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Coding sequences for chloroplast ribosomal protein S12
from the liverwort, Marchantia polymorpha, are separated
far apart on the different DNA strands
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During the nucleotide sequencing of chloroplast DNA from the liverwort, M. polymorpha, we found that

a coding sequence corresponding to the Esherichia coli ribosomal protein $12 gene (rps12) is split into three

exons. Strikingly, the first exon with the 5’-intron boundary sequence was found on the opposite strand

of the chloroplast DNA (120 kilobases long, circular molecules) approx. 60 kilobases away from the rest

of the exons. The amino acid sequence deduced from the DNA sequence was highly homologous to the

sequences of the S12 ribosomal protein of E. coli (70.2%), and Euglena gracilis chloroplasts (73.6%). Possible
mechanisms for the expression of this split gene are discussed.

Chloroplast

1. INTRODUCTION

Introns (intervening sequences) in a chloroplast
RNA gene have been reported: the 23 S rRNA
gene of Chlamydomonas reinhardii {1}; the tRNA
genes, tral{GAU) and trnA(UGC), in the
16 S—-23 S rDNA spacer region of Zea mays [2]
and Nicotiana tgbgcum [3]; as well as the
chloroplast tRNA genes rnl{UAA) [4,5],
truK(UUU) [6], traGUCC) {7,8] and irnV(UAC)
[9-11]. Introns within a chloroplast protein gene
have also been reported in several genes of Euglena
gracilis; for the large subunit of ribu-
lose-1,5-bisphosphate carboxylase (rbcL) [12], the
elongation factor Tu (fufA) [13], and the 32 kDa
protein (psbA) [14,15]. The gene for the 32-kDa
protein of C. reinhardii also has introns [16] as
does the gene for the H*-ATPase subunit 1 (azpF)
of wheat [17). Zurawski et al. [18] reported that
the chloroplast ribosomal protein L2 (7p22) in N.
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debneyi has a single intron. We have also detected
several genes with introns in the chloroplast DNA
from the liverwort, Marchantia polymorpha
(unpublished).

Recently, Hallick et al. [19] reported that the
reading frame of the ribosomal protein 8§12 in N.
tabacum is interrupted by two introns, but de-
scribed only the second one. During nucleotide se-
quencing of chloroplast DNA from the liverwort,
M. polymorpha, however, we found the first exon
with the 5'-intron boundary sequence on the op-
posite strand of the chloroplast DNA. Here, we
present the complex structure of the putative gene
for chloroplast ribosomal protein S12 from M,
polymorpha which has 3 exons split into different
DNA strands.

2. MATERIALS AND METHODS

Chloroplasts were prepared from cell suspension
cultures of M. polymorpha as in [20]. Chloroplast
DNA fragments, the BemHI (Ball) and Bg/ll
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(Bg5) fragments, were cloned into the respective
plasmids, pBR322 and pKC7, as described in {21].
A physical map of the chloroplast DNA for
BamHI fragments has been described in [22,23].
The location of the Bg5 fragment on that map was
determined by restriction analysis and Southern
hybridization (fig.1). For DNA sequencing, the
recombinant plasmids were sonicated and cloned
randomly into the Hincll site of the M13mp18 vec-
tor as described in [24]. Recombinant phages con-
taining chloroplast DNA fragments were selected
by filter hybridization with *2P-labeled chloroplast
DNA [25]. DNA sequencing was done by the
dideoxy method [26] then analyzed by a computer
(Hitachi DNASIS system).

3. RESULTS AND DISCUSSION

We first identified a coding region for ribosomal
protein S12 on the BamHI fragment (Ball) using
Southern hybridization with an Eu. gracilis probe

Fig.1. Locations of coding regions for chloroplast
ribosomal protein S12 on maps of chloroplast DNA
from the liverwort, M. polymorpha. Exon 1 (rps12A)
was located on the Bg/II fragment (Bg5); the direction of
its transcription was clockwise (arrow). By contrast,
exons 2 and 3 (rps12B and C) were found on the BamHI
fragment (Ball), their transcription being in the
opposite direction from that of exon 1 (arrow). rpsl2,
rps1 and rpl20: respective genes of ribosomal proteins
S12, S7 and L20. The site of the large subunit gene
(rbcL) for ribulose-1,5-bisphosphate carboxylase is
shown. IR and IR indicate a set of inverted repeats,
and SSC and LSC the small single copy and large single
copy regions.
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(provided by Drs Montandon and Stutz [27]). The
Ball fragment was mapped at the junction be-
tween the inverted repeat (IR,) and the large single
copy (LSC) region (fig.1). DNA sequence analysis
revealed, however, that the sequence for the N-
terminal 38 amino acids of the protein was missing
in this coding region.

We searched our nucleotide sequence data files
for the missing N-terminal 38-amino-acid sequence
and found it on the Bg/II fragment (BgS) approx.
60 kilobases away on the opposite DNA strand
(fig.1). Complete nucleotide sequences of the
coding regions for ribosomal protein S12, rpsi2A
and rps12B-C, including the flanking regions, are
shown in fig.2. Exons 1 and 2 were followed by a
consensus sequence (GTGCG) of the 5'-boundary
regions of the introns found in chloroplast genes
[6,19]. We also found a much conserved consensus
sequence, AAGCCG..TGAA...AAA...TCA.G-
T.CGGTTT, in the introns 75 nucleotides
upstream from exon 2 and 61 nucleotides upstream
from exon 3. This consensus sequence has been
present in all the introns found so far in
chloroplast genes of Eu. gracilis [14]. A ‘con-
necting’ helix (underlined with arrows, fig.2B) is
formed 2—3 nucleotides upstream from the exons
in the 3’-intron boundary regions [14].

The gene organizations deduced from DNA se-
quences near coding regions for ribosomal protein
S12 are shown in fig.3. Open reading frames cor-
responding to the ribosomal proteins S7 and L20
were identified by their amino acid sequence
homologies, 42.6 and 44.4%, for the respective E.
coli ribosomal proteins [28,29]. We reported
earlier that the chloroplast ribosomal protein S14
from M. polymorpha has 45.0% homology to that
of E. coli [23]. By contrast, the amino acid se-
quence of chloroplast ribosomal protein S12 from
M. polymorpha showed markedly higher
homologies, 73.6% to that of Fu. gracilis [27] and
70.2% to that of E. coli [29] (fig.4). The amino
acid sequence of ribosomal protein S12 from M.
polymorpha near the splicing junctions (ar-
rowheads, fig.4) showed an even higher homology
to sequences from Eu. gracilis and E. coli, both of
which have no intron [27,29]. This highly con-
served amino acid sequence suggests that the
chloroplast ribosomal protein S12 may play an
essential part in the ribosomal function during pro-
tein synthesis in chloroplasts.
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A

ORF 80
CAAAACTTTATGGTATTGTAGACTTAGTTGCTATAGAAAACAATTCTACTATTAAAAATITAGTTTTTAAACAAAAAAATTTTATTTGTTATGGTTAGGTT 100
E K L ¥ 6 I V D L V A I E N N S§ T I K NJ**

rps12A(Exon 1)

TATCCAAACTAAAAAATTTTGCATATAAGTTACAATGCCTACTATTCAACAATTAATTAGAAATAAAAGACAACCCATCGAAAATAGAACAAAATCACCA 200
M P T 1 Q QL I RN K R OQP I ENUZRTK s P

GCCCTTAAAGGATGCCCTCAACGTAGAGGAGTATGTACTAGAGTGTATIGTGCGACTTGTTTAAATCAAAAACGTTAAAAATTTAAAGATCAAAATTGCAT 300
A L K G C P QR R GV C TR V Y| sintron

AAAAATTTTTTTATTTTAATAACGTAAAGATATAGTATCTATTGTTGTTTAGATACAATTTATAGTTTCCTTTGGTGCAAATCCAATCATCTTAAGTTTA 400
GGATAGAAAACCATTTCTCAAAGGGTAGCGACTGATTCTCAATCCCTTAAGCGAGAAATTTTATTAAAAAATTTTTGCATAATATAATATTACTTATATA 500
ACCGTAAAAACGAAACTGAACGGTCAGCTATTCAGCGAACCTTCAAATAACATGCCGTTAATTAATAAAAAAAACATTTTTGAAGCTTTTTTTAGGTGTT 600
TCATTAATAAAAAAGGCTTCAATCAGAAATTATACAAATAACTGATATTATCAATATATATTATATATTACAAGCTTCGGTATATAGAAAGGACCTATTC 700
GTTGAAGGAGAAACTATAGAAACAAAGGAATGCATAATTTTTCTTAGTTAAAGGTCCTATCCCTTAATTACTAAGAAGGTATCATACCTAAAAAAATTAT 800
TATTAAGGAAGGTTATAGTAGCAAATGCTTTTGGTATTTTTTTTTTATACATAAGAAAACGAAGAAATTTTTTATAGCAATCTAAGAAAATAAAATAAAA 900

CTTTTTTATTATAAAAATTGTAGATTATAGTAAGCAACTGCAATAAAAAATATTTATTGAAAATCGATGTTTTGATATAAAAAAATACACACACACAAAT 1000
rpl 20

TTTTGAATAATTAAAACGAGTATATACAGCjATGACTAGAGTTAAACGTGGTTATGTAGCACGAAAACGGCGTAAAAATATTCTTACGCTTACATCTGGA 1100

M T R V X R G Y Vv A R KRR KNI L T L T S G

TTTCAAGGAACTCATTCGAAACTTTTTAGAACTGCTAATCAACAAGGAATGAGAGCATTAGCATCATCTCATCGCGATAGAGGTAAACGAAAAAGAAATC 1200
F Q G T H § K L F R T A N Q Q G M Q A L A S S HR DR G K R K R N

B s JLA

-10
TCAAATTTTTATGTTAAAAAAATACATATAGAAGAAAAAAAGAAAAATAATTGATTGAATTTAAGAAATAAAATGTTATAAACTATAATCATTTGAACGA 100
rps12B(Exon 2)
3 my
GAAGCCGTATGAAATGAAAATATCAAGTACGGTTTTGTAAAGTGACAATTTAGGTAACTTATTTGTCAACTTTTCCACTACAACACCAAAAAAACCAAA 200
I intron * —> — < = frr TP K K PN
TCTGCCTTACGAAAAATAGCTCGAGTTAGACTAACCTCTGGATTTGAAATTACTGCATATATTCCAGGTATTGGCCATAATTTGCAAGAACATTCAGTTG 300
S A L R K I A R V R L T 8§ G F E I T A Y I P G I G H N L Q E H § V
TTTTGGTAAGAGGAGGAAGGGTCAAAGATTTACCTGGTGTAAGATATCATATTATTAGAGGAACACTGGATGCTGTAGGAGTAAAAGATCGTCAACAAGG 400
vV L V R 6 G R V K DL P G V R Y H I I R G T L D A V G V K D R Q QO G
GCGTTCTAGTGCGTTGTATATTATAATCTATTAAAATGTATCATTTTAGATACCTAATTTATTGCTGATAATATGTAAAAAATAGCTAACCAGTGATTAA 500
GTCCG

R_S |5 intron
AATTTACATTTTAAAACGGAAAAAAAGCAGGCTATATGTATATAAAATAAAATAAAATATTATCTATATTATATACTATACAATATCTAGGGTTI'TATTT 600
ATAGTTAAAATAAAAATTTAAGTTTTCCCTTACTTTTTAATTCAAAATAAAAAAAATTTTACTTTTTTAGAACAAGTTAAAATAAATAGCAAAAATAAAA 700
AAATTTATTTTTATACAATATTTTTATAAATAAACCTAAGGATTTTTTATTTAACGATTATAAAATACAAGATTTCCAATAGTAAAACACTGGAAACGGA 800
TACTCAATTAAAACTGAGTAAACATCAATAAAATTAAACGATGTAAAAAGCCGTATTCGTTGAAAATCGGATGTACGGTTTGGAGGGAGATAAAAAAATC 900

rps12C(Exon 3) Fintron 7ps1

CACCCTA TATGGAGTAAAAAAGTC AAATTTAAAATAACTCTTAAATAAAAAAATTAACTTTAATTATTTATTATTRTGTCACGTAAAAGTAT 1000

. Y G V K K § K Pp** M S R K S 1

TGCAGAAAAACAAGTTGCAAAACCTGATCCAATATATCGGAATCGATTAGTTAATATGTTAGTTAATCGTATTTTAAAAAATGGAAAAAAATCATTAGCT 1100
A E K Q VvV A K P D P I Y R NRL V NML V N R I L KNGIK K S L A

Fig.2. Complete nucleotide sequences near exon 1 (A), and exons 2 and 3 (B) of the rps12 gene. The exons are boxed,

and the consensus sequences of their 5'-intron boundary regions, as well as those of the near 3’-intron boundary

regions, underlined. Connecting helices are shown by underlining arrows. J14 denotes the junction of an inverted repeat
(IR4) and a large single copy region (LSC). Amino acids are expressed using the one-letter code.
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Fig.3. Gene organizations near the rpsi2 gene in exon |

{A) and exons 2 and 3 (B). Arrows indicate the direction

of transcription. rps12, rps7 and rpi20 as in fig.1. pshbB,

gene for the P680 protein in photosystem II. Jia,

junction of an inverted repeat (IR) and a large single
copy region (LSC).

Two possible open reading frames (ORF80 and
ORF47) were detected further upstream from exon
1 (fig.3A). Exon 1 of ribosomal protein S12 with
the 5'-intron boundary sequence was followed by
a coding sequence of ribosomal protein L20 (figs
2A,3A). Following the coding region of ribosomal
protein S12 in exon 3 is a ribosomal protein S7
coding region in exon 3 (figs 2B,3B). Close linkage
of ribosomal protein S7 and S12 genes also exists
in Eu. gracilis [27] and E. coli [29].

Transcription for exons 2 and 3, as well as for
the ribosomal protein S7 gene, is initiated by a
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+ +
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typical prokaryotic promoter sequence (~ 35 and
— 10 regions) found upstream (fig.2B). S; map-
pings showed that this promoter was highly active
in chloroplasts as well as in E. coli {30]. Northern
hybridizations also showed the active transcription
for exon 1 (not shown). If the split gene described
here provides active mRNA, there must be a re-
joining of exons at the RNA or DNA level. Results
of S; mappings and Northern hybridizations sug-
gest transcription units for exons 2 and 3 that are
independent of the unit for exon 1. Therefore, ac-
tive mRNA for ribosomal protein S12 probably is
formed post-transcriptionally by a mechanism
such as that of trans-splicing described in [31,32].
An investigation of the transcription and splicing
mechanisms for the split gene described here is
now in progress.
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Fig.4. Amino acid sequences for the ribosomal protein S12 from M. polymorpha compared with those from E. coli
and Eu. gracilis. Vertical arrowheads indicate sites of splicing junctions in the ribosomal protein S12 from M.
polymorpha. Asterisks denote amino acids that are identical between the two proteins. Amino acids are expressed in
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