restriction map of spinach chlo- 
roplast DNA (10) showing the position of BamHI fragment 3. 
The arrows indicate the direction of transcription of the various 
genes. B. Sequencing strategy for the 2.5 kb BglII-BamHI frag- 
ment from the right-hand end of BamHl fragment 3. Black bars 
indicate the positions of trnT, rps4 and trn5. The arrow com- 
mencing with a filled circle denotes that the fragment was 5' 
end labeled with h,n-P]ATP and sequenced by the Maxam and 
Gilbert method (15). All other fragments were sequenced as in- 
dicated by the arrows by the dideoxynucleotide chain termina- 
tion method (21). All sequences were determined at least twice 
except for one region of 100 bp. 

quencing were subcloned into M13mpl8 and mpl9. 
Plasmid DNA was purified from bacterial lysates 
by ethidium bromide-CsC1 density gradient cen- 
trifugation (14). Total spinach leaf RNA was ex- 
tracted from leaves 2 to 3 cm long and from very 
young leaves (< 0.5 cm in length) by the SDS- 
phenol method (34). RNA was separated from 
DNA by precipitation with 2 M lithium acetate. 

Nucleotide sequences were determined by the 

Results and discussion 

The relative location of many of the genes on the 
spinach and maize chloroplast genomes is the 
same. Thus we anticipated that the gene for the 
spinach chloroplast ribosomal $4 protein (rps4) 
might lie in the centre of the large single-copy re- 
gion, approximately 5 kb downstream from the end 
of atpBE (35), as it does in maize (29). This would 
place it on BamHI fragment 3 at the end opposite 
to rbcL (Fig. 1A). The sequence of a 2.5 kb BgllI- 
BamHI fragment derived from BamHI fragment 3 
was determined as indicated in Fig. lB. It contained 
a single, major open reading frame of 603 bp 
(nucleotides 1120 to 1722, Fig. 2), the orientation of 
which was the same as that of atpBE. Comparison 
of this nucleotide sequence with that of maize rps4 
(29) showed the two be very similar (83070 homolo- 
gy, Fig. 2) and we concluded that this open reading 
frame was the spinach equivalent of the maize 
gene. Most (50°7o) of the differences that occur be- 
tween them are in the third position of the codons, 
the rest are distributed equally between the first 
and second positions. 

Downstream from rps4 the homology between 
the spinach and maize sequences drops sharply 
(Fig. 2). Upstream for 50 to 60 bp there is signifi- 
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50 100 
AGATcTCcGTGTCATGT•CTTc•cTTTTATTCTTTCATTTcTGAcGGAAc••TcGAATTAATTcGATTTAATATGGCTTACTATACcGAAAAATGCTT•cTCcTTTTTcATTTTTTGT•T 

150 200 
ATCTTCTTG•ATTTATATcAGATTTGATTTTGT•TAATCAGACCTGATTcTATcATTTcTGTAG•TAcAATT•AATATAGAGGGATATATAcCATATATATccTccGTcccGTT•ATTTT 

250 300 350 
CCCGTGCAATTTTTAATACTCAAACGGTCGATTCTTTTTTTGTTAT•ATCATCTACGAATGCAAGCAGAAGAATAT•TTATTATGTTAATATAAT•CGGAGTTCATCTTTCTCAATT•TA 

400 450 
ATTTTTTTATTTCTATTTTA/~TGAATTTGAAAATTCATAGCTCTACAAAAAAGAGAATATATAATTTCTAAATCGAATTGTTCTAGACGAAAAATATTTTATAATGTATAGAATATACA 

500 550 600 
TAGAGATAAATAAA~TAAATTAAATATTTcTATTcATTTGTTATTTGATTTCAAATATTTATTTGAAATTCATATATATAAAGAATAAAAATGAATAAG~CTAAAACTAAAATATAGTGT 

t rnT  §~O 700 
•AGTGCATGTATAATTT•TGGG/••C•CGCTTAGCTCAGAGGTTAGAGCATCGCATTTGTAATGCGATGGTCATCGGTTCGAGTCCGATAGCCGGC]1TTTTTCTATTTTTCTTTGTT•TTT 

750 800 
AGATATATTTTTATCTTATTTGAAATCGAAGA•CAAAGAAAATAATAAGGGTGCTTTTC•CTT•TTTAAAACAATCTATTATGTCGTAGCAACTTACAA•TAGGAAGAAAAGGAAAAGCA 

850 900 ~ 950 
A~GGTTCAATCTCGGCAGATCAAATCCGGAAAAACTCTTTCTTTTCCTTTTTTTTTTACTTACATATTGTAATACAAAAATATATAATATATAAAAAGGTTTGTATATTAATGTATATA 

1000 1050 
CAATCCATTTCATTGGAATCCAACACTTCCA/~TCCAACATTTCAGGGGATTTCGTTTCATTTATCATTTAGTTCAGTTTTAATTTAGGGTTTTTTGTAAAATGGAATATATATATATAT 

r p s 4  . . . . . .  G A T TG 

1100 / 115p 1200 
AAATAGAAATAAAGAAAATA/~a~TAAA~AAA~GAGTCTT~]]ATGT~G~TTA~CGAGGG~T~GTTTCAA/~AATA~T~TA~GA~CTTTA~T~GACTAA~TAATAAAA~TAGA 
TGTA A TGA TTTC AT A C] C T A ~ G A C GA C A 

i 1250 1300 
GCCGGAAGTGATCTTAGAAACCAAT~A~GTTCcGGGAAAAGATCT~AATATCGTATTCGTCTAGAAGAA/t~AAAAATTGCGTTTTCATTATGGTATTACAGAACGACAATTACTTAAA 
IT A AG A GA TC A T A GAG TC .~L~ G C G G 

1350 ,~ ~400 
rACGTTCGTATCGCCAGAAAAGCCAAAGGGTCAA~AGGT~AGGTTTTACTACAATTACTTGAAATGCGTT~GGATAATATCCTTTTTCGATTGGGCATGGCTC~GACTATTCCTGGAGC~ 

T A A TG A A A C T T A C G 

1450 1500 1550 
GCCAATTAGTTAACCATAGACATATTTTAGTTAACGGCCGCATAGTAGATATACCAAGTTATCGTTGCAAACCCCAAGATACTATTATGGCGAGGGATGAACAAAAATCCATAGCTCTA 

A T T T T C T G T CTA A A C CG A A CG T G 

1600 1650 
•TT•AAAATTCTCTTGATTTATCCCCCCGCGAGGAATTACCCAAACATTTGACTCTTAACCCATTCCCATATAAAGGATTAGTTAAT•AAATAATAGATAGTAAGTGGGTCGGTTTAAAA 

A A C C GAT CG GCA A G GG G A G A C A AA TC G C C 

1700 [ 1750 1800 
I/U~̀TGAATTACTAGTGGTAGAATATTATTCTCGTCAGACGTAG[CCCTAAATAAAATAGAGAGCAAAGGTTACGGTTTCGTACAATTTGGCCCCTTTATTTTTCCAAAGTAAAATAAAA 

G GT T C T G~ T CG A GA AGGTTCA AGAAT TT C CC CCC TTTCCCCGAAC . . . . . . .  

1850 1900 
TGACTTAAGGGTCAAAGTCAGGGGTTTGACCCAGATTTTCTCCCACTTATATATTCTATCCCATCCCGGGTTTTTCCTATTCATGTATCCTAGATTGGCAGAAAGATTTTCACTCCTTCC 

1950 2000 
TTGTCTATT•TTTTATTTCCAGTATTTTAGGTATCGTAACAATGCGAAATAGAAGAAATATACATAAAAAAAAAAGAAGGATCTAACTCTTATGTTCTAAAGTATTTCTTGTTGTTTGAT 

2050 2100 2150 
TTGTTACAGTTCGAAATGTTGGCGAATTCAATTAGGTGAAAGTAAAGTACGGAAAGAGAGGGATTCGAACCCTCGGTA/~CAAAAGCCTACATAGCAGTTCCAATGCTACACCTTCAACC 

~CCTTTCTCTCCCTAAGCTTGGGAGC~ATTTGTTTTCGGATGTATCGTCAAGGTTACGATGTGGAAGTTGG 

2200 2250 
ACTCGGCCATCTCT•CTACACAATGATTATGACTCAGAAACCGAAGAAATAG•GAGCCATTCTTATAGTTTATATTTTTAAGTATGA•TAG•ACTAACGCTATAACTAATAATATAACGA 
TGAGCCGGTAGAGAG~ 

t rnS 2300 H~ 2350 2400 
ATAGTAATAAGGTATTTTTTCTAAAAAATATTTCCTCGTAGGATTTAATTAAAATAAAAAACAAGTTTT•CTTGTGAAAGGATATATATGGATTCATATTTGCGAAGATGATGCTCCTAT 

2450 2500 
C~TTTAATTTTTCTATATCCGATATTTCCATGTATACCGGATTCGATCAATTAATTGAAATGAATCAACGGATTGATGGGTTTATGTTTTTTAGATTATAGAATCGATAATTAATGGATC 

Fig. 2. Nucleotide sequence of the 2.5 kb Bglll-BamHI fragment  from BamHI fragment  3 o f  spinach chloroplast DNA.  Only the se- 
quence of  the mRNA-like strand is given. Part  of  the sequence (1070 to 1783) is compared with the published sequence of  rps4 f rom 
maize chloroplast DNA (29), only those nucleotides which are different being shown below the spinach sequence. No at tempt is made 
to compare the spinach and maize sequences outside the 1070-  1783 coordinates because the homology is so weak. The open reading 
frame of rps4 is enclosed in the large box. A ribosome binding site at -6 to -12 with reference to the A T G  codon is overlined. A '-35 
region' and two possible '-10 regions'  with respect to the 5 '  end of  the rps4 transcript (arrows at positions 9 4 2 -  943) are underlined. 
The 3'  end of the rps4 transcript is indicated by arrows (positions 2 3 3 9 -  2341). A region of dyad symmetry 3'  to rps4 is underlined 
with inverted arrows, trnT is boxed, as is also trnS which is on the opposite strand. 
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cant homology (60%) but beyond that point the 
two sequences diverge. As in maize, the sequence 
AAAGGAG occurs 5 bp proximal to the initiation 
codon. This sequence is complementary to the se- 
quence at the 3' end of maize chloroplast 16S 
rRNA (24) and, by analogy with the E. coli system 
(25), may be considered to be a strong ribosome 
binding site. 

In Figure 3 the deduced 201 amino acid se- 
quences of spinach and maize (29) chloroplast rps4 
are compared with the sequence of the $4 protein 
of E. coli ribosomes (22). Of the amino acids in the 
spinach protein, 154 are identical in maize (77% 
homology). Most of the differences occur in the 
regions between residues 23 and 42 and between 
133 and 179. The homology between the spinach 
and E. coli proteins (36%) is about the same as that 
between the maize and E. coli proteins (39%) (29). 
The spinach protein has a deduced molecular 
weight of 22 906 and its overall amino acid compo- 
sition is very similar to that of the maize and the 
E. coli proteins. The excess of basic over acidic ami- 
no acids (28 for spinach compared to 33 for maize 
and 21 for E. coh) is a characteristic feature of most 
ribosomal proteins. 

Analysis o f  the rps4 transcript 

Northern blot analysis of chloroplast and total 
leaf RNAs with labeled restriction fragments inter- 
nal to rps4 showed a number of faintly hybridising 

bands all of which corresponded to one or other of 
the various ribosomal RNAs or their major degra- 
dation products (data not shown). As these bands 
were detectable with either plus- or minus-strand 
probes they could only be considered artifacts. A 
transcript of rps4 would remain undetected if it 
coincided with one of these bands and was of low 
abundance so we defined the 5' and 3' extremities 
of the mRNA by S1 mapping experiments. 

5' terminus. Preliminary S1 mapping experiments 
indicated that the 5' end of rps4 was approximately 
180 bp upstream from the initiation codon. This 
site was determined more precisely using a 32p_ 
labeled single-stranded probe (12) prepared by ex- 
tending a synthetic oligonucleotide complementary 
to nucleotides 995-1015 (Fig. 2) on the 817 bp XbaI 
fragment (444-1260) cloned into M13mpl9. The ex- 
tended primer was cut with AhalII (i.e. at position 
787) and the 227-nucleotide, single-stranded frag- 
ment (including the 21-residue primer) was isolated 
by electrophoresis on a denaturing polyacrylamide 
gel. 

When this probe was hybridized to total RNA ei- 
ther from young leaves (2-3 cm) or from very young 
leaves (< 3 mm) and digested with SI nuclease, a 
fragment 73-74 nucleotides long was left intact 
(Fig. 4A). The predominant rps4 transcript there- 
fore has a 5' end at position 943-944 (Fig. 2) and 
a 5' leader sequence of 177-178 nucleotides. As 
there was also some full-length protected probe and 
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Fig. 3. Comparison of the amino acid sequences of the $4 ribosomal proteins from spinach and maize (29) chloroplasts and E. coti 
(22). Gaps have been introduced into the sequences in order to maximise homology. Identical residues are enclosed in boxes. Number- 
ing refers to the spinach sequence. 



the amount  was greater with RNA from very young 
leaves than with RNA from older leaves (Fig. 4A, 
lanes 1 and 2), it is possible that transcription of 
rps4 initiates further upstream and that the 5' end 
corresponding to the 943-944 position is the result 
of  processing. Variable, developmentally- 
dependent processing of  a long initial transcript 
would also account for the minor fragment about 
200 nucleotides long protected by RNA from very 
young leaves but not by RNA from older leaves 
(Fig. 4A, lanes 1 and 2). Attemps to identify by S1 
mapping another 5'  end further upstream, other 
than that of  the mature tRNA TM, were unsuccess- 
ful. 

It is, of  course, also possible that the transcripts 

Fig. 4. S1 mapping of the rps4 transcript. A. Analysis of the 5' 
end. Spinach total RNA (50 t~g) from very young (lane 1) or 
young (lane 2) leaves was hybridized to 5 × 104 Cerenkov cpm 
of a 3zP-labeled 227-nucleotide single-stranded probe 
(788-1015, see Text and Fig_. 2) and then digested with S1 
nuclease. Digestion of the probe without hybridization to RNA 
is shown in lane 3 and undigested probe is run in lane 4. The 
sequencing ladder (tracks GATC) was derived from a different 
fragment of spinach chloroplast DNA. B. Analysis of the 3' 
end. Total RNA (200 gg) from young leaves (lanes 3 and 4) was 
hybridized to 2× 105 Cerenkov cpm of a 3zP-labeled 
572-nucleotide single-stranded probe (2001 to end of BamHI 
fragment 3, see Text and Fig. 2) and then digested with S1 
nuclease. Digestion of the probe without hybridization to RNA 
is shown in lane 2 and undigested probe is in lane 1. Tracks 
GATC are as for 4A. Numbers give the size of the protected 
band as determined from the sequencing ladder. 
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responsible for the fully protected probe are the re- 
sult of  chloroplast RNA polymerase occasionally 
reading through the transcription termination sig- 
nal of  the upstream trnT gene and that the 943-944 
position is a valid transcription initiation site. In 
support  of  this view it can be noted that the se- 
quences TTGTAA and TATAAA occur 35 bp and 
10 bp respectively upstream from that site (Fig. 2). 
These sequences are similar to the E. coli -35 and 
-10 consensus promoter  sequences (20) and there is 
now ample evidence from in vitro chloroplast sys- 
tems that such sequences function as promoters in 
chloroplast DNA transcription (7, 8, 17). A se- 
quence identical to the E. coli -10 consensus se- 
quence (TATAAT) (20) lies 17 bp upstream from the 
5'  end at position 943-944 but as it is only 9 bp 
from the putative -35 sequences it is unlikely to be 
functional. 

3'  terminus. Transcription termination sites in 
prokaryote genes are frequently preceded by 
regions of  dyad symmetry (20) and similar associa- 
tion has been observed in a number of  chloroplast 
genes (33). A sequence capable of  forming a stem- 
loop structure with a AG (25 °C) of  -16.6 kcal oc- 
curs approximately 100 bp beyond the rps4 stop 
codon (Fig. 2). S1 mapping with probes extending 
more than 250 bp downstream from the stop 
codon, however, showed only full-length protection 
after hybridization to leaf RNA. Further mapping 
was therefore carried out with a single-stranded 
probe prepared from a Sau3A fragment (position 
2517-2000, Fig. 2) cloned into M13mpl9. After syn- 
thesis of  a labeled second strand the DNA was 
digested with SalI which cuts in the polylinker clon- 
ing site of  mpl9 and a 572 nucleotide single- 
stranded fragment, including primer and part of  
the polylinker, was recovered from a preparative 
denaturing acrylamide gel. A 340-342 nucleotide 
fragment of  this probe was protected from S1 
nuclease digestion by hybridization to total leaf 
RNA (Fig. 4B). This corresponded to a transcript 
with a 3'  end at position 2339-2341 (Fig. 2). Some 
fully protected probe (Fig. 4B, lanes 3, 4) was also 
observed, indicating the possible existence of tran- 
scripts extending beyond the end of  BamHI  frag- 
ment 3 or the presence of  a small amount  of  con- 
taminating chloroplast DNA in the total leaf RNA 
preparation. 

Transcription termination or processing at posi- 
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tion 2340 would give a 3' untranslated sequence of 
619 nucleotides, an unusually long 3' tail for a 
chloroplast gene, and a total messenger RNA 
length of  1.4 kb. This 3' end is not preceded by a 
sequence of  dyad symmetry and for transcription 
of  rps4 to reach this point it must pass the gene for 
tRNA set which is on the opposite strand (see be- 
low and Fig. 2). Whether the latter arrangement 
would cause significant cross-interference between 
the transcription of  rps4 and trnS is not known. In 
connection with our failure to detect a specific rps4 
transcript by Northern analysis, it is worth noting 
that a 1.4 kb mRNA would coincide with the major 
artifact band associated with the chloroplast 16S 
ribosomal RNA. 

The t rnT (UGU) gene lies 5' to, and on the same 
strand as rps4 

Examination of  the sequence of the 2.5 kb BgllI- 
BamHI fragment (Fig. 2) showed that the gene for 
tRNA TM (UGU) lies upstream from rps4. It was 
identified by the conserved sequence (GTTCNA) 
common to the T~b loop of  most tRNAs, by the se- 

quence of  the anticodon triplet, and by comparison 
with the maize chloroplast gene (28). As in the case 
of  maize, trnT is on the same strand as rps4 but the 
intergenic distance in spinach (424 bp) is greater 
than it is in maize (319 bp, (29)). The spinach and 
maize sequences differ in 5 positions (93% homol- 
ogy; (Fig. 5A)). Both species are characterized by 
having a mis-matching base-pair (C-C) in the mid- 
dle of  the amino-acyl acceptor stem. This does not 
occur in the equivalent tRNA from Euglena gracilis 
chloroplasts which has an overall level of  homology 
of 82°7o when compared to spinach (13). The 
tRNA TM from E. coli (27) is 75% and that from 
Bacillus subtilis (27) is 69°7o homologous with spin- 
ach tRNA TM. There is no significant homology 
between the two species in the regions 3' and 5' to 
the tRNA TM coding sequence. 

Driesel et al. (5) mapped a tRNA TM gene to the 
region of  the spinach chloroplast genome where we 
have located trnT. This observation together with 
our Northern blotting analysis (data not shown) 
confirms that this trnT gene is expressed in chlo- 
roplasts in vivo. 

tRNAThr 3" tRNASer 3" 
5" U 5" G G 

G.C 
C'G G.C 
C.G A.U 

u-C CT~ A A GA~U 
A u"G. C -u tzA C G'U A 

u u-C. G-A G A A'U U A I AuU • A ..c U 
G A GAcuc G UAGCC uGA G U CUCCC G 
G G./~6~ G---A G G G CCG G;kGGG 

.... C U C CA u GAGC G. U U U AGGIJ C U ,, C 
° u ^u G u u - 

U'A b~j- Ur, I U- G"GG ~ c A" U A,~ - 'J, '  u-C. 
G'C c G'C ~G~"U 

u-C.G C.G ~ 'U  U 
A.U A.U A 

U A U C 

U A U A 

U G U G GA 

A B 

Fig. 5. Clover-leaf representations of spinach chloroplast tRNA TM (A) and tRNA se~ (B) as deduced from the DNA sequence. In both 
figures the arrows indicate nucleotide differences in the analogous maize isoacceptor tRNAs (28). In A, the lines not arrowed show 
the differences in Euglena tRNA TM (UGU) (13), and A at position 20 denotes the absence of that nucleotide in the Euglena tRNA 
(13). 



The trnS (GGA) gene lies 3' to, and on the opposite 
strand to ~ps4 

The gene for tRNA set (GGA) was identified 366 
bp downstream from the rps4 stop codon (Fig. 2) 
by applying the same criteria as were used above to 
identify trnT. It is on the opposite strand to rps4 
and occupies the same relative position with respect 
to rps4 as trnS (GGA) does in maize (29) although 
the intergenic distance is slightly less in maize (281 
bp). There are only 3 differences between the spin- 
ach and maize sequences (95°70 homology, Fig. 5B). 
Outside the coding region of  the mature tRNA ser, 
however, there is little similarity between the two se- 
quences. 

Apart from the spinach and maize genes, trnS 
(GGA) has not been sequenced from any other or- 
ganism. Comparison with trnS (UGA) from spin- 
ach chloroplasts (11) shows that the sequence of the 
D-loop, the Tff stem and loop, and the amino-acyl 
acceptor stem is highly conserved but that the rest 
of  the sequence diverges considerably. Likewise, 
comparison of  spinach trnS (GGA) with trnS 
(GCU) of  Euglena gracilis (13) and tobacco (2) 
chloroplasts and with trnS (UGA) of  E. coli (27) 
shows good conservation of  the D-loop and T~b 
stem and loop but far less similarity elsewhere. 

The gene for tRNA ser has been mapped previ- 
ously (5) to the region of the spinach chloroplast 
genome corresponding to the end of  BamHI frag- 
ment 3. Hybridization of  a probe containing the 
trnS sequence to chloroplast RNA (data not 
shown) confirmed that this trnS gene is transcribed 
in vivo. 

General conclusion 

The sequence of  a third spinach chloroplast 
ribosomal protein gene has now been determined 
and the 5' end of  the transcript identified. It is not 
possible, however, to draw any conclusions with re- 
spect to likely regulatory sequences because the 
transcription initiation site for the only other se- 
quenced spinach ribosomal protein genes, rpl2 and 
rpsl9 (which are co-transcribed) (36), has not yet 
been determined. The low abundance of  mRNAs 
for these proteins makes it difficult to detect specif- 
ic transcripts by Northern blotting and hinders the 
precise mapping of  5' and 3' termini by S1 
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nuclease protection experiments. Nevertheless we 
are confident that as more chloroplast ribosomal 
protein genes are identified and sequenced and a 
concerted effort is made to determine their tran- 
scription initiation sites it will become possible to 
recognize regulatory regions for these genes by se- 
quence comparison. 
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