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INTRODUCTION

The chloroplast is the organelle of plants and green algae that has the
photosynthetic apparatus and its own house keeping machinery. Chloroplasts and
other plastids contain their own autonomously replicating DNA genome that is
composed by double stranded covalently closed circular DNA., In 1960s, DNA molecules
were visualized in chloropiasts by electronmicroscopic analysis (Ris and Plaut 1562,
Sager and Ishida 1963). >In 1976, majze chloroplast DNA was analyzed by restriction
enzymes and physically mapped to be a circle of about 140,000 nucleotide pairs
(Bedbrook et gl. 19#6). This included two-1arge inverted repeat régions {IRp and
IRg) of 22 kb coding for a set of ribosomal RNA genes. These IR regions were
separated by large and small single copy regions (LSC and SSC.régﬁons). - Chloroplast
DNA of.most plants and green algae has chromosomes of this general structure except

for a few legumes (Pisum sativum and Vicia faba) and Euglena gracilis. Pea

chloroplast DNA has no large repeat regions and Euglena gracilis chloroplast DNA has

tandemly repeated regions coding for ribosomal RNA operons. Among chloroplast DNAs
of the inverted repeat type from green p]ants..one of the smallest size is that of

Marchantia polymorpha (721 kb) with 10 kb IR sequences (Ohyama et al. 1983), whereas

that of Chlamydomonas reinhardii is fhe largest (195 kb) with 21 kb IR sequences
(Rochai# and Malnoe 1978).

The majority of proteins present in chloroplasts are encoded by nuclear DNA, but
the rest are encoded by chloroplast DNA and synthesized by the chloroplast
transcription-transiation machingry. The nucleotide sequences of many ch]oropTast
genes from various plant species have been determined-(Crouse et al. 1985). The
first chloroplast gene sequénce to be determined for a chloroplast protein was that
for the Tlarge subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcl)
(Mcintosh et al. 1980). Since that time, a sizable number of plastid genes for

proteins have been sequenced as summarized in Table 1. However, the complete

sequence has not been determined as yet for any species of plants.



Table 1.

Genes for proteins coded by chloroplast genome.

Gene

Protein product Plant source Reference
rbel. Ribulose-~1, 5-bisphosphate Maize Melntosh et al. - 1980
. carboxy]ase/oxygenase Spinach Zurawski et al, 1981
Tobacco Sinozaki & Sugiura 1982
Anabaena Curtis & Haselkorn 1983
Chlamydomonas reinhardii Dron et al, 1983
Synechcoccus Reichelt & Delaney 1983
Anacyctis nidulans Shinozaki et al. 1983
Rhodospirilium rubum Nargang et al. - 1984
Barley Zurawski et al. 1984
: Euglena gracilis Gingrich & Hallick 1985
psaA PS 1, P700 apoprotein ‘Haize ‘ Fisch et gl. 1985
: Spinach Kirsch et al. 1986
psaB PS I, P700 apoprotein Maize Fisch et gl 1985
. . . Spinach Kirsch et 21. 1986
psbA PS5 II, "32 kd" protein Nicotiana debneyi Zurawski et al. 1982
Spinach Zurawski et al, 1982
Amaranthus hybridus Hirshberg & McIntosh1983
Soybean Spielmann & Stutz 1983
Anabaena © Curtis & Haselkorn 1984
Chlamydomonas reinhardii Erickson et al. 1984
Pea Oishi et al. 1984
Solanum nigrum Goloubinoff et al. 1984
Evglena gracilis Keller & Stutz 1984
Nicotiana tabacum Sugita & sugiura 1984
Mustard Link & Langridge 1984
psbB PS 11, P6BO "51 kd" protein Spinach Morris & Herrmann 1984
pshC PS 11, "44 kd" protein Spinach Alt et al. 1984
Spinach Holschuh et al. 1984
psbD PS 11, "D2 pelypeptide" Chlamydomonas reinbardii  Rochaix et al, 1984
Pea Rasmussen et al. 1984
Spinach Alt et al. 1984
Spinach Holschuh et al. 1984
psbE PS 11, cytochrome b-559 Spinach Herrmann et al. 1984
: QOenothera hookeri Carrillo et al. 1986
Nicotiana tabacum Carrillo et al. 1986
. . ) ) Wheat : Hird et al. 1986
psbF - PS 1I, cytochrome b-559 (URF39} Spinach Herrmann e et al. 1984
' . Oenothera hookeri Carrillo et al. 1986
Nicotiana tabacum Carrillo et al. 1986
Wheat Hird et al. 1986
-psbG PS 11, G-protein Maize Steinmetz et al. 1986




Tab?g 1 (continued).

Gene Protein product Plant source Reference
petA Cytochrome f preprotein Pea Willey et al 1984
Spinach Alt et al 1984
wheat Willey et al 1984
: Oenothera hookeri Tyagi & Herrmann 1986
petB - Cytochrome b6 Spinach Heinemeyer et al. 1384
petD  Cytochrome b6/f complex, subunit 4 Pea . Phillips & Gray ~ 1984
Spinach Heinemeyer et al. 1984
atpA  HY-ATP synthase, alpha subunit Tobacco Deno et al. 1983
atpB H*-ATP synthase, behta subunit Maize Krebbers et al. 1982
: Spinach . Zurawski et al. 1982
Tobacce $hinozaki & Sugiura 1983
. i Barley Zurawski & Clegg 1984
atpE - HY-ATP synthase, epsilen subunit  Maize Krebbers et al. 1982
Spinach Zurawski et al. 1982
Tobacco Shinozaki et al. - 1983
. ‘ Barley Zurawski & Cleg 1984
atpF  HY-ATP synthase, subunit I Wheat " Bird et al. 1985
) : ' - Tebacco Shinozaki et al. 1986
atpH | HY-ATP synthase, subunit I1I Wheat Howe et al. ~ 1982
Spinach At et al. 1983
Tobacco Deno et al. 1984
atpl  H'-ATP synthase, subunit IV Pea Cozens gt al. - 1986
rpl2 50S ribosomal protein 2 Nicotiana debneyi - Zurawski et al. 1584
‘ - ) . Spinach Zurawski et al. 1984
rp116 - 505 ribosomal protein 16 Spirodela oligorhiza - Posno et al. 1986
rps4 305 ribosomal protein 4 ’ Maize . . Subramanian gt al, 1983
rps? 305 ribosomal protein 7 Fuglena gracilis. Montandon & Stutz 1984
rps11l  30S ribosomal protein 11 Spinach Muller et al. 1986
rps12- 3085 ribosomal protein 12 - Euglena gracilis Montandon & Stutz - 1984
rps14 305 ribosomal protein 14 Marchantia po]ymorpha “Umesono et al. 1984
) Spinach i Kirsch et al.. 1986
rps16. 305 ribosomal protein 16 Tobacco Shinozaki et al. 1986
rps19 305 ribosomal protein 19 Tobacco Sugita & Sugiura 1983
o ‘ . T Nicotiana debneyi . Zurawski et al. 1984
. ’ Spinach -Zurawski et al. 1984
infA ' tinitiation factor ] ‘ Spinach Muller et al. 1986
tufA Elongation factor Tu Euglena gracilis Montandon & Stutz. 1983
rpoA RNA polymerase of subunit . Spinach o Muller et al. 1986
rpoB Ohme et al. 1986

© RNA po]ymerase [ subunit - Tobacco




The chloroplast DNAs from common bean, soybean, the fern Osmunda and the algae

Chlamydomonas reinhardii have been shown to exist as a 50:50 mixture of two

genetically identical but physically distinct molecules called isomer differing only
for in the relative orientation of their single copy regions (Palmer 1983). In the
case of M. polymorpha, isomers have been identified by fragmentation using PstlI, aqd
southern hybridization analysis of the chloroplast DNA with cloned DNA fragments as
shown in Fig. 1. 32p_Labeled DNA fraéments involved in either single copy region
{probe 1) or dinverted repeat.(prcbe 2) hybridized to the chloroplast DNA segments
generated by BamHI or Pstl reétriction enzyme (Fig. 2). Probe 1 containing a DNA
segment of an invérted,repeat hybridized with the four largest fragments (P1, P1',
P2-and P2') produced by Pstl. On the other hand, probe 2 containing a DNA segment
of a single copy region only hybridized with two fragments (P1 and P1'}). So in the
M. polymorpha ch1orop1a$ts two types of DNA molecules exist in an equal amount. It
is interesting to know whefher the events on DNA replication have any relationship
to the formation of 1somers.r But the mechanisms of f]fp—f1op recombination have not
been clarified yet.

The chloroplast biogenesis depends on the coordinative gene expression of bofh
the chioroplast gencme and the nuclear genome. But the interaction between
chloroplast and nuciear genetic systems has not been clarified. In this sﬁudy. the
author has intended to reveaT the mechanisms of gene expression of the cthropﬁast
genome oh the basis of the moiecular biological methods as follows. |
Chapter I: Ch]orop1ast transcriptional promoters were cloned and characterized
using the E. coli §ene fus{on method. Chapter II; The primary structure of the M.
polymorpha ch?oropf@st ONA was determined and genes for transfer RiAs,
photosynthetic polypeptides, ribosoma1rproteins. and o{ subunit of RNA polymerase
were 1déntif1ed. Chapter III; An unigue system for gene expression that may be

called trans~splicing was found in the biogenesis of ribosomal protein S12.
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Figure 1. Southern hybridization of the probes containing DNA segments of an
inverted repeat region and a single copy region. Chloroplast DNA fragments
digested by BamHI and PstI restriction enzymes were electrophoresed in 0.67%
agarose gels (each left lane), transferred to nylon membrane filters and
hybridized with 32p_1abeled probes. Filters were hybridized with the probe 1
containing the Bg16 segment of a single-copy region (black box in the right
figure and Lane 1) and probe 2 containing the Bg21 fragment of an inverted
repeat (Lane 2). Autoradiograms are shown right side of each electrophoretic
pattern.



Isomers inchloroplast DNA
from M. polymorpha

Figure 2. Isomers and their réstriction niaps of the chloroplast DNA. Two
kinds of moleciles (form I and II) of the chloroplast DNA are shown. IR and -
LS Jndicate inverted repeat sequences containing ribosomal RNA gehes, the gene
for the large-subunit of ribulose=1,5-bisphosphate carboxylase/oxygenase;
respectively. S - .



CHAPTER I Molecular cloning of promoters functional in Escherichia coli

from chloroplast DNA
Chloroplasts have their own transcribtiona1 and translational systems including
unique transfer RNAs, ribosomal RNAs, RNA polymerase and ribosomal proteins
different from those of the cytoplasm. Determination of the locations of
transcriptional and translational regulatory regions on the chloroplast genome would
lead to a basic understanding of the mechanisms of gene expression in chloroplasts.
It has been suggested that mechanisms of gene expression in chloroplasts are similar

to those in E. coli (Kidd and Bogorad 1979, Whitfeld and Bottomiey 1983, Gruissem et

al. 1983, Gruissem and Zurawski 1985). If this is the case, E. coli plasmid vectors

can be used to clone chloroplast DNA fragments containing transcriptional start
signals which can function in E. coli. Casadaban et al. constructed a plasmid in
which (3-galactosidase activity was expressed by insertion of exogenous DNA fragments
having promoter sequences, ribosomal binding sites, and translation start codens in
the right frame, and showed that the strength of promoters and ribosome binding
activity can be assayed by measuring the enzyme activity (Casadaban et al. 1980).
In this chapter, the author shows an evidence that some of the chloroplast
promoters can be expressed in E. coli by using gene fusion techniques with the
ﬁ—ga]actosidase gene. The nucleotide sequence of the DNA fragment with the highest
enzyme activity in E. coli was determined and the location of the promoter was
mapped on the chloroplast genome., To find out whether the chloroplast DNA fragment
in fact initiates transcription in E. coli as well as in chloroplasts, S1 nuclease
mapping experiments were done. The mechanisms of gene expression in chloroplasts .

are discussed.

MATERIALS AND METHODS
DNA isolation, restriction endonuclease digestion, and hybridization
Chloroplast DNA was isolated from liverwort, M. polymorpha suspension culture by,

the method describes previously (Ohyama et al, 1982) with some modifications.



Chloroplasts were isglated from-cultured cells by using blender containing sea sand.
(20-25 mesh). Restriction digestion, hybridization and plasmid DNA isolation were

carried out by the procedure described by Maniatis et al.(1982).

Cloning of chloroplast DNA fragments

Chloropiast DNA was cleaved by EcoRI, Sau3A, Bglll, Smal and BamHI restriction
endonucleases. Restricted chloroplast DNA fragments were ligated into
dephosphorylated EcoRI, -BamHI and Smal sites of plasmid pMC1403 (Casadaban et al.

1980). The ligated DNA was used to transform competent cells of E. coli strain

MC1061 (araD139, 4{ara, 1eu)7697, 41acX74, galU~™, galX™, hsr™, hsm, strA)
(Casadaban and cohen 1980). Transformed cellis were selected on lactose MacConkey
agar plates containing 100 ug/mg of ampicillin. Red colonies using lactose (lac™)
and resistant to ampicillin were picked up and cultured in L-broth in the presence

of ampi¢illin:

ﬁ—6a1actosidase,assay
‘E. coli cells harbering recombinant plasmids were grown to 2-5 x 108 cells/ml

and ff-galactosidase activities were assayed as described by Platt et al.(1972).

DNA sequencing

The nucleotide ‘Sequerice was determined by the dideoxy chain termination method
(Sanger et al. 1977) using M13 phages mp10 and mp11 {Messing 1983), For size
markers in S1-nuclease mapping, a HincIT-EcoRI fragment (see Fig. 3) was labeled -
with [§32p]-ATP (3000 Ci/mmol, Amersham) at the 5' terminus by T4 polynucleotide

kinase after alkali phosphatase treatment, and sequenced by the method of Maxam and

Gilbert (1977).

RNA isolation and ST-nuclease mapping

Chloroplast RNA"was extracted from chioroplast pellets by phensl chloroférm



extraction described by Yamane et al.(1984). E. coli total RNA was extracted by the
SDS-hot phénoi method and S71 mapping was performed by the procedure described by
Aiba et al.{1981) using 5' end labeled EcoRI-Sau3A fragment (105'6vcpm4pg) and 100
Mg of RNA, ’

RESULTS
Cloning and characterization of chloroplast DNA fragments having promoter
function

Eleven recombinants were selected on lactose MacConkey agar p]gtes containing
ampiciltlin as red colonies showing/?—ga]actosidase“productionvin E; coli. The
—galactosidase assays of recombinants showed a variety of levels of the activities
summarized in Table 1. The recombinants can bé grouped in three categories by
comparing with IPTG induced f3—galactosidase activity in E. coli wild strain W3110:
1, a group with a slightly higher level of the enzyme activity such as recombinants
harboring plasmids pMP901-903; 2, a group with a rather low level of the activity
such as recombinants carrying-plasmids pMP921, pMP954—956; and 3, a group with a
very low level of the activity such as récombinants carrying plasmids pMP910-912,
pMP953. ‘

Restriction analysis-of recombinan{ pIasmids (pMP901-903) with high levels
3-galactosidase activity showed that they had the same 5.1 kb DNA fragment, which
corresponded to Ec8 fragment (see Fig. 3). To confirm the inserted DNA fragment in
the p]a;mid pMC1403 was generated from M. Qo]zmorgha-ch1orop1a§t DNA and to find: its
site.on the ch]orop]ast physica{ maps.hp1a§mid:pMP903 was 1abé]ga‘With kijeél—dCTP
using the nick translation reaction and hybridized with chloroplast DNA fraémentS'cn
nitrocellulose filter (Fig. 1). 32P-Labeled pMP903 hybridized to the chloroplast
DNA fragments Ba2, Ba4, Ba6 and Ball (Fig, 1B). _Thg,1.1 kbrgémHI‘fraément deﬁiyed
from the 5.1 kb EcoRI fragment with an additional 10 bp of pMC1403 was reclened into
PMC1403 and the recombinant plasmid was named pMP904 (Fig. 2). Southern

hybridization with chloroplast DNA fragments showed that the inserted DNA fragment



 Table 1. [3-Galactosidase activity and copy numbers in clones containing

recombinant plasmids.

f-Galactosidase  Relative

Host strains  Plasmids aclivity amounts of
(units)’  plasmids®
W30 (—IPTG) — <li —
W30 (+IPTG) — 344428 —
MCI1061 — <5 —
MCI1061 pMC1403 <6 1.0
MCI1061 pMPI01 361 +20 0.9+0.1

pMP902 328427 0.9+0.]
pMP903 360423 0.9+0.1
pMP904c  408+39 1.0+0.1
pMP90S*  365+20 0.9+0.1
pMPO06° 308+ 33 1.0+0.1

MC1061 : pMP9544 200+ 14 1.0+0.1
pMP955¢ 267411 0.9+0.1
pMP956¢ 233+24 0.8+0.2
pMP921  253+20 1.1+0.1

MCI1061 pMP953¢ 49+ 7 0.7+0.2
pMPS10 17+ 3 0.9+0.1
pMPSI1 73+ 8 0.9+0.1
pMP912 56+ 11 1.0+0.1

a) Numbers are averages of three experiments and expressed as units per mg. of
total protein (Platt et al. 1972). _

b) Plasmid copy numbers were measured by the method of Projan et al. (1983)
and expressed as the number relative to bMC1403 in E. coli strain MC1061 as
1.0.

c)»

d)
e)

Derived from pMP903 (see Figure 2)

Containing rbcl gene.

Containing {3 subunit gene of H-ATP synthase.



(1.1 kb) of pMP304 hybridized to Ec4 (located on the other IR region), Ec8, Bab and
Ball (see Fig. 1C). These results and no cleavage site of EcoRI on the Ball
fragment indicate that the cloned DNA fragment originates from the Ba6 fragment and
is located on the large single copy region close to the inverted repeat (IR) (Fig.
3). As the clone harbaring plasmid pMP904 still expressed the high level of the
enzyme activity, the internal HinclI-EcoRI fragment was further subcloned -into
pMC1403 (Fig.2). The recombinant plasmid, named pMP905, kept its high Tevel of
3-galactosidase production. However, the recombinant plasmid pMP906, which was

constructed by deletion of HincII-Alul fragment (position at 3 to 348) from pMP905

(see Fig. 4), gave slightly less activity than plasmids pMP904 and pMP905 (Table 1).

Nucleotide sequence of a promoter and its downstream region in chloroplast DNA

As the HincII-EcoRI chloroplast ONA fragment inserted pMP905 appeared to have a
transcripticnal and translational start signals, the nucleotide sequence between two
Hincll sites was determined by the strategy shown in Fig. 3. The nucleotide
sequence of the 1192 bp chloroplast DNA fragment and junction region between the
chloroplast DNA fragment and the lac'Z gene of pMP905 is shown in Fig. 4A and 4B,

respectively.

hY| nuc1ease mapping

The position in the sequence corresponding to the 5' end of the mRNA was
determined by an S1 nuclease mapping procedure. The 533 bp HincII-EcoRI fragment
(position at 4 to 536 in Fig. 4A) was labeled at the 5' ends with {632PI—ATP and
digested by Sau3A restriction enz&me. generating two fragments, 66 nué]eotides long
and 467 nucleotide long. The 32P—1abe1éd 467 bp fragment was hybridized with either
E. coli RNA or chloroplast RNA at 37°C. Hybridized DNA-RNA molecules were digested
by S1 nuclease and the length of the S1 nuclease—resistant DNA fragment was meésured
by electrophoresis with a Maxam~Gilbert sequence ladder generated.from the 467 bﬁ

fragment as shown in Fig. 5. The 5' end of the mRNA from both E. coli and

=11-
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Figure 1. Southern hybridization of chloroplast DNA fragments with plasmids
pMP903 (B) and pMP904 (C). Panel A shows agarose gel electrophoresis stained
by ethidium bromide. Lanes 1, 2, 3, 4 and 5 correspond to the electrophoretic
patterns of digests by EcoRI, EcoRI/BamHI, BamHI, BamHI/Bgl1II and BglII

restriction enzymes, respectively.
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Figure 2. Construction of plasmids pMP904 and pMP905 from pMP903 containing
promoter regions. Heavy lines indicate chloroplast DNA segments. The
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Figure 3. Location of the DNA fragments having promoter function on the
physical map of chloroplast DNA, and the sequencing strategy. IR indicates
inverted repeat region containing ribosomal RNA operons including 16S and 23S
rRNA genes. LS and (3indicate the genes for the large subunit of ribu1os¢—'
1,5~bisphosphate carboxylase/oxygenase and for the (35&5uni§ oF HT-ATP
synthase, respectively. A, E, Ha, H¢ and S indicate cleavage sites of the -
restriction enzymes Alul, EcoRl, Haelll, HinecIl and Sau3A, respectively.
Bottom arrows indicate sequencing strategies using the M13 phages mp10 and
mp11. a '
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Figure 4. Nucleotide sequence of a DNA fragment having promoter function
derived from liverwort chloroplast DNA. Nucleotide sequence of the 17192 bp
HincII.fnagment‘(Fig.'3)'is shown in (A) Poss1b1e stem,and loop structures
are.shown. by broken.. 11nes w1th arrows. _Bold vertical arrows indicate the
start sites of mRNA transcr1pt1on in E. coli as we11 as in chloroplasts. The.
regions. of "—35" '~10", Shine- Da]garno sequence (SD), ~and genes for o
tRNAI1e(CAU) and. ﬁ—ga]actos1dase are boxed. Deduced am1n0 ac1d sequences of
ORF60Q1,. 602 and 603 are- shDWn under the. nuc1eot1de sequences by s1ng]e 1etter
symbo]s.; Double under11nes 1nd1cate term1nat1on codons. ,N—Term1na1 reg1on of
the fused: protein between ORF501 and ﬁ ga1actos1dase coded by pMP903—906 is
shown in (B) '
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Figure 5. ST nuclease mapping by E. coli RNA (A) and chloroplast RNA (B) of the
promoter region. The S1 nuclease protected DNA fragments (lanes 1, 2 and 3) were
electrophoresed in parallel with the Maxam-Gilbert sequence ladders. Lane 1 (A),
and lanes 1, 2 and 3 (B) correspond to the concentration of S1 nucleases, 5000, 50,
500 and 5000 units per reaction, respectively. S1 mapping in lane 1 (B) should read
to be A, because of the smiling pattern of the gel electrophoresis. An arrow
indicates the direction of the transcription.

chloroplast was thus mapped on the sequence to be 45-46 nucleotides upstream from

the ATG translational start codon of ORF601 (Fig. 4).

DISCUSSION

From M. polymorpha chloroplast DNA, DNA fragments were cloned functional in E.
coli transcription and translation system. Several chloroplast genes have been
cloned into E. coli plasmids. With the rbcL gene, its expression was observed in an

in vitro coupled transcriptional translational system derived from E. coli. Gatenby




et reported that rbcl genes from maize and wheat chloroplasts were expressed in

al.
E. coli (1981). Kong et al. reported the cloning of promoter-containing restriction

fragments from Nicotiana chloroplast DNA and location of the fragments on the
chloroplast genome (1984).

In this study 17 recombinants were obtained which werelse]ected on lactose
MacConkey plates as red colonies. These ciones, however, varied in their enzyme
acti;ity (Table 1). As p]asmid copy numbers were not‘much different in each c¢lone,
those variation may reflect the efficiency of the transcriptional start signals and
ribosome binding activities in the chloroplasts. For instance, a recombinant
carrying plasmid pMP954-956 (containing the rbcl promoter) had a rather high level
of the enzyme activity as expected. A recombinant harboring plasmid pMP353
{containing the promoter region of the f?subunit gene of HY-ATP synthase) showed
quite a low level of the activity. These results coincide with the fact’that the
mRNA synthesis of the (3 subunit gene is. considerably lower than that of rbcl gene

(Shinozaki et al. 1983). Tﬁerefore, the efficiency of E. coli transcriptional

system may reflect that of the transcription in chloroplasts.
The plasmid pMP905, carrying a promoter region of an unidentified open reading -

frame named ORF601, gave the highest level of enzyme activity in E. coli. Analysis

of the nucleotide sequence of the promoter and its downstream region revealed that a
translational initiation codon (ATG) of ORF601 was found 38 bp upstream from the
EcoRI site and its open reading frame was fused to the lac'Z gene in the right frame
(see Fig. 4B}.. And 12 bp upstream from‘ATG codon, a sequence (TAAaaAG) partially
complementary to fhe 3" end of E. coli 16S rRNA (Shine-Dalgarno (SD) sequence)
(Shine and Dalgarno 1974) was found. There was a typical sequence for the
transcriptional promotef signa1 (TATAAT), called the Pribnow-box -(Pribnow 1975) or
e regioﬁ'at 53 bp upstream from the ATG codon. There was an unigque sequence
(aTTGAat) at 82 bp upstream, called the "-35" region which is thought to be a RNA
polymerase recognftibn site 1in E. ggli tTdkanami et al, 1976). In addition, three

possible stem-loop structures can be formed between the "-35" region and SD-1ike



sequence as indicated by underlining with arrows in Fig. 4A. But at the peosition
493-566 a tRNA gene, whose anticodon was CAU, was identified by forming typical
secondary structure as shown in Fig. 6. This tRNA gene has 94.6% homology (79/84)
with spinach chloroplast isoleucine tRNA gene (Francis and Dudoék 1982) Tocated 1in
IR regions. So this tRNA gene was confirmed to code isoleucine tRNA in M.
polymorpha chloraplasts. This highly active promoter may be for tRNAIT®(C*AU) and
for the downstream ORFs in the LSC region. Three open reading frames were
identified downstream from the promoter region, and designated ORF601, ORFG02 and
ORF603. Their possible gene products were estimated to be 73, 91 and >52 amino acid
residues, respectively. A typical SD sequence (AGGAG) was found seventeen bp
upstream from the ATG codon of ORF602, and a stem structure can be formed between
the SD sequence and ATG codon as reported in the Chlamydomonas rbel gene {Dron et
al. 1983), This stem structure may have a role to Tet the SD sequence close to the
ATG codon. ORF602 and ORF603 were jdentified to Be putative genes for proteins

corresponding to E. coli ribosomal protein L23 and L2, respectively. Detail data

are presented in chapter II,

Nucleotide sequence analysis revealed that the organization of this chleroplast
promoter was similar to that of E. coli promoters. Furthermere, these results of Sl
mapping using in vivo transcripts from both E. celi and chloroplasts showed that the
transcription starts at almost the same position downstream from the promoter
regidn; So the gene fusion riethod described here could be a powerful technique to

clone and characterize the promoters on the chloroplast genome.

f17f_
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Figure 6. Secondary structure of M. polymorpha chloroplast trRnallecxay)
deduced from the DNA sequence. The nucleotides CCA at the 3' terminus are not
encoded by the chloroplast genome. C¥ is putative hypermodified base,



Chapter II  Structure and gene organization of the chloroplast genome

To understand the genetic system in the chloroplast, the nucleotide sequence of
the liverwort, M. polymorpha chloroplast DNA was determined. The M. polymerpha
chloroplast ONA has been physically mapped previously (Ohyama gg al. 1983). The
gene for the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase has
been mapped on the chloroplast genome by heterologous hybridization with tobacco
rbel gene. The genes for ribosomal RNAs; 23S, 165, 5S and 4.55 have been also
localized in the inverted repeat regions (Ohyama et gl. 1983, Yamano et al. 1984,
Yamano et al. 1985). The-overa1].gehe organization deduced from the complete
nucleotide sequence is descfibed by Ohyama et al. (1986)f In this study, properties
and characterization of genes on the LSC region (from psbG to iﬁS{rRNA gene; 30,600
bp) deduced from the nucleotide sequence are presented and discussed. The region
analyzed in this study is shown as a black box with physical maps in Fig. 1. In the
region described here, putative genes for seven tRNAs, ten photosyﬁthetic
polypeptides, thirteen ribosomal proteins and & subunit of RNA’po1ymerase were
identified. In addition, an open reading frame (ORF) was found to show significant
amino acid sequence homology to a subunit_of NADH dehydrogenase .in human

mitochondria.

MATERIALS AND METHODS

‘Chiorop]ast DNA was isolated from cell suspension culture 9f M. polymorpha as
described previously (Ohyama et gi. 1982). Chloroplast DNA was cloned into E. coli
plasmid vectors; pBR322, pKC7, pUC13, pUC18 and pUC19. Recombinant plasmids used
for the nucleotide sequéncing were summarizéd in Table 1. Theilqcatignﬁiof o
chloroplast DNA fragments used in sequence determination are shawn in Fig. 2. Each
plasmid was sonicated (Deininger 1983) by TOMY handy sonicator and randomly cloned
into Smal or Hincll sites of phage mp18 and mp19 (Perron et al, 1981), Recombinant
phages containing chloroplast DNA fragments were screened by dot-hybridization with

the chloroplast DNA (Hu and Messing 1982). Obtained shotgun 1{brar1es were used for



‘léigur:e"}r;!'.: Resfrfiétibn. map of the M ig"o'lm' “r"reh'a éhlo’r"oph::i: DNA. Narrow lines
ﬁiith arrow. heads inside the: ¢ircular map*zi‘ndicate dinverted repeat regions. LS.
.indicates the site.of the gene for the large subunit of ribulese-1,5- =
bisphosphate canboi.y]aée[oxygehésé (r‘bc'\L‘).‘ Thé éequeﬁéed‘ r‘egionr'ih th'ls study
is ‘shown as 5'51‘15&1_6k box, ST e BT

20 B S



o8 ' Crecs)
LIVERWORT.

CHLOROPLAST DNA

Figure 2. Gene organization of the chloroplast genome from a liverwort, M.
polymorpha and sequenced restriction fragments. Thick lines indicate the
inverted repeats (IRA and IRg). SSC and LSC indicate the small single-copy
region and large single-copy region, respectively. Genes shown outside the
map are transcribed anticlockwise, and those inside are transcribed clockwise.
The tRNA genes are identified by the one-letter amino acid code with their
anticodons given in parentheses. Asterisks indicate genes having introns in
their sequences (Ohyama et al. 1986). Restriction fragments used in sequence
determination are shown outside the genetic map.



Table 1 Recombﬁnant p]asmide uSed—for the nucleotide sequence determination.

P]asmid Fragmenta)(kb) Pos1t1onb) Yector Cloning site
pMP593 Bg10 (3.8) 51611 - 55380 pKC7 Bglll
pMP228 B5  (10.3) 47155 ~ 57496 pBR322 BamHI
pMP452 Bg8 (6.2) 55380. - 61569 pKC7 Bg1I1
pMP708 P8.. (5.3) 57082 - 62368. puCI8 .- Pstl
pMP713 Bg13 (2.9) - 61569 -~ 64474 pUC18 BamHI
pMP727 P& (7.0) 62368 - 69315 pBR322 PstI
pMP310 Bg5 "~ (7.5) 65513 - 73011 . pKe7 - ~ Bglll
pMP710 P10 (3.7) 69804 ~ 735271 puCi8 - Pstl-
pMP376 Bg3 (114} ~ 73011 = 84425 pKC7 - BgllIl
pMP206 ‘BG (5.8) 76397~ 82182 pBR322° - BamHI

a) correspond to ch]oropTast DNA fragments generated by restr1ct1on enzymes,

Bg1II (Bg), ‘BamHI (B) and Pstl (P).
b) eounted from the ' First nuc1e0t1de of LSC reg1on next to IRA
‘DNA sequence detenmination by:the chain termination method‘CSangek gi al. 1977)
using'universa1fprfmers’MB ;nd M4 (Takara shuzo Ltd.) and buffer eradient gels
(Biggin et al. 1983). The DNA eequence data.read from autoradibgrams.were handled
by personal computer‘PC—QSOf using the;koftwefe DNASIS (HITACHI SK Ltd.). ORFs
deduced from the nuc1eotfde seeuenCes were seeréhed foir dmine acid sequence
homologies with protein deta bese (NBRF release 6.0) using the search algorithm
‘desc¢ribed by Wi1bur'and'Lipman-(TQBS); PfevionsTy published amino acid sequences of

polypeptides in other plant species were also usee to homioTogy search.

RESULTS: -

Gerie organ1zat{on 1n the LSC reg1on (psbG—16$ rRNA gene)

The nuc1eot1de sequence (30 600 bp) from the Bg1II site (pos1t1on 51611) to
BamHI site (82188) covering the Junct1on (JLB) between LSC and IRy regions was
determ1ned A computer search of the DNA sequence Ted to the 1dent1f1cat1on of ORFs
that beg1n wwth the trans]at1on 1n1t1at1on codon AUG. and end at an e1ther _ -
_termination -codon (UAA, UAG,-andnUGA). The gene -organization deduced from the
nucleotide sequence are shown schematically in Fig. 3. The LSC region .Sequenced in
th§§~§tudy was divided into seven blocks (Fig. 3 A-G) depending on the directions .of

-the‘tréns1atiOna]:orientation (shown by horizontal arrows in Fig. 3). The



5 < . 3 €< 2 [
< e I5] + @ € g i @ ‘m £ T oy o
1 T o a8 2 =2¢ = R 2L e g
o (+] . 173 B - =t T o o B3 = EE =

G
b

B © 5 < - = <%
-~ -3 = [x] ™~ -
m ) Q - S - 2 2 8w w Q@
a2 - ] %] by L L o = SRS oL 2 Eos -
= & et T 3 [ T, ] EE®- @ & e
@ o T o =3 (5] [+ =Y -'goaac o O

A—, B

& . < ] . B '

@ o
SRR N 8 L] s R 8 o o <
£ 58 E & £ 2 FE & ® ® g
& geegg e 5 & 668 & a a e

._"'——’ ¥ =y
D «
4
~
g s © a4 ~ 2 g <
wea § = = 2 23 b b 1] 2
gge &8 8 [ a g g g 2 > 2T

Figure 3. beéaiT'gené organization of the region sengnted'in this. study.

The coding regions of genes are indicated by bold lines. Introns (intervening
sequences) are showd as hatched‘bbxi. Genes shown on Tines are transcribed to
the right side, and those under lines are transcribed. to the left side;‘fThe
sequence files are indicated by arrows with the names of séquenCe fﬁléé; Jdip
indicates the junction site between LSC région-and IR region. -

Each 1ine indjcates 10 kb. long.
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Table 2. List of identified genes and open reading frames, and their Toci
: on the chloroplast genome.

Gene From To Length Amino acid M.W, Comments

(bp) residue
(A) c N
atpB. > 55846 54368 1479 492  53179.3 88,47 (Spi) 62.8% (Eco)
atpE - - 54362 53955 409 135  15054.3 63.0% (Spi) 22.2% (Eco)
trnM(CAU) + 53801 53874 4 - 94.6% (Tob)
*trnV(UAC) - 53652 53051 602 - - 91.7% (Tob)

(Exon 1) 53652 53616 37 -
{intren} 53615 53088 530 -
{Exon 2) 53085 53051 35

ndh3 ~ 52877 52515 363 120  14188.7 30.8% (mit)
psbG - 52624 51793 732 243 27609.6 62,12 (Mz)
ORF169 - 51742 51233 510 169  20084,8 '
(8) ..

rbeL +56355 57782 1428 475  52790.0  90.5Z (Spi)
troR(CCG) + 57877 57950 .. 74 .- . .. . . -
ORF316  + 58065 59015 9851 316  35826.3

ORF36b  + 59193 59303 111 36 4017.8

ORF184  «+ 59525 60079 555 184  21533,1

ORF434 =+ 60151 61455 1305 434  51866.2

p;tA + 61641 62603 963 320 . 33482.6 78.8% (Spi)
(c :

ORF40 - 62916 62794 123 40 4101.8 7267 (Cya)
ORF38 —§3152 63036 117 38 - -4479.1 -

psbF - 63293 63174 120 39 4468.3  '89.7% (Spi)
psbE - 63554 63303 - 252 83 9493.5 B9.2% (Spi)
(o§r42a - 63684 63556 129 42 .  5101.9

D .

ORF31 + 64152 64247 9% 3 3466.4

ORF37 +64370 64483 114 37 4075.9

traW(CCA) - 54626 64553 74 - 93.4% (Spi)
troP(UGG) -~ 64788 64715 74 - 93.4% (Spi)
ORF42b  + 65027 65155 129 42 4746.6

rp133 + 65273 65470 198 65 7782.1 36.9% (Eco)
(rgsIS + 65498 65725 228 75  BB79.5 34.7% (Eco)
3

rpl20 - 66157 65807 351 116  12773.0 46.6% (Eco)
*rps12A - 67057 ? 7 123 13797.0  70.2% (Eco) 91.9Z (Tob)

“(Exon 1) 67057 66944 m ki trans-split

.. {intron 7). 56943 1 1. -~ (Exon 2,3 coded opposit strand)
*ORF203 - - 68640 67130 1511 203.  22685.0 ’
(Exon. 1) 68640 68570 I (87.0% homologous to spinach X-gene)
(intron) 68568 68052 518 )
{Exon 2) 68051 67760 292
(intron) 67759 67379 381

(FgExon'B) 67378 67130 249

101

pshB + 69026 70552 1527 508 : - 56191.5  88.2% (Spi)
ORF35 + 70669 70776 108 35 39588
ORF27 + 70872 70955 84 27 3268.0
ORF74 + 71092 11316 225 74 7928.3
#patB +

71424 72566 1143 215  24306.5 86.0% (Spi)
(Exon 1) 71424 71429 6§ -
(intron} 71430 71924 495 -
(Exon 2) 71925 72566 642 -
*petD +72715 73690 976 160  17413.5 95.6% (Spi)
(Exon 1) 72715 72722 8 -
(intron) 72723 73215 493 -

(Exon 2) 73216 73690 475 -



Table 2 (cbnt1nued).'

Gene From To Length Amino acid M. V. Comments
- (bp) residue

(6) B
rpoA " | - 74824 7380z 1023 340 39240,2  25.6Z (Eco), 54.1% (Sp1)
rps1l - 75249 74857 393 130 14172.5 ° 51.5% (Eco), 72.3% (Spi)
secX - 75413 75300 114 37 4521,5 62,22 (Eco), 86.5% (Spi)
infA - 75686 75450 237 78 8978.4 56.4%7 (Eco), 60.3%7 (Spi)
rps8 - 76171 75773 399 132 14921.4  45,5Z (Eco)
rplid —~ 76621 76253 369 122 13496.6 ° 58.2% (Eco)

*rpl16 - - 77685 76719 967 143 16149.8  53.8% (Eco), 72.0% (Spir)

{Exon 1) 77685 77677 9 -

{intron) 71676 . 7142 535 -

{Exon 2) 771141 76719 423 - .
78396 77743 654 217 25055.0  40.6% (Eco)

rps3 -

rpiz2 - 78804 78445 360 119 13580.8 37.8%7 (Eco)

rps19 - 79100 18822 279 92 10553.3  63.0% (Eco), 83.7Z (Spi)
*rpl2 - BO514 79137 1378 277 31162.9  4B.4%Z (Eco)., 58.5Z (Spi) -

(Exon 1) 80514 80118 397
(intron} 80117 79574 644 -
(Exon 2) 79573 79137 437 -

rpl23 - 80825 80550 276 9] 10768.5 29.7Z {Eco)
trnl(C*AU) - 81057 80984 14 - 93.2% {Spi) C*; modified base
troV(GAC) + 81814 81885 72 - 95.8Z (Spi) in IR region

(1dentical residue number)

A i nce h cal ’ '
mino acid sequence cmologies are calculated as Trosidue number of Tiverwort prdduct).

Homology percentages with gene products of Spinach (Sp1), E. coli (Eco), Tobacco (Tob},
human mitochondria {mit), Maize (Mz), Cyanella (Cya). and Spircdela ¢ligorhiza (Spir).
are. shown in comments.
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T CTTTAACACEAGCTTTEAAT CCAACACCTECTTTAGTCTECGTTTGTGGTGACATAAGTCCCTCCCTACAATCTAAT AATATTCTTGCAAGGATGAGG TCTGCTCGATAAAAT TTTT
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.ATAI'ATATATABATATATATCAMTTTATATAI TT iGTCATTMTITAGTATCAAM'I'ITM;CTATCTAGTTMCTTCMAMTATTMGAMMGTTTMATATATMTTTITCTMG
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GTAGTTT ITTTTATTATTMTTGATTTMTTGATACAWTATFTITTTTATTATMTTTCATTATTMCTMCTTTTTAHTTATGMMCAM T AG CITIT GGMTGTCTACA ‘
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CITe TTGCTMAMTATAGGAAGYATTACTCMGTTATTGGTCCCGTRTFAGATGTTGCCTT\'TCTCCAGGGAMATG cet MTAmATMCTCTTTMTTGTTAMGATCAMAT‘ECA
LYAKHIGS I Qv I GPVYLDYAFSPGEIK P 1 RS LI VEKEBQHNS

GCIGGTGAAGMATTMTGTTACTYGI’G.MGTTCAAWTTGTTAGGAMTMCMAGTAMAGCTGTTGCTATGAMGCGACAGATGGMTGATGCGGGGTATGMAGTTATFGATACT
EELNVTYTCEYQQLLGHHEYRAYAHNHSATDGMHMHRGHZIKY T

GGTGCTCCTTTMCAGTT CCTGTAGGABAAGCGACT CTTGGACGAATTTTTMTG TTTTAGGAGAACCTGTAGATMCTTABGAC CTGYAGAAGTTACTACMCATITC CTATTCATAGA
GAPLTVYPVGEATLGRIFHNYLGEPVDHNLGPYEVITTTFPI R

GETGCTCCTGETTT IACTCAATTAGATACCAN\TTATCTATTTTTGAMCAGGAATTMAETAGTAGATCTTTTAGCTCCTTATCGTCGTGGAGGMAMTTGGATTATTTGGAGGAGCT
AAPAFTQLDODT XKLSIIFETGIKRKY R K1 GLFTGGA

GGTGTAGGAMAACAG]'TCTTATTATGGMTTMTTMTMCATCTTGMAED\CATGGAGGTGTTTCAGTATWGGAGGAGTAGGGGAAAGMCTCGTGAAGGMATGATCWTAMTG
6 ¥VG6KTVLIMELIHNRNILKANGGEY SVYFGGYSERTRET GHNEDLYH

AAATGAMABAATCTAAAGTAATARATGAAEAAAATATT T CAGAATC ARG TTGCTTTAG TTTATCS TCAAATGAATGARCCACCAGGCOCTCGTATGAGAGTTCOGTTAACAGETTTA
EMEKESEYTLHEOQNTISESEKUVALYVYYGQHXDNETPTPGARHRYGLTA L

ACTATGOCTGAGTATTTTCGTGATGTTAATAAACAAGATGTACTTTTATT TATTGATAATATTTT lCGTTTTGTTCMGCAGGTTCAGMGTTTCTGCTTTATI'AGGTAGMTGCCGTCT
THAEYFRDVHIEEKGDVYLLFLLDHNIFRFVYQAGSEVYSALL [

GCAGTAGGATATCAACC.MCTTTMGTACAEMATGGGMCTTTACMGAMGAATMCTTCTACAMAGMGGATEMTTACTTCTATTCMGCTGTTTATGTACCTGCGGATGATTTA
AVGEYQPTLSTEMNGTLQER T EGSITSIQAVYVPAD

ACAGATCCGGCTCC‘lGCAACMCTTTTGCTCATTTAGATGCCAETACTGTA'ITATCTAEAGGTTTAGCAGCTMAGGAATTTATCCTGCTGTAGATCCTTTAGATTCMCTTCTAEAATG
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TTACAACC'ﬂ'GGATTGTAGGTGAAGMCATTATGAMCTGCGCAAGGAGTAMACAGACTTTACMCBATACAMGMTTACMGATATTATTGCTAITCTTGGTITAGATGMTTATCT
LQPWIVGEEEHYETAQGVEKJGQTLOQRYZKELGQDI! Al LGLBELS

GMGMGATCGTTTMJ:TGTAGCAAGAGCACGQ\AMTAGMAEAYHTTATCACAAECTTTCT]TGTAGCA.GMGTTTTTACAGGTTCGCCAGGMMTATGTAAGTCTTAGAGMACT
EEDRLTYARARKTIERFLSQPFFVYAEVYFTGSPGEXTYV E

ATMAAGGATTTCAAATGATTCIT[CGGGAGMTTAGATAGCCTTCCTGMCAAGCATTTTATTTAGTAGGMATATAGATGMGCTACTGCAAAAECAGCTACTTTACMG'IGGAEAGT
I X6 FQHI1ILSG6ELDSLPEQATFYLVYGNI!I EATAXAATLQVES

atpE>  GGAG
TAAMATTATECTAATCT TCGTATCATGGCTCCTMTCGAATTGTTTGGMTTCGGA'MTTCAAGAMTTAI TT IA‘iCMCGMTAGTGGGCAAATTGGMTACTACCTMCCMGCTT
— H LK LR R T YR H¥SDIQETITLSTHSGEQIGT1ILPN A S

CAGT‘FTTMCTGCTTTMATATAGGMTTGTMAMTACGCCWMTGATCMTGGTCTACTATGGCATTMTGGGTGGT]TTGCTATGATTGAFAATMTMWTMCTATI“AGTI‘A
YLTALPIGIVEKIRLMHNDO QWS THALHKGGEF AHKIONEHNLTI LV

ATGMGCTGMMAGCTAGTGAMTAGATTATCAAGMGCACAAGMACTTYTCMMAGCTMAACAMTFTAGAAGMGCAGMGGT CAAMMMAGAMTCGMLGCTCTATTAG
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CAEI’TMTTMTMACGAGCCCMTGCATMAMCATGCA!GWGGGYTCTTMAGCAGTI'CTTAATTTAMAGMCTGTTTMCCGAGMTG‘ICYAEGGTTCAMTCCG‘FATAGECCTA 53051
imserssansane ve s FROCCY-AUGAA—=02 A2~ UUCAUGU-COGUUY o v s annsan evereraarenune + . cuayyy-ayCGAGAAUGUCUACGGUUCAAALCCGUAUAGLCTUA-. -3

AATTIGITTTITT TTATMfGMMMG&TATAC TTCATCATAAAAGATTAG TTMTMMTTTMCTMMMTC TAMGTTCAAATAAG TACAATTATAATAATAATTGACCAATT 52931 .
+ < + — —_ > —_

TAAACTTITTITTTATAACTTGAAATTATATATATTT ITTAGCASSTT TTTAATGTFTTTACT TCAAARATATGATYAT TTTTTCGTAYTITTATTAATAATTAGTTTTTTCTCAATAC. 52611
b ndh3»  AGBAGG MELLQKYDBYFFVFELLIESFFSIL

TM'ITITTTCITTGTCAAMTGGATAGCACCTATMATAMGGACCTGAAMATTTACMGTTATGAATCAGGTATAGMCCGATGGGAGAAGCTTGTATTCMTTTCAMTI’CGATAIT 52691
1 FSLSXHWI!I APIHNKGPEXTFTS 1 E G I q LR Y Y

ATATGTTTGCTTTAGTTTY iGTMTTI'TTGATGTABMACAGTTTITCTTTATCC]’TGGE\CTATGAGTTTTTATMTTTTGGTATATCATCTTTTAT[GMGCTTTMTTITTATI’TTM 525N
HFfALVFVILIE ETVFLYPHI\ S S F I EALTITF 1 LI

TTTTAATTAT TGGTI’I’ABTATA 16 U\TGGCGAAMEGAG CACTAGMTGG\'CTTAMTI’TCAMTT TTTTACTTGTGMAATAGTTTAGAGGATMCTCTACAAET ATGCTTAAA.MTTC 52451
LT I GLVYYAMNMREG GA ALTEWUWS aa

psbB>  AGGAG H\'LHFXFFTC-EHSLED"STTHLRP!S‘

TATAGAATCTTCTTTTATTMCMMCTCTTACAMTTCMTTATTTTMCMCI'!TTMTGATTTI’TC'FAATTGGGCTABACTTTCTAGTCTATGGCCACTCCI TATGGTACAAGTTG 5233
I E.S S'F 1 #H# X T LTHSIILTTFHDFSNWARLSSLWPLLYGTSC

TTGFTT!’ATTGMTTIGC“TCATTMTTGGTTCACGAT1’CGATTTTGATCGTMTGGI'TTAGTACCTAEA\TCCAGCCCTAEACMGCAGATTTGATMTMCAGCTGGTACI GTMCTAT §2211
CFIEFASLlGSRFDF R Y GL Y RS PRQADLI T TAGT

BAMATGGCTCCTTCTTTAG TTAGATTG TATGAMCAMTGECTGAACCASAATATG TM’I'I'G('A.‘\TGGGTGCG 16 I'ACTATTAC TGGAGG[‘ATG]TTAGTACAGATTCATATACTACAET 52091
¥ M4 AP SLVRLYEQGQH?PEPKXKY VI AMHNGE G cI1I1 G N F 5 TV

TCGTGGGGTAGATAAATTMTT CCTGTG GAT»\1’TTATTTACCTGGATGTCCGCCTMACCAGMGCAATTATAGATGCTATAATAWCTTCGTAMMMTAGCTCMGAMTATMGA 51971
R veoegKLI.PYDIYLPGCPPKXKPEATITIDAILIIIKLREKEK!]I q I £

AGMMAMAATCCTTAAMMGGAAEMGATTFTTTACTTTMATCATCMTTCMTTTTI 121 CMATCTABACMTCCMMCTMCT?CCTMCMATTTTIECMTCIAMAA 51851

3 I LkKKGTRFFTLNHQFHFFSNLDHPXLTSSHQFFQSKHEK
MCTTCTMAGTTTTATTAGMACATCTTTMCATTTAMGMMGGMAATTTATAMTATMECT'FTTAEI T IGACTAMMMMTAAAMAAGTMMATMTATGTTMACATT 31
T Lt LETSLTEFEKETKEH L Fmmm—m —> o ORFIE3> H L :
TI’MAMATM(‘.MTMYMAATACMGGACGWTATCTMTTGGTTMTTWCMMTTTMMCACAGACCTTTGGGTTHGMTMCMGGMTAGAMCAW ACAGATTA'SATCT 51611
LK NHKHHIXKITDQ L s 1 LI KHHuLlLKKRRPLGFDYQGTIETLRQ' )

Bg'!ll

TG}A.GACATTCCMMGCTMM.?ATTTGTTI‘ICATMMTAMMGTTAGTTMTMTGMATTA‘FMTMMAAMTAWGTGTATCAMTAMTCMTTMTMTAMAAMAETAC 55930
S M GF AL T K M «<atpl

CTTAGRARAAA TATATAITTMAC TETTICTYAATATTT TTEAAGTTMCTAGATAGATTAAATTTTGATACTAMTTMTGACMMTATATAMTTTGATATATATCTATATATATAT 56050
<TAATTT <ACTGTT -~ +——

ATATAGATATA.GATATATMTACTCATATATATATATAI’ATATATATATATATATATTTMATC I'ATATACTGAAMATTGTTMGGTCMTGTGI'ATCMTMMAMAATMTMAAT 56170
—_— -—t

T‘iATTTAATMTACMTAGCTAGG;TgCATTACATATAAAMACMTATACMTMTMTGl T IATTAWGGAAAM.AI TT IACTTMMAAHTTTTATAC.MAAGMAMTTAGM 56290
TACAATY 44— —— — —

—+

AARAATTTTY TATC GAGCAGJ\C CTCATCCTTGCMGMTATYMTAGATTTG TAGGGAGGGAETTATGTCACCACAMCGGAGACTMAGCAGGTGTTGGATTCAMBCTGGTG 'ITMAGA 56410
rbel>  GBAGG HSPOTE ¥ AGVYGFKAEGYKTD
—— ———— e —+

T TATCGATTAACTTATTACACTCCGGATTATGAGACCMGGATACGGATATTTTAGCAGCATTTAGMTGACTCCI'CAGCCT GGAGTTCCAG CGGMGMGCAGGCMEGCAGTTGCT oL 56530
YRLTYYTPDYETXODT I LAAFRNTRPQP VPAEEAGHAYAA,

TG.MTCTTC MCTGGTACATG GACTACAGTTTGGACTGATGGTCTTACTMCCTIGATCGTTATAA.AGGTCGATGETATGATATI’ GACCH CTG TTCCT GGAGMGMMTCMTATATI’GC 56650
THTTVHTODGELTHLDRYXGRCYODIDPVYP E q

TTATGTAGCTTATCCTTTI.GAHTAWI’GAAGMGGGTCTETTACMATM‘GT]'I'ACTTCAATTGTAGGTMTGTM'ITGGGTTTMAGCTTTMGAGCGTTACGTCTTGMGATTTMG 56770
VAYPLDLFEEGSVYTHNHNFTSIVGEGHVYFGEFKXKALRAMLRLETDTLR

A.;\TTgCTCCAGCITACACAAAMCT;TCgAAGGTCCTCCTCATgGTATTCAAG TTGACABAGATAAATTAAACAARTATEETCGTCCTTT TATTAGGATGTACTAUAMCCMMTTAGG 56890

PAY TKT P I QVERDKXLHKYGRPLLGCTIK®P?KTLEG
ITTATCTGCTAMAATTATGGTCGAGCYGTATATGMTGTCTTCGTGGTGGACTTGATTTTACTMAGATGATGAAMCGTMATTCTCMCCATFTAIGCGITGGAGMATCGTTTCTT 51010
S AKNKYGRAY GLOFTZXDDEMNYHSQPFHRMNRDIREFIL .
MTTGYAGCAGMG CTATTTATAMTCTCAAGCAGMAC TGGAGAMTCMAGGACATTATTTAMTG CTACTGUGGTACATGTGMGMATECTAMMGAGCAGCMG TGCTAGAGR 57130
E Y £ S5Q £ G I KGHYLHATA EEHK LK A ACARE
GTTAGGTGTACCAATTGITATGCACGAYTACTTMCTGG1GGT1TCACTGCAAATACTAGTCTGGCTTTWATTGCCGTGACAATGGTTTACTTCTTCATATTCACCGTGCMTGCATGC 57250
v 1 vVHERDY LTGGEFTARTSLA CROD G LLLHIHRAHNNA
AGTTATTGATAGACAAMAMTCATGGTATACATTTCCGTG TATTAGCAAAAGCTI’I‘ACG I'ATGTCTGGTGGAGATCATATTCACGCI’GGTAETG TTG TAGG TARACTT GAAGGAEA 6 §7370

VIEDRQXNHHRGEI HFRVYLAKAL M v G KLEGTDHR
TCAAGTAACT TTTAGGTTTCGTAGATTTACTTCGTGATGACTATATTGAMMGATAGAAGTCGTC—GTATTTATTTCACAWEATTGGGTI’TCTWAC CYGGTBTTTTCCETGTAGCATC 5150
QY T LGFVYDLLRD 1 E RSRGIYFTQDWYSELEPGYTFPVAS

Figuqe 4A.qu:{B.



TGGTGGGATCCA'[GTTTGGD\TATGCCTGCTTTMCTGAMTTWTGGAGATGACT C'IG'ITTTACMTTTGGI'GGTGGMCTTTAGGTMT CCTT6G6E TMC GUCCTGG'IGCAGT]’GC
GG 1IN VY HHEP L S Q G T L P WG HAPGAYA

TMCCGAGTTTCGTTAGAAGCTTGCGTACMGCACGTMTGMGGTCGTGATCTTGCTCGTGMGGAMTGAMTTATTCGCGAAECTTGTMGTGGABTCCTGAGTTATCTGCTGCTTG
HR VS LEA VQARMEGRDL REGHNETITIRTEACIKUWSPELSARAMEC

TGAMTTTGGAMGMA'I’TMATTI’GMTI’TGATATTATTGATAETTTGTMAATAMGTAGATATTTTA‘ICTI‘AMMTTT TGTAATTTTCTTTTTTTTATCTGAGATT TCAGATARRR. -
W

> < t

X E I KF o I L omem

AAMGMMTTACAMATTTTMMTGGGTTTGTAGCTCAETGGATTAGAGCT CA'IGGTTCCRMTCATGAAGTCMGGGTTCGAATCCETTETMCCCTTTTTCTTATTTTGMTATTT
+5 ' ~GEAUVUGUAG CUCAGUSGAUUAGAG CUCAUGGUUCCOAAICAUGAAGU CAAGG GUUCGAAMICCCUUCUAACCC -3

Arg=CLG>

TTGTATMAAMM.MTTGTTCTAT TATTMATTACTTMATTAMA” THTCATATATATTTTTTTIGAMAMMMMGAGGRTTT TTTTATGTCTTTMTGMTTGGTITGAAEA

ORF316>  GAGG H LHNHTFED
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TMACGAAGATTTGGTGGATTMTTGGCGCTI’TTATI’GAMMGCTACTAMGGATAMl T ] ¥ IAG‘EGMAGAGMMAGATCGATMATTAMATTGACACTACTMGGGATTATGGAC
KRRFGGLILIGATFIE ATKG Y EREKXDRY ] KIOTTEKGLHT
TAGATG TGACAATTGLEAAAATATGTTATATG TTAGATTTTTGAGACAMATWCGMWTGTGAA&M 76 )'EGATATCA TTTACMA TGAG TAGTACAGAAAGAATTGAAC T]TTMT
RCDHCEHHLYVRFLRQNKRI EC Y HLG SSTERTIELLI!

TGATCGTGGTACTTGGTATCCMTGGATGMGATATGACTGCYCGAGATGTTCTTAMTTTTCTGATGMGATTCTTATMMATCGAATTGCI’TTTTATCAMAACGAACTGGTTTMC
D G TNYPHDEDHTARDVLKFSODEDSYKXKHRILIAFYQ R L

TGATGCMTTCA.MEAGGCATAEGTCMTTAMCGGTMTCCTA!TGCATTBGBAGTTATGMTFTTCAATTTATGGGCGGTAGTATGGGATCIGTAGTAGGTGAMMATTACTCGTCl'
D AL1OQT G QL Gl? G |53 QFHGGS G SV G E K R

TATTGAATATGCTACTAGAEMTCMTGCCMTMTTATAG TATG TTCTTCTGGT GGAGCACGCATGCAAGMGGMCMTMGCTTAATGCAMTGGCI’MMTTTCTTCGGTTTTGCA
EEYATRASHPLI!\I‘ RMQEGTESL®MQHAK s s Q

'MTTCATCMECCCAAAAMGAHACTTTATATAGCTATTCTTACCTAICCTACMCAGG AGGAG TTAC]’GU\AGTTTTGG TATG TTAGGGGATM’TATTATTG CTGAG CCAAAAGCT TA
1IIOAQKRLLYIAILTYPTTGGVTASFGMLGDII[AEPKAY

TATTGCATTTGCABGMMAGAGTTATTGMCMACITTACGACMAMATACCAGATG'GI"I'TTCAAGI'TGCAGMTCATTATTTGATCATGGTTTACTTGATTTMTTG\'TCCAAGMA
1 AFAGKRY T EQTLRQKXIPDBGFGYAESLFDHNGLLDELIVEPERHN

TCYTTIMAAGGTGT'ITD\AGTGAMTTTiTGMTTATATMCGCTGCTECTTGTAMMATITCMMTTCCTTTTTTAMTMTTITC-iTTAGACTTTTAGTATTTTAGTAGTTTTTTT
LLKGVYLSEYFELYNAAPCEKSRTFQHRSTFF K == +—

TTMTI'CMATTTTTMTMMTMTATATYTTATTATTATTATTTATTMAATMGATATMTTTTTATTTAG TTTAGTTTTAAATAAMTATAGTATATATTATATT TATTTTTTTTT
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ATTGTATTT [AAGGTAI TT 1 T IATGACAGLTICI’TATTTACCTTCTATT TTTGTTCCTTTAGTIGGATTMTTTTTCCTGCTATTACTATGGCTTCATTA!TIATAYATATTGMEMGA
ORF36b> AGE . M T A 53 Y L P S 1 FVPLVGL ASLFIYTEQTD

TgAAoi\TT'{TATAAATAMTTGGAGACTMAMTTTTTTTTTACTTTTTATMMTATATATMGTTATATAT CJ\ATTTTTTTGTGATATATATTCTATMTACTI'TGTGMMGTMMA

MATTTTTAATTTATTGTTATTATTATMTATTGATTATTTTI'ATATTGAMMTMTCMTATTTI TTTTATCAACATIATTATTCAACTAGTTTAGGAGACATTETTT TG TTATGAAT
HoH

- — ORFiBA>  AGGAG
TTACAAGTGGACCATATTAGAGTAGATrTTATAATAGGATCTCGAAGAA?AAGTAATTTTTGT1GGGCITTTATICTTTTATTTGGTGCATTAGGTTTTTTTTTTG!TGGATTTTCTAGT
LQVDow 1 RVDFI SRRISHFCHAGFILLFSGALGEFTFFVYGEFSS

TAT'ITGCMMAGATTTAATTCCTTTTTTATCAGCTGAACAMTTTTATTTATCCCACMGGM!’TGTMTGTGTTTTTATGGTATTGCAGGTTTATTTATTAGl T ITATTTATGGTGC
YyLg«xocotl e ¥fLSAEQTILF q 61 H CF G F F

#CTAITTGTTGGMTGTCGGTAETGGCTATMTMAWGATMACMAMGEMTATTTTCTATTTTTCGTTGGGGATTTCCTGGMAAMTCG!’CGTAT]TTTATTU\ATTTTTMTT :

I C W C'SGYNXKFDEKQGKEG X CQF LI

MAGATATTCMTCMTACGMTGGAAGT!CMGAAGGTTTTTTATCTCGTCGCGTI’CTTTATATMAMTMMGGTCMCCAGATATACCTTTMGTAGMTTGMGMTATTTTACA
K I ¢51R £ Q€ 6 F L v L KiI £KG6QqperopD P L Fr

ﬂMGAGAMTGGAAGATMAGCTGCTGAGTTAGCTCGTTTT'I'TAMAGTTTCTATTGMGGTATTTMAClI FTTATTACGTCTTTTT IATMMTATAMAATATGCTGTTTTFI’TA'

LREMEDIKAAELARFLZREKY S [ o > <

t

GCMATTATMATAGTTTTTATGMGMGAATHTAGTTATTGGCWTTTTTCATCACAi TTT IGCTCTTCCATATTGTTCTTTAGMAAAGCATATAMGCCAGTAMCGTATACMA
ORFAM> M K K X F 5 Y WR 1 F RAHIF L S LEFKAY s R q

AAATAAAGAMGATTATTTTTTGTATMAMTATACTTTTTTCATCMMCGTTCTTGGCAGTCTATTC] T l! TTATATAGATACAGAAT TAARTAATTCTGTTTTTAARATATATTTGA
I X ¥ DY F LY KN L FSSK Q Y1 2 TELNNKSVYFKIVYLS

GTCTTTTAGMTATMATTMGTTTGTGGTTMTTCAGCTTI’ITCTMTTTTTTCTTIATTTTTCAAMMAATTCAMATTTGATTTMTTCTACCAMTATTMTGAMMAAMAM
EYyx Lt SsLWVWLLPFPQLFLIFSLFFEKNSKFOLLYLPRINEKEKZKK

AGAEAAAMTMACAGMMHAGCTTGGATTAGAGCTACTCTMATGATTTAGAMGTTG’GAGACGTTACTATITATTTTCTTCTTTTTTATCTTTAGATAAMMGAMAAMTMTT
RY T NRKEKELAWILIRATLNDLESHRRYYLFSST FL K KERnRNTF

TTTCT'lTI'I'TACAAATGMMGTTCI'AGAI'TGACAGCTATAGCTTATGMTCTATAGGTCTTGTACCﬂCGTI'CTATMCACGMCTTTTTCMGATTTMAGCAGAGTTMCMATCMT
SFLOAMNXSSRLT AL AYE v RS I TRTFSRFEKEAELTNHQGS

CMGI'TCGL’I’TGTATTAAAAGMTTIAGGTTAGCMMTATCMGCGTTGGCTTCTTTACAGTATATTGGCTGWTATTTTTTATTCCTTTAG.:AGTTTCTTTTI’I'TTTTCMMATGCT
S SLYLKEFRLAKYQALASLOYTI CLFFIPLSEYSFFFQZXCF

Figure 48 (confinueﬂ);
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ATAMGTMTGACATATTCHCMACMMTACMHGCMMTHMCTMAWTTCACCMCMAWTCGMTT&G“CAMWTATMTM¥GATAGTATTMMTTGTTT!AC 61030
XVHTYSSHKIQLQDLTKEIMQOTIELVQIY?IMDSIKIVL

ATTTG CTMCTGATCTCATI’IGGTTTATTACTT TAAGTTG TTTAITYATI’TTAGGAMAGAACGICTTGTTATTTI'MA'ITCTTGGGCIQ\AGM‘ITGTTTTATAGCTTMGCC\ATACGA 61210
LLTDLIHFITLSCLFI'LGKERLV[LNSHAOELF.‘{SL

TGMAGETTT TTTTATY CTTTTATTM\:‘I CATTTATOTATTEOATTTCATIETCEY U\TGGTTGGG&AM‘TGTM‘FMGUC“GY“ AGAACATTT IGGATTTGTT\‘ATMTMACATG 61330
¥ AFFTLLLTDLEILIG6FHSPHEGEWEI!IV¥YISSCLEHRKFGTFVYHHEKHRV

TMTT]'CGTGITTTGTITCMCATTTCCAGTMTTI‘TAGACACAGTCTTTMATMTTGATTTTTCG'ICATTTMATCGTATATCGCCTTCMTTGTAGCMCTTATCATACTATGMTG T 61450
1 SCFYSTFePeYILOTVYFEYLIFRHLNERIS 5 VATYHTHDNE

MTMTTCAMhTmAGGTCmTT\'GmACATT!\MTAMATYAHTCATATTMTTU«TATTMAAGTAMI m ECTTTATTTAT\'ATTRTTG‘TA'{CATMTGGCAG 61570
P e fmmm——nr + fo—e> < ¥

ATCT TGTAMATTGJ\GTAGTTTAMCAATMMCTATTC TTAMMTTATTTGMATAAATMTC TAAC TATG CAMAU«GMACTTTMTMCT I'GATTATCAAATGGGCC-RTTCGATT' 61690
+ .—wQHRNF?lHLllKHAIRL
' . peta

AATTTCCATAATGATTATYATAMATACAATATTTTGGTCATETATTTCAGAAGCCT TTCCTATTTATGCACAACAAGGTTATGAMATCEACGAGARGETACTGGACGTATTGTATGTGE 61810
{151 KHIILINTILFWSSI1S5EAFPTYAQOQQEGTYETMNG®PREATGRTIUVECA

TAATTGTCATTTAGCTAAARAACCGG TTGATATTEAAGTTCCLCARTCTG TTTTACCAAACACAGTGTTTGAGGCAGT TETCARATTCETTATGATATECAMATARAALAAGTACTTGE 61920
WeCHRLAKEKSPVYDIEVPQSVLPHNTVFEAYYKIPYDHOI!I XQVYLA

TMTGGTM\AMGGTTCTI’TMM’GTTGGAG CAGTICTTATTTFAC CAGMGGTTT'IGMTTAGETCCTT CTGATCGMTTCCTCC T GAMTGAMGAAAAAATTGGTMTCTTTI’TTT 62050
NGKKXKGSLHNYSEAVYLILPEGEFETLAPSTE DR PPEMHKEKIGHLTF

TCN\CCCTATAGTMTGATAAMMMTATTWAGTMTAGPYECAGITCCAGMAMMATATAGYGMATEGTTITTCCAA'ITCTCTCTCCAGATCCAG CTACTAACAMAGARGETEA 62170
gePpYSHDEKKNILVYVIGPVY HVFPILSPDPATHKEAIIV

‘l'ITTI’TMMTAI’CCAATTTATGTTGGTGGTMTAGAGGGAGAGGACAGATTTATCCTGATGGMGTAMAGTMTMTACAGTWATMTGCTTCMTTAEAGGMMGTMGTMAAT 62290
FLXY I'YVYVGG6GHRGRGEQ ! YPDGSEKSHNTVYYRASITTGEEKVYS K

TTTTCGTMAGMMGGGTGGGTMGMATMCMTTGATGATATTTCAGATBGTCATAMGTTGITGATATI’ICTGCTGCAGGACCAGMETTA]TATTTCAGMGGIEAGCT‘IGTGM 62410
EKGGYEIT ! ODBI!ISODGHEKY VDI SAAGSETLIILISEST®G

AGTAGATCMCCTI'TAACTMTMTCCMATGTAGGTGGGTTTGGTCMGGMMGCTGMGYAGI'ACTT(Q:MGATCCATTA&GTATTCMGGTCITTTATTATTT]T:TTgGATCAGTTAT 62520
vyoaoer T H Q Q -

TTTAGCACAMTAT rrmw TTCTTAMAAGAMEMTTTGMAGTACAATTAGCAEAGATGMTT mMTTTMMAATAGTMATTMGC TMTATTMTAC TATTTMTAAMA 62650
A Q1 LVLEKKKGQGF EEKEVYQLAEMHKHTF — gm———————} +

MTGGMAMTGGMCATI’CATT TIGGTTAATGTT CCATTTTTCCATTTG TTAAMAAMATATATAMETFTTTCGGAETHMATMACAG TAMGATTCMTAH’ITTATATTCAAA' 52770

AMATTATATT T TTTGTITIGTATTATAAABATAATCCTAATCCAGARTATGAACCATARAAAGATACCT ACTAMCCGATCACMGGA'IFAC EAG CTACAGTAC CGATTAGC CACA«:A 62890
A L

-2 < + w=s L S S5 G6LGSYSGEYFFILG L G 1 L
<ORF40 )
ACTMCGCTMTGTTAMGCACCGATTMMAMGAAMTAACTMTTATTGTMGCATMMAATCCTMTMCMTAMAMATIMGTATAMTACCMATTATTATATAMA TIT . 64091
LALTLAG I LFLFYS|! T L H AGGA  <ORF3Y
fo———— e ——— —— >
CAMTAMMTGGTTTTTTTATATATMABATATATATATATMT] LELY] IIATTMTGMMTI’ATACTTMTATMTAT'IMTATATATTATTATATATATATTAl TTTGACAARAAC 53871
G — e ———— <TATAAT <ACT |

—_ e o P
TATTTMMTAGAHGAMAMAMAMCTTMATMATTMGTMTATAMAMTMTTTATTTTTTTTTAGTGTAGATMTTATTTCGGGATAGACCMTCTGTAAATATTACJ\TATT 63851
—— ———t e —3 = ————— +— > G

GTGCATTI’EMCTTCGTTMTTTATTTTTATATM‘ITATATATATAATTGTMTACATCTATITCATATMTTATTMTTAMTTMTMITTATTGTTTTMCTTAI’TTAATTTTHTG 63731
+  TTGAAC TATATT> ] —— f—}.
Fe——3 PRI

MTTI’ATCTTGCTGCGTMMAGMCATI’AGCTATACTMGTFAGTATGCTTCAMTACCTTTGGTATMAMCMEMCCTMCAGGGTTTMMGTMTITI’GAGGMGI TITTAA 61611
ORF42a> H L Q K Y L W ¥ K H N HWLTGFKSHKFETEHVFN,
'.ICCTCTTATT }TTGGGATGA'.ITTC CCCCTI& TTTAARAAARATATATGGAGCT, MCATGTCTGGAMTACGGGAGAGCGTCCT‘I‘I’TG CTGATATMTTACUGTATTAGATATTGGGTM 63491
PLI FGMNITI SP FKKNEIHGGiGﬂNSGHTGERPFADIil'SlRYH 1
psbE>

TCCATAGCATUACTATACCTTCTITATTTATTGCAGGTTGGTTATITGTCA.GCACAGGGTTGGCTT ATGATGTGTTCOGAAGTCCTCATC CAMTGMTATTTCACAMACCGACMG §33N
L 1 GHLFVSTGLAYBVFGSPRPHE\’FTE.'IRQ

MGTACCACIMTMCIGGCCG"TTMTTCGTI’AGAACAMTTGMEMTITAKAAAATCCTTTTAGGAGGCATTMTGACTATAGATAGMCT TATCCAATTTI’TAECGTMGMGGT 63251
vV PL L

I TGRFHSLEQIDETFTHKSF aem M T1 TYP I FT.¥R
psbF>  AGBAGG
TAGCCGTTCACGGMTAGCTGTMCT ACAGTTTTC TTTTTAGGTGCMTATC-AGCMTGCAGTTIATTCMAGATMACTTMMAAMTYTAGAACTATGACAMCAMTCMCA 5310
AVHEGELAVYPTVF LGALI SAHQF ] M TQPNPN

Figure 4B and 4C.
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TTTGTGGCTAAI'CGGTACTGTAGCTGGTATCCTTGTMTCGGTTTAGTAGGTATCI 1117 T IATGGTI’CATATTCTGGATTAGGATCATCTTTATMTACMAA&MJ\MTATMFTTT
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TITTTATTAMTABTAWMTATTAGCTTMTTTACTM 11 T IMATTAWATTCATCTCTGCTAATIGYACI TIT ICAMTTGTITCI L ETAAGMCTAMMTATTTGTGCTAM
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TTARARACTTCCTCAARATTAC ITTTMAL‘CC TGITAGG TTGWGTTTFTATAC CAAGGTATTTTTGAAGCA TACTAACTTAG TATAG CTAATGITCTITTTA CGCAGERAGATARATT
HFVEEFHSKFGTL"IIIIK\'HLYLQLM <ORF4Za

CAMAMATTMATMGTTMAACMTAMTTATTMTTTM]TMTMTTAT ATGMATAGATG TATT, ACMTTATATA TATAMATA I'ATMMAT MATTMCGAAG TTCAMTG caC
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MTATGTMTATTTACJ\GA‘[TGGTCTATCCCGAMTMTTATCTACACTMMMMATMATTAI TTTTTATATTACTTAATT TATTTAAGTTTTTTTTT HIC.M'I'CTATTTTAMTA
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AAAATTTTATATM‘IMTI’TGGI'ATTTATACWMTTTI’TTTATIGTTATTAGGATI’TTH’ATGCTTACMTMTTABTTATTTTCTTTTTTTMTCGGTGCTI'TMCATTAGCGTTAGT
P AR AGGA SYFLFLIG
ORF31> N

TTTATTTATTGGGTTAMTAAMTACMCTTATTTAMMATMT]TAMAMGGTTATTTMATHCJ\TTGTATTTCTCMAC TTTTTTTGAGATTCATAGTARACTACAATACTAACT
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AMTTAGTI'AT'EATTI'CAGITMTAMMMMMAAMATGGTTGAAGCTTTGTTGTCTGGAATTGTTTTAGGCTTMTTCCTATMCTTTACTTGGATTA?TTGTAACTGCGTATCI’G
- < =t ORF3T> M V E A L L S 6T VYV LGLIPITLLEGELFVYTAY

CMTATCGACG'IGGTGATCMTTAGATCTTTMTTGAAMGTCMTTTTTGI TTT IMGTCCTCCCTTTATAGGGAGGTTTTTATTT TATTAAAMMMTTCACGCTCTGTAGGMT'IG
Q. R G Q [} +— > < —t 3"~ GUGCBAGACAUCCUAAAC

AACCTACGACATTAGGTT [TGGAGACCTACGTTCTACCOAACTCAACTAAAAGLGCTTATTACTTATT ARTTAGTATTAATATGAATTATATT TATATT TATATACATAAATATATATAT
UUGEAUGEUGUARICCAAAAC CUCUSGAUGCAAGAVGE CUUGACIUGANULUCELG-5 ! +——n — -
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ATAAATATATAATACET TAGMGGTAGGGATGACAGGATTCGMCCTGCGACATTTTGTACCCAMACAMCGCGCT ACCMACTGCGCTACATCCCTAMCCI LAl lTATCTATCTGTA
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GIGTATTGGGAT[TAGAACTGTTTCGTGATGAACG TACAGGTMGCCTT CTTTAGATTTACCTAAMT TTTTGRAATTCATTTGT TTCTTTCTGAG TACTTTGTTTTGLTTTTGRAGEA
Y WD E L F -R GKPSLDLPKIFGiNLFLSGVLCFAFGA
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A L6 1L GLFI{LSVRPFQRLYKGLRHGIIVE
ACAGTTTTATCCAGTAGTATTGEAGCTGTTTTTT ITGCTGCTTTTGT 16T TGCGGGAACTATE TGGTACGGTTCTGCAGCAACTCCAATTGAATTATTTGGTCCTACTCG'FTACCMTGG
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ORF74>» H AT Q I 00T PKTKGKKSGI!IGDILXPLHN

AT YEAGAGTA‘EGGMMGTGGCTCCTGGTTGGGEMCT ACTCCICTT ATGGGTATTATGM GG CTCIT 'ITTGCAG TTT [TTTAGTTGTTATTITAGAACT TTATAATTCCICTG ITITGT
S EYG KV APG 6T G L AVFLYVYILELYHNSSVYLL

TABDM gﬁn\s T 'igc.ﬁaTT.;G'{_IGG TAATAAATAAAAATTARAMAMATEARTTGCTGCTT T TTTTAGCAGCAATTCATT T TTTTAATTTTAGGTAGTTTAATTG TGTAATTATTARATTCA
+ T T T 0 + —

Figure 4E and 4F.
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AAMCCTCGGGMTTMCYTGGGHACTGGTGWATTI’TAGCAGTTTTMCTGTATCTTTT GG TGTTAMGGTTATTCTTTACCTTGGGATCAMTTGGTTATTGGGCAGTTMAATTGT 72370
KPRELTHVTGVlLAVLTVSFGVTGYSLPHDQIGYHAVKIV

AALTGGTG TACCAGAAGWTTCCMTMTTGGATCTCCTTTAGTTGAGT?ATTACGCGGMETG TAAGTGTTGGTCMTCGACAﬁMCT CGATTITATAETI’TACATACITTTGTATT 72490
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Figure 4G (continued).
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TTACTATTCGACCTGCAGA.MCACGMTGGGATEGGGTAMBGATCTCCAGMTATTGGGTAGCTGTAGI'TMACCTGGAMMTACTTTATGAMTTAGTGGCGTATCTGMMTATTG
F T RPAETRMHGESGEKEGS EY W A P K1 LYETI SGY S EHNRTIA

CTAGAGCTGCGMGMAATTGCAGCATATAMATGCCGATACGTAETCAATI’TATTACAACﬂTCTAGTTFMATMMMCMGMATATAMMATTACTAATTAGTTMTI’ATATA
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MTITTM.ATAITAAAA‘ITGGCCCT CCCT) MTCCATCCATTTTAG BGGGGGGATTAMAAMMMMTGATTCMCCTCAMCTIATTTMATGTTGCAGATAATAGTGGAE CTCGA
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AMCTMIGTGCATTCGAGTIATAGGAACGAGTMTCGMMTATGEMATATTGGTGATATTATTATTGCTGTTGTTAMGMGEAGTGCCMATATGCCTATTAMAMTCCGMATT
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GTMRAGCI'GTMTTGI‘AEGI'ACGTGTMAGMTTTAMCGMATMTGGATCCATMTMMTTTMTGATMTGCAGCAGTTGTTATTMTCAAGMGGMATCCMMBGMCTCGA
YVRAVIVRTCKEFKRRKRNGS 1T I KFDDHAAYVYINQEGNPIKG GTR

GTTTI’TGGTCCAATTGCTAGAGMTTMGAGAATCTMTTTI’ACTAMATAGITICGTTAGCTCCAGMGTT‘I’TATMATMMTATTTATTTTTATMATMATMMGACTTATMM
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TATTTATTTTATATTTTTCMTTMTTTMGGAGTATTTATGGGGMTGATAEMTTGCGMTATGATMCCTCAATM.GAMTGCMATWAGGGMMTMAMNGITCAAGTACCT
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ATNITRRERIAKILFQEGF I DNFIDNKQRTEDILILRELEIXY

AMAMMMMTCTTATATMCAACTTTMGACGMTYAGTAMCCAGGATTMGMTATATTCTMTCATAMGAMTTCCAMAGTTTTAGGTGGMTGGGMTTGTMTTCTFECC
KK K K Y TTLRRISKPGLR[YSHHKE]PKVLGGM |

ACGTC!'CGAGGAATTATGACAGATCGAGMGCTCGACAMMMMTTGGGGGCGMC1 T IATGTTATGTATGGTMTWTFTATAAAAMICTTACMAMAATAGTTACTTACTATC
TSRGIMHKTDREAROQEKTERTIGOGELLT CYVH aue
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GTTTTTATI'MTGTTGGTT[ATTMMAGGAGATTCTTCTTTTMTGGAGAMCMMATTMTTGATATGGMGGTGTTGTTATAGMTCAC?TCCTMIGD\ACATTTCGAGTTTATT
AGGAG infA> M E X Q K L I BDHEGVY Y1 ESLPHRATFRY L

TAGATM'I GGATGTATAG TATFMCACATATATCAGEAAAMTCCGACGMATTATATT CGAATATTACECGRAGATAGAGTAMAB TCGAATTAAGTCC TTATEATTTARCTAARGETE
DHGCIVLTIIISGKIRRHYIRILPG-DRVKVELSPYDLTKGR

GTATA?CTTA‘F;GACTTCGT?CMMTCT TCAMTMTTMAMATTAMGMMAMAATTAGAGATTAMTATHATGMMTCCGCGC]TCTG TTCGAAMMTTTGTGARAATTGTC

K S S5 NN uns GAG geeX>» M X I R A S VYRKICENTCR
GATTMTTCGACGCCGAAGACGAATTATGGTAGTTTGT]‘CTMTCCAMACACAMCAMGACMGGTTMAAM.AA}\GTTTMATAMMCACATATAAMTATATACATATAGTMAT
I R R RRIHVYVELCSHPENEQROGO G === rpsll>

TA'IGCCM.U\TCTGTMAMAMTTMTTTACGTMAGGMMCGTAGGTTALCTMAGGAGTTATTCATATTCMGCCAGCﬂTMTMTACMTIGTMCTGTTACAGATATTAGAGG
K 1 REGKRRLPKSGYITIHIQASTFDNHNTIY D

GCMGTCGT’I’ICATGGI’CTTCT GCTGGTACTTOCGGATTTAMGGTACAAMAAAGTACCCCATTTGCCECTCAARCCGTTCCABAAMATGCTATT CGGATATTMTTGATCMGGTAT
Qv S SAGACGF KGTEKEKSTPFAAQTAAENATLIRILILIDGQG® G

GMACAAGCGGMGTI'ATGATTAGTGGTCCAGGACCAGGCAGAGATACGGCATTACGAGEMTI'CGTCGGAGTGGTATMTACTTAGTTTTGTACGIGACGTMCTCCCATGCCTCATM
QAEVHISGPGPGEGR TALRAIRRSSESG 1 LS5 F VR VTPHPEH

Figure 4G {continued).

FEY RO

7801t

189
mmn.

7765

77531
74
77291
mn
77051
769
7681
16691
765N
76451
76331
62N
76091
75971
75851

ELTE]|

75611
75491
7530
75251
75131
15011

74851



TGGATGTAGAC CACCTAGMAMGACGTGTATAMTAMMAAACTATTTMAAMWTATTMTATGATTCMMTGMATMMGTTTCTACTCAMCATT.FEAGTGGAAGEGTI[\TT T HmMm
G R

P PRKXKRRY rpoA> N 1 0 D E T X Vv 35T QT.L QWK
GAATCTAAMATAGAAMGTARRCG TCTTCITIATAGTCGTTTCGCTATTTCACCTTTTAGMMGGTCMGCCMTACAGT! GGMTAGCTA!'GCGTAGAGCGTTAC TTMTGAMTTGM 74651
E-S KL ESKRLLYSRFALISPFHRIEKEGHZ Q TVGIAHWHMRRALLIRE-TE
GRAGCTICTA TTACATACGCTMMTMMAMGTMMCATGMTATTCMCAATMTAGGTTTACMGAATCTATTCATGATATATTMTTMCTTAAMGAMTTG I'TTTAMAAGT 7453

S I T YAKX ! XKKYVYKHEYSTIITGLQESTIHDBILINLEKEIVLEK
GAATC TTTTGMCCTU\AAMG CATATATT TCAGTTT TAGGACCTMAMMTMCTGCTCMGATATTMAG GGCCTTC I’TG TATTMGATTATGATMTAGCECMTATATAG CAACT 744
LEsFeErPQX Y I SV LEGEPXKITTAQDI XGPS CI XTI NI I AQY AT
TIAAACMAGAI'ATTTTATTAGAMTTGMTTMATATTGMAMGATCGTGGATATCGTAT‘IGAMAC'IYACMMATATCAAGAAGGTTTATTTCCAGTGG»\TGCTGTTTTTATGCCA 7429
LHKDIULVLETIELMNITEZXDR Y RLQXYOQEGLTFPYODAVFHREP
MACGMATGCAMTTATAGTG WCATTC T rnmﬁrﬂmmnwammc T TFGAMTC TGGACTGATGEAAGTTTGAC ?CCAAMGMGCTC TFTAYGMGC T N
I RN aNY SV S F E S E K 1K L F L E T TDHBGESLTPKEA Y :
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S RN L l 0Dt 3 I ¥ S EKKEKXKNFGILI EXTHNESHHSYFP Qs Vs
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TATCTTTAGGTAATTGGATTGAAAAACGT TTTATAMACTAGAAATAAGGTT TRAAATT T TT TACTTTTTAGTAAAMAATT TCAMACCTYATT TCTAGTT T TATAAAMARRATATATATT 73691
YL -

.- +

Figure 4G (continued).

Figure 4. Nucleotide sequence of the chloroplast DNA. The nucleotide
position numbers are counted from the 5'-terminal nucleotide next to the
inverted repeat IR;. Dots are put on every ten nucleotide. Amino acid
sequences deduced from the nucleotide sequences are shown under the DNA
sequence by one letter symols. Stop codons are shown by double underlines.
Putative stem-loop structures are shown by broken lines with arrow heads,
Predicted promoter sequences and Shine-Dalgarno sequences are shown under the
DNA sequence. Transfer RNA sequences are shown under the DNA sequence.
Introns-are shown by dots under the DNA sequence with 5' and 3' terminal
consensus sequences {gagyg and ragccg.augaa..gaaa..uucaugu.cgguuy; r

represents a or g, and y represents c or u).




nuclectide sequences of each block are shown in Fig. 4 A-G. The amino acid
sequences of ORFs and the nucleotide sequences of transfer RNAs deduced from the DNA
sequence are shown below the nucleotide sequences. Introns in ORFs are predicted in
one tRNA gene (valine-UAC) and six protein coding sequences for petB, petD, rpl2,
rp116, and rps12 genes and ORF203 by the presence of the 5' consensus sequence
(GUGYG; Y represents C or T), and 3' consensus secondary structures with the common
sequences (RAGCCG.AUGAA, .GAAA. .UUCAUGU.CGGUUY; R represents A or G) characteristic

to group II introns found in fungal mitochondrial genes and Euglena gracilis

chloroplast genes (Michel and Dujon 1983, Keller and Michel 1985). Identified genes
and open reading frames (ORFs), and their loci on the chloroplast genome are
sunmarized in Table 2. Genes are categorized into three groups: II-1 transfer RNA
genes; II-Z genes for photosynthetic polypeptides: II-3 genes for ribosomal proteins
and subunits of RNA polymerase. In the sectjon II-4, unidgntified open reading
frames are discussed. Detail characterizatién of these genes are descrfbed |

following sections.

I1-1 Transfer RNA -genes
As previously mentioned, chloroplasts contain genes for their own rRNAs. They
probably also contain genes for all of their tRNAs. They show high homology with

the corresponding genes of E. coli. Genes for numerous tRNAs have been sequenced

and mapped on chloroplast chromosomes (Crouse et gl. 1985).

RESULTS

From the DNA sequence, tRNA genes were prédicted as regions that have higher GC
content than spacer regions between ORFs as shown in Fig. 5. Seven tRNA genes were
located by searching for the T-¢ loop consensus sequence (GTTCRA) and identified by

constructing the ¢lover-leaf structures as shown in Fig. 6.
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Figure 5. GC content and corresponding genes. GC content was plotted by
calculation in average 30 nucleotides. The coding sequences are shown by bold

Tines with names of genes.
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Figure 6. Secondary structures of tRNAs deduced from the DNA sequences.
The 3'-terminal CCA nucleotides are not coded by the chloroplast genome.
The insertion site of an intron in the tRNAva1(UAC) is shown by an arrow head.



Valine and isoleucine tRNA Qenes (trnV-GAC and tral-C*AU)

A gene for tRNAVa1(GAC) was found at position 81814 to 81885, The 5' terminus
of 165 ribosomal RNA gene was mapped at the position 82109 by comparing with maize
and - tobacco chloroplast 165 rRNA genes (Schwarz and Kossa]‘1980. Tohdoh and Sugiura
1982). It was shown that the primary transcript of the 155 rRNA does not include
tRNAva1(GAC) (Strittmatier et al. 1985). In the liverwort putative promoter
sequénces were individually located upstream from 165 rRNA gene and valine tRNA
gene. A tRNA gene (81057-80984) is located on the opposite DNA strand 756 bp apart
from the 5" terminal end of the tan—GAC gene. The unmodified anticedon is CAU
complementary to the methionine codon AUG. The nucleotide sequence shows 43.2% and
54,17 homo?ogies.with the spinach initiator methionine tRNA(CAU) (Calagan et al.
1980) and elongator methionine tRNA(CAU) (Pirtle et al. 1982), respectively, but
exhibits 93.2% homo]ogy:with the spinach chloroplast isoleucine tRNA(C*AU), In
addition, the tRNA gene in Tiverwort has extra mismatching within the anticodon stem
as seen in the case of spinach isoleucine tRNA(C*AU) (Kashdan MA et al. 1982 and
_ Francis et al. 1982). Therefore, coding sequence for this tRNA can be tRNA gene

(trnI-C¥AU) highly modified in the first nucleotide of the anticodon.

Arginine tRNA gene (trnR—CCG)

A tRNA gene (57877-57950) was found 94 bp downstream from the termination codon
of the rbcl gene. The £RNA has the anticodon of CCG that can recognize CGG afginine
codon. A pair of mismatching nucleotides (U-U) was found in the amino acyl stem
(see Fio. 6B). Tﬁe Tiverwort trnR~ACG gene in the IR region also have two

mismatching nucleotides (U-U and U-U) in its amino acyl stem (Kohchi et al. 1986).

Tryptqphan‘aqd proline tRNA genes (trnW-CCA and trnP-UGG) ‘ _
Coding sequences for two tRNAs were found at positions 64626-64553 and 64788-
64715 near the psbE gene in Fig. 40. Their secondary structures showed the

anticodon triplets, CCA and UGG, pairing with codons for tryptophan UGG and proline



¢CA, respectively (Fig. 6C and 6D). Therefore these tRNAs were identified to be
tryptophan tRNA and proline tRNA. The tRNATTP(CCA) and tRNAPTO(UGG) show 93.4% and
93,4% sequence homologies with spinach chloroplast tRNATrp(CCA) and tRNAPrO(UGG)-
(Canaday et al.7981 and Francis et al. 1982), respectively. The genes for these
tRNAs were designated tral-CCA and trnP—UéG. Their coding seqdences were seearated
by 88 bp spacer region. A significant premoter sequence for these genes is present
20 bp upstream from the 5 end of the pro]1ne tRNA gene, but not 1in the spacer reg1on
between two tRNA genes. Two tRNA genes must be co—transcr1bed in a pr1mary
transcript and proéessed into mature tRNA molecules, although 42 bp stem structure

in. the spacer region can be formed as described in tRNAArg(CCG);

Elongator methionine and valine tRNA genes (trnH—CAU and trnV—UAC)

In the BglII fragment Bgl0, 83 bp apart from atpE cod1ng reg1on. a tRNA. gene )
(53801 -53874) was, found on the oppos1te strand. The anticodon of the tRNA was AUG
The tRNA showed sequence homology with sp1nach elongator’ meth1on1ne tRNA (94, 87),
and with initiator methionine tRNA (46.87). Therefore this tRNA gene was_confirmed‘
te be elongator -methionine tRNA gene. A tRNA gene ({53652-53051), whose anticodon
was UAC was found 148 bp apart from traM-CAU. This puta%ive valine tRNA gene wae
split By 530 bp 1ntfon:at tHe jenction.befween anticodon sfem ;hd Toop as ehoﬁn-in

Fig. 6F.

DISCUSSION

Thirty two specied of tRNA genes have been identified and mapped on the
livérwort chloroplast genohev(Ohyama et al. 1986). Those identified tRNAs are
listed in the codon table as shown in Table 3. The tRNAs encoded by chloroplast
genome are sufficient to read all codons taking into account an extended wobbling
and modificaticn in the anticodons. No tRNA gene would encode a 3'-terminal CCA
nucleotides. Five species of tRNA genes (trnI-GAU, trnV-UAC, trnA-UGC, trnK-UUU and

trnG-UCC) have been found to be split by group II introns. A tRNA gene (trnL-UAA)



Table 3. Codon table and unmodified anticodons of tRNAs coded by
Marchantia polymorpha chloroplast genome. '

codon -anticodon | codon anticodon | codon anticodon | codon  anticodon
UUu ucuy UAU UGU
} Phe } Tyr }-Cys
guc GAA - ucc GGA UAC ' GUA uGc - GCA
% Ser
UUA} } UAA -UCA : UGA UAA Ter UGA Ter
¥ Leu o
uuG CAA UCG UAG Ter UGG Trp CCA
cuu CCU CAU CGU ACG
} His ’ '
cuc cce (GGG) CAC GUG cGeC
Len ’ Pro Arg
CUA UAG CCa UGG CAA uuG CGA
s ‘ , }Gln ‘
CuG CCG CAG CGG CCG
AUU ACU AAU CGU
. 4. " . . } Asn }Ser
AUC (Ile GAU "ACC [ GGU AAC GuU AGC GCU
~_ r'Thr * _
AUA CAU ACA- UGU AARA } 01018 AGA. ucu
~ Met  CAU Lys }Ar g
AUG £Met’ CAU ACG AAG AGG
GUU GCU GAU GGU
} Asp
GUC | GAC GCC. GAC GUC GGC GCC
Val " Ala * Gly *
GUA UAC GCa UGC GAA uuc GGA ucc
} Glu
GUG GCG GAG GGG

AUG codon is an initiation codon.

are indicated by Ter.

‘coding sequences..

Termination codons (UAA, UAG and UGA)

Asterisks indicate presence of introns in the




s interrupted by group I intron. Five species of tRNA genes (trnV-GAC, trnI-GAU,
trnA-UGC, trnR-AGC, trnN-GUU) have been identified in each. inverted repeat region
(see Fig. 2). .
Three kinds of arginine tRNA genes have been identified on the chloroplast
genome. Duplicated genes, trnR-ACGs are Tocalized in IR regions (Kohchi et al.
1986) and -a trnR-UCU gene was mapped near the 3' side of the atpA gene coding for
d.subunit of H*-ATP synthase (Umesono et al. 1986, see Fig. 2). In liverwort
chloroplast. genome, however, the trnArg(CCG) gene, which has not been found in the
chioroplasts. of any species of plants, was identified near the 3' end of the rbcl
gene. Arginine codons in thé codon table are separated into two boxes dincluding AGR
and CGN codons (see Table 3). Codons, AGA and AGG, can be read by tRNAArg(UCU)
using B/U wobbling of the third letter. The CGU and CGGE codens .can also be
recognized by tRNAArg(ACG) and tRNAAT9(CCG), respectively. However, CGC and CGA
codons could not be read by tRNAArg(ACG) and tRNAArg(CCG) without modification of
the first letter of ACG and CCG anticodons. In E. ggli there are .also three species.
of arginine tRNAs having anticodons ACG, CCG and UCU. Therefore these results.
indicate that the mechanisms of the codon-anticodon recognition in chloroplasts is
similar to those in E. coli. In addition, unpaired nucleotides in amino acyl stem

were also reported in chloroplast tRNAPTO(ACG) molecules of Tliverwort (Kohchi et al.

1986), Euglena gracilis (Hallick et al. 1984), Spirodela oligorhiza (Keus et al.

1984) Pelargonium zonale (Hellmund et al. 1984), and tobacco (Kato et al. 1985).

These incomplete structures.of amino acyl stems may alter the codon-anticodon
recognition. A promdter sequence is not detected in the 94 bp spacer region between
rbel and trnR coding regions. .. Instead, there are two stem structures consist of 8
and 32 bp.long (dG= -44.9 kcal) that may function as intracistronic termination or
RNA processing signals (Fig. 4B). .If it is so, the trnR gene may be co-transcribed

with rbcL gene and processed into mature tRNA.



11-2 Genes for photesynthetic poTypepfides

The -most important role of chloroplasts is photosynthesis. Liverwort
chloroplast genome is smaller {121 kb) than those in other higher plants (Palmer &t
al. 1985)." Nevertheless it is interesting to know whether the 11verw5rt'chlorop1ast
genome Hasfnécessary Sets of genés for photosynthetic polypeptides; Events in
photosynthesis take placeé on the thylakoid membrane as well as in stroma of the
ch]d}op1ast§. Therthy1ak01d membrane contains reaction centers (called photosystems
1 and II), cyﬁochrome bo/f COmplek and coupling factors. A cytochrome b6/f complex
in ch10rop1asts'operates in an electron transfer chain of a plastogquinol-
p1a§tocyan1n oxidoreductase between photosysﬁem-II and I.  The complex has ‘four
major pb]ypéptides. Three of them, cyfochrome f, cytochrome bs'and 17 kd subunit 4,
are synthesized in the thloroplasts, whereas the Rieske FeS protein is synthesized
in the cytoplasms (Hauska 1985). The genes for cytochrome bg and the 17 kd subunit
4 are separated by 1 kb on the chloroplast genome and are transcribed as a common
precursor mRNA {Alt et al. 1983). The geﬁe for cytdchrome f is Tocated distantly
from others and translated ifto a preprotéin larger than mature cytochrome f,
suggesting that processing occurs during insertion from the ribosomes in the ‘stroma"
into the thylakoid membrane (ATt et al. 1983, Whilley et gl, 1984, Alt and Herrmann
1984). | |

RESULTS

Genes for photosynthetic polypeptides were identified by comparing amino acid
sequences of the ORFs with those of photosynthetfc proteins reported previously in
other species of plants. The amino acid sequénce alignments of the identified
photosynthetic protéins are shown in Fig. 7 A<K. - On the LSC region sequénced in
this study, ‘there are ten genes for photosynthetic proteins; the large subunit of
ribulose-1, 5-bisphosphate carboxylase/oxygenase {rbcl), 51 kd P-680 chlorophyll a
apoprotein (psbB), cytochrome b-559 polypeptides (psbE and psbF), cytochrome f

preprotein (petA), cytochrome b6 (petB), cytochrome b5/f complex subunit 4 (petD)
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and,? and ¢ subunits of H*-ATP synthase (atpB and atpE). The amino acid sequences
of the photosynthetjé proteins in liverwort chloroplasts exhibit high homologies
{78.8%-95.6%) to those of spinach chTorép]asts except for atpE (63.0Z homologous to

spinach atpE) and psbG (62.1% to maize).

Gene for the large subunit of ribulose-1,5bisphosphate carbo;y]aée/oxygenase-(rbcL)
%he rbecl. gene was preﬁious1y mapped 1in the Bam5 fragment by heterologous
hybridizat}on with the tobacco chloroplast rbcl gene (Ohyama et al. 1983). An
ORF475 (56355-57782) shows high amino acid sequence homology with rbcl of spinach
(90.5%) (Zurawski et al. 1981), tobacco ({90.5%Z) (Shinozaki and Sugiura 1982), maize
(B7.67%) (McIntosch et al. 1980) and A. nidulance (80.6Z) (Shinozaki and Sugiura

1983) (Fig. 7A). The rbclL gene was localized 508 bp apart on the ophosite Strand to
the atpB gene coding for f subunit of HT-ATP synthase, In the spacer region between
atpB and rbcl genes, typical stem-loop structures can be formed including 45 bp AT-

rich stem structure (dG= -44.9 kcal).

Genes for photosystem II P—680 chlorophyll a apoprotein (psbB), and for cytochrome
b—-559 polypeptides {psbE and pst)

The amino acid sequence of an ORF508 (69026-70552) shows 88.27 homology to that
of the spinach 51 kd photosystem II P-680 chlorophyll a apoprotein (Morris and
Herrmann 1984). The amine acid sequence alignment with that of spinach is shown in
Fig. 7B. |

ORF83 (63554—63303) and ORF35 (63293-63174) are located close together (10 bp
apart). The ORF83 shows 89.2% amino acid sequence homology to that of the spinach
apocytochrome b-559 polypeptide, which is psbE gene product (Herrmann et al. 1984).
The ORF39 shows 89.77 amino acid sequence homology to the b-559 URF39 gene product
of spinach (Herrmann et al. 1984). The psbE and psbF genes are proceeded by the
typical Shine-Dalgarno-like sequences (GGAGG and AGGAGG, respectively). The psbF

gene terminates by a TAG stop codon that overlap to two nucleotides of the SD
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sequence- for psbE. Their sequence alignments- are shown’in Fig. 7C and. 7D,

Gene ‘for photosystem II G—protein (psh@)

- Recently Steinmetz. et al. .identified a new protein (248 amino-acid residues

Jong) associated with the photosystem II-complex and analyzed. the fine structure of
its gene, prG. on the maize chloroplast genome -(1986). The M. polymorpha - |
counterpart of psb8 gene (52524-51793; encoding 243 amino acids, 27.6 kd) was
jdentified and the predicted amino acid sequences were compared as_shoﬁn in Fig. 7E.
Unlike: other photosystem 11 bo1ypeptides, the psbG proteins are significantly
diverse in N- and C-terminal portions; in-average they are only 62.17 homologous,
whereas the central portions {maize, amino acid‘residue number :36~182; M. polymorpha

37-183) are 91.9% didentical. In M, polymorpha,.the psbG gene . overlaps with the last

seven nucleotides of the preceding ndh3 gene.

Gene -for cytochrome f preprotein {petA)

An ORF320 (61641-62603) shows high degree of amino acid sequence homologies.to
those of the cytochrome f preprotein of spinach (78.8Z) (Alt et al. 1984), pea
(75.9%) {Willey et al. 1984), Oenothera hookeri (78.1%) (Tyagi et al. 1986), and

wheat (79.1Z) (Willey et al. 1984). The ORF320 can be liverwart cytochrome f
preprotein gene  (petA) whose molecular weight is.33.4 kd. The amino acid sequence
alignments compared with those of other plant species are shown in Fig. 7F. .The N-
terminal 35 amino acid sequence of liverwort cytocﬁrome f polypeptides _shows
relatively lower homo1égy (40.07) to that of spinach. 0On:the other. hand, the-
remaining sequence of 285 residues gives.high homology (B3.5% with spinach :
cytochrome % mature protein). However, the hydrophobjc-characteristics of . the N- -
terminal region are conserved in petA gene products indicating that N-terminal 35 .
amino acid residues may be functional as a signal peptide. The molecular weight of

liverwort mature cytochrome ¥ polypeptide is 31.3 kd.



Genes for cytochrome b6 (petB) and for cytochrome b6/f complex subunit 4 (petD)

‘ORF162 (72078-72566) can be postulated by using initiation codon AUG (72078-
72080). The C-terminal amino acid sequence was found to be- hamologous to. that of
the spinach cytochrome b6 polypeptide (petB) (Heinemeyer et al. 1984).. However the
N-terminal portion including ‘initiation codon is quite different from that of
spinach petB gene, Instead, a consensus seguence for the 3' end of the intron
(RAGCCG.AUGAA..GAAA..UUCAUGU.CGGUUY) was found in the beginning (71859-71924) of the
ORF162. A consensus sequence specific to the 5' end of the :intron (GUGYR) was also
located further upstream of the ORF162. This indicates that the liverwort petB gene
(71424-72566) is interrupted by 495 bp intron (71430-71924) and codes a polypeptide
of 215 amino acid residues (Fig. 4F and 7G).

The amino acid sequence of ORF139 (73271-73690) shows 95.6% and 93.1%
homologies to cytochrome b6/f complex shbunit 4 of spinach (Heinemeyer et al. 1984)
and pea (Phillips et al., 1984), respectively {Fig. 7H). However, the consensus
sequences for an intron (493 bp: 72723-73215) are alsg present in petD gene as in
the petB gene. The putative secondary structures of introns in petB and petD genes
are shown in Fig. 8. The initiation codon of the petD gene can be extended to the
upstream methionine codon (72715) as shown in Fig. 4F. The molecular weight of the
Tiverwort petD gene product can be estimated to be 17.4 kd {160 aminc acid residues)
considering presence of an intron in the coding sequence. On the other hand, intron
specific sequences can also be jdentified on the DNA sequences of the spinach and
pea genes, -although they do not describe the presence of introns.in the coding
sequences for petﬁ gene. If this is true, the aminc acid sequences of the 5'
extended region of the petD genes were highly conserved in the three species of
plants (95.67 homologous to spinach petD protein, see Fig. 4F). A sequence motif
{AGGA) for the ribosome binding sites are present 9 bp upstream from initiation

codons of each petD and petB gene.
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Genes for (3.and £ subunits of H'™-ATP synthase (atpB and atpE)

A gene cluster, atpB (55846-54368) - atpE (54362-53955), was localized 508 bp
apart from rbcl in head to head on the opposifé DNA-strand. The nucleotide-binding
subunit (3 encoded for by atpB gene contains 492 amino‘aéﬁds (Higgins et al. 1985),
The M. polymorpha atpB amino acid sequence showed 88.47 hpmo]ogy toc spinach atpB .
gene product (Zurawski et gl. 1982), 86.22:to maize (KreSbers et al. 1982), 62.87 to
E. EQii {Saraste et al. 1981). 1In cohtrast, M. polymorpha ¢ subunit (135 amino acid
residues), product of atpE, is less homologous to fhat of spinach (63.0%, Zurawski

et al. 1982), maize (51.9%, Krebbers et al. 1982) and E. coli (22.2%, Saraste et al.

1981). Although the Shine-Dalgarno sequence of atpE gene was overlapped with the
atpB coding regicn in spinach and maize, the coding sequences of these two genes of

M. polymorpha were not overlapped as shown in Fig. 9.

DISCUSSION

The comparison of amino aﬁid sequences of photosynthetic polypeptides between
Tiverwort and other higher'p1ént thorop]ésts reveals the highly conserved aminc
acid sequences (78,8-95.67 with spinach photosynthetit polypeptides} during the
events of chloroplast evolution. In contrast, it is interesting to note less amino
acid sequence conservatien inltransériptiona1 and transtational polypeptides
incTuding o subunit of RNA po]ymerase (547), ribosoma]l prote1ns (46~687) and
initiation factor 1 (65%). These results suggest that ch]orop]ast ribosomal
proteins and RNA pﬁﬁymerases may have changed faster than photosynthetic
po1ypeptjd95>infthe event of evolution.

Previous studies showed that several p]énts have two rbel mRNA'ﬁranscripfg
(Erian 1985) It has been shown that the smaller mRNA transcr1pts are produced by
processing of the pr1mary rbcL transcr1pts (Mu]]et et al. 1985) A?though the
spacer reg1on between rbcl and atpB coding regions show less sequence homology Q1th

those of other plant species, several regions are conserved in land plant
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chloroplasts. The promoter sequences for rbcl and atpB referred to "-10" and "-35"
regions, and the Shine-Dalgarno sequence (6GAGG) for rbcl. were conserved. In
.addition, a sequence motif (TCGAG) was Found‘38—45 bp apart From_the Sb sequence of
rbecl by compar%ng the DNA sequences as shown in Fig. 10. Interestihg1y.'one of the
5! term1na1 sites of processed rbcl mRNAs are iocated 8-12 bp upstream .from this
conserved sequence.mot1f in maize and spinach. The distance from the rbcL promotaer
to SD sequence in iiverwort rbel is shorter than those in other plant chloroplast
rbcL; 5ﬁ£ the distances between promofer regions and this newly 1dent1fied sequence
motwfs ware not conserved in land plants. This sequence motif may have some ro]es
on the trans]at10na1 regu]at1on of rbcl gene express1on . ‘

In the:liverwort cytochrome f preprotein {petA), the N- term1na1 region (1—35
amino acid residue) shows rather low homo1ogy (40Z) with correspondingregions of
those from pea and spinach chloroplasts. The N-terminal 35 amino acid residues of
the pea and spinach cytochrome f proteins have been shown to be-removed as a signal
peptide for localization intc the thylakoid membrane (Willey et al. 1983).

The Tiverwort chloroplast petB and petD genes were found to be interrupted by
introns classified as group II intron in fungal mitochondria (Keller and Michel
1985). Introns were not reported in the spinach chloroplast petB and petD genes and
it has been suggested that the psbB, petB and petD genes are co-transcribed in a
primary transcript following intercistronic splicing (Westhoff 1985). A similar
gene organization as in the liverwort genome can be interpreted in the spinach
nucleotide sequence presented by Heinemeyer et al. (1984) by application of intron
consensus sequences (Keller and Michel 1985, Ohyama et al. 1986). The molecular
weight calculated: from the deduced amino acid sequences of the petD (17.4_kd) agrees
reasonably w1th that (17.5 kd) of the spinach subunit 4 .polypeptide determ1ned by
SDS—po1yacry1am1de gel electrophoresis (Alt et al. 1983). Findings of introns in
liverwort petB and petD genes and absence of promcter sequences anelfe}m%ee{%ee':
signals in the spacer regions between psbB, petB and petD genes suggest that these

three genes are transcribed in a 7.3 kb common precursor mRNA. Further study to



identify the splicing junction between their exons is in progress,.

1I-3 Genes for ribosomal proteins and o{ subunit of RNA polymerase (rpoA)

- Gene expression in the chloroplasts shows many similarities with those din
prokaryotic cells such as E. coli. Ribosomal RNAs (rRNA), transfer RNAs (tRNA) and
ribosomal proteins -involving the transcription and translation in chloroplasts. have
prokaryotic features (Whitfeld and Bottomley 1983, Kozak 1983). Chloroplast
ribosomes play a fundamental role not only in chloroplast biogenesis but also in
photosynthesis, since several photosynthetic proteins are made on chloroplast
ribosomes (E114is 1981). Chloroplast ribosomes share many structural and functional
similarities in common with prokaryotic ribosomes including subunit sedimentatjqn
coefficients, mode of action, size and sequences of rRNAs (Bartsch et al. 1982,
Shmidt et al. 1985, Bartsch 1985). The similarities in the translational systems
are so.extensive that initiation and elongation factors, even ribosomal subunits of.
E. coli and chloroplast can be interchanged (Graves and Spremulli 1983, Schmidt et
al. 1983). Some of the cDNA coding for the chloroplast ribosomal protein have been
abtained from pea {Gantt and Key 1986}

The genés for chloroplast ribosomal proteins; S4 (Subramanian gt al. 1983), S7
(Montandon and Stutz 1984), 511 (Muller et al. 1986), S12 (Montandon and Stutz
1984), S16 (Shinozaki et al. 1986), $19 (Sugita and Sugiura 1983), L2 (Zurawski et
al. 1984), S$14 (Umesono et al, 1984, Kirsch et al. 1986}, and Li6 (Posno et al.
1986) have been identified by amino acid sequence homology with the corresponding E.
coli ribosomal proteins. Oneé third of chloroplast ribosomal proteins are thought to
be encoded by chloroplast genome (Filho et al. 1981)‘but some of the rests are shown
to be encoded by nuclear genome as a precursor polypeptides (Schmidt et al. 1985).
[t is .not so far: clarified how many genes for ribosomal proteins are encoded by
chloroplast genome.

Two different types of RNA polymerase activities appear to be present in

chloroplasts (Greenberg-et al.-1984). One is associated with a transcriptionally.



active chromosome and is preferentially active in rRNA synthesis (Briat and Mache
1980). Thé other is readily extracted in soluble form active in tRNA and mRNA
transcription (Gruissem et al. 1983). The site of synthesis of these RNA
poiymerases have not proved to be either in cytoplasms or in chiorcplasts (Lerbs gt
al. 1985, Muller et al. 1986). The soluble RNA polymerase from maize (Kidd and

Bogorad. 1979) and pea (Tewari and Goel 1983) has been shown to have subunit ..

structure.

RESULTS

Thirteen ORFs. shows significant amino-acid sequence homologies with respective
E. coli ribosomal proteins (L2, Li4, L16, L20, L22, L23, L33, S$3, $8, S11, §12, §18,

and 519). The amino acid sequence alignments with corresponding E. coli riboscmal

proteins are shown in Fig. 11 A-M. Percentages of the amino acid seguence homology

of liverwort ORFs to E. coli ribosomal protein genes range frem 25,37 (L23) to 70.2%
(s12). |

A large cluster of ribosomal protein genes was found on the LSC region next to
the Junction site (JLB) (Fig. 36 and 4G}. The corganization of the gene cluster was
(trn1)=L23-35bp-L2-36bp~:519-17bp-L22-48bp~53~57bp-L16-~97bp-L14-81bp=-58-86bp--(infA)-
36bp—{secX)-50bp-511-32bp~(rpoA). The putative infA gene product exhibits 56.4% and

60.3% amino acid sequence homologies to the -E. coli imitiation factor 1 (Pon et al.

1979) and thé spinach infA product (Muller et al. 1986), respectively (Fig. 11=0).

The secX is the putative -gene for unknown polypeptide expressed in E. coli (Ceretti
et al, 1983}, Thé amino acid sequence shows 62.27 homology to the E. coli seeX
protein and also shows 86.57 homology to the spinach open reading frame
corresponding to the liverwort secX protein (Muller et al. 1986) (Fig. 11P). .The
rpoA is the putative gene for of subunit of RNA polymerase whose amino acid sequence
shows homb}égies to those of E. coli (25.6%, Meek et al. 1984) and spinach (54.1%, -
Muller et al. 79B6) (Fig. 11N). Spacer regions between their genes in.the cluster

appears to be less than 97 bp long. NorSigniffcént'prokaryotic promoter. sequences



() P12 (12)

Liverwort HAIRLYRAYTPGTRNRSVPKFDElVKCQPQKKLTYNKH]KKGRNHRGIITSQHRGGG"KRLYRK]DFQRHKKY[TGK!KTIEYDPHRHTYICL]HYEDGE
Spinach 22:H: 1KTS: 552 « : GA: QVKSHPRMHL I SGQRRCG——mt : A 10:¥rzsVes
E. coli $ T VVKCKPTS: - R HVVKVVRP: LH: GK: FAP: LEXNSKSG -QA K1z DG: AVVERL.

KRYILYPRGIKLDDTIISSEEAPIL]GHTLPLTHHPLGTAIHHIEITPGKGGQLVRAAGTVAKIIAKEGOLVTLRLPSGEIRLISQKCLATIGQIGHVDV
........ A]]G VGT V. KM.-A----D-.---...---.. -R-- . .-.-A-'v Trizs: G

R...:A K Lz AG: 0 Q:GVD: AzKP:: RrI:¥:5TV::
HNLRIGYAGSKRHLGKRPKVRGVVMHPlDHPHGGGEGRAPIGRKKPLTPHGHPALGKRSRKNHKYSDTL]LRRRKHS T

:Q L'R v rreVen e TeVVK:GPQUazE: AzQz Lz VILHLEEEVEKGINIVI ILLF YOVVNRKENERRISFFVFT 287 .58,5Z .
MLRVL tAAD iRz V:: T TA-- VeziGraHosH-Fi—sHiVizo:VOQTK: s KT St~ -TiKF: V2 SK 2712 48,42

(8) rp114 (L14)

Liverwort MIQPQTYLNVADHSGARKLHClRVIGTSHRKYAN{GDIIIAVVKEAVPHHPIKKSE]VRAVIVRTCKEFKRHHGSI]KFDDNAAVVIHQEG HPKGTRVF

£, coli MlQEQTHLHVADHSGARRVHC!KVLGGSHRRYAGVGDIlKITlKEAIPRGKVKYGUVLKAVVVRTKYGVRRPDESVIREDGNACVLLHHNSEQP[GTR[F

.'GPVTRELRSEKFMKIISLAPEVL 121 58.22
(€) +p116 (L16)

Spirodela  :rz:iszRisss: .

Liverwort MLSPKRTKFRKQHCGNLKG[STRGNV]CFGKFPLQALEPSHITSRQIEAGRRAITRYARRGGKLHIRIFPDKPITlRPAETRMGSGKGSPEYHVAVVKPG
R:RM::K:Y RYA:: S::

E. coli ::Q........ :K:RHR: LAQGTD S—..
KlLYE[SGVSENIARAANKIAAYKHPIRTQFJTTSSLHKKOEI 143 .
R:::::G::::TV tTesllseSessssness [EE 135 72.0%

1MD:sPrELi1ExFrlzsAsLesKeT:VEKTVM 136 53,872

(0) rpl20 (L26)

Liverwort HTRVKRGYVARKRRKHlLTLTSGFQGTHSKLFRTAHQOGMRALASSHRDRGKRKRNLRRLNITRVNAAARDNG1SYNKLIEYLYKKKlLLHRKILAQIAI
E. e

..... T ofrr T ovrmar sanss asus

]_..

LDKFCFSTIIKHIITE 116
FDKVAFTALVEKAKAALA 18 46.62
(E) rpl22 (122)

Liverwort HQTHTSNKKIRAVAKH!HH-—SPHKVRRVVSQIRGRSYEQALHILEFHPYRAENPlLQLLSSAAANAHHNFGLSKTHLFISEIQVHKGTFFKRFQPRAOG

E.coli. METlAKHRHARSSAQKVRLVADL1RGKKVSQALD[LTYTNKKAAVLVKKVLESAIANAEHNDGADIDDLKVTKIFVDEGPSMKR]HPRAKG
RGYP[HKPTCHIT]VLNILPK 119

RAnRiLersﬁrTvvvsnR © 110 37,82
(F) rp123 {123)
Liverwort HNQVKYPVLTEKTIRLLEK—HQYSFDVHIDSNKTOIKKHIELFFHVKVISVHSHRLPKKKKKIGTTTGYTVRYKRMI[KLQSGYSIPLFSHK
E. cold HlREERLLKVLRAPHVSEKASTAHEKSHTlVLKVAKDATKAEIKAAVQKLFEVEVEVVHTLVVKGKVKRHGQR]GRRSD KKAYVTLKEGQNLDFVGGAEK
(6 vp133 (L33) o
Liverwort HAKSKDIRVTINLECINCAQHDEKRKKGlSRYTTQKNRRHTPlRLELKKFCCYCHKHTlHKEIKK 65

E. coli HAK-—GIREK[KL—---———VSSAGTGNFYTTTKNKRTKPEKLELKKFDPVVRQHVYIKEAKIK 54 36.9%
(W) rps3 (53) ' : L
Liverwort HGQKIHPLGFRLGlTQNHRSYHFANKKYSKVFEE-DKKIRDCl-—ELYVQYHlKHSSHYGGIARVElKRKTULIQVE]YTGFPALLVESRGQGIEQLKLH

E, coli MGQKVHFHG]RLGlVKPHNSTHFAHTKEFADNLDSDFKVRQYLTKELAKASVS--—-——-——-R]VlERPAKSIRVTIHTARPGIVIGKKG-EDVEKL—

VQNlLSSEDRRLRMTLIEIAKPYGEPKILAKKIALKLESRVAFRRTHKKAIELAKKGNlKGIK]QIAGRLNGAEIARVEHAREGRVPLQTIRARINYCYY

HARVKRGVIARARHKKILKOAVGYYGARSRVYRVAFQAVIKAGQYAYRDRRQRKRQFRQLHIARlHAAAROHGISYSKFIHGLKKASVE[DRKILAD]AV:

91
100 25.3Z

RKVVADIAGVPAQINIAEVRKPELDAKLVADSITSQLERRVHFRRAHKRAVQNAMRLGAKGIKVEVSGRLGGAE]ARTEHYREGRVPLHTLRADIDYNTS

AAQTIYGVLGIKVHIFQDEE : A

maa g4 aasam

Yol

EAHTTY&VIGVKVHIFKGElLGGMAAVEOPEKPAAOPKKQQRKGRK 233 40.6%

Figure 11 (continued).

—57—



(1) rps8 (58)
Liverwort PEHDTIAHHITSIRNANLGKIKTVQVFATN[TRMIAKILFQEGFIDHFIDNKQNTPD[LILNLKY-OGKKKLSY{TTLRRISLPGLRIYSHHKEIPKVLG

E. cold MSHQDPlADHLTRlRHGQAAHKAAVTMPSSKLKVA[AHVLKEEGFIEDFKVEG DTKPELELTLKYFQGKAVVESIQRV-——SRPGLR[YKRKDELPKVHA

GHG!VILSTSRG!HTDREARDKKIGGELLCYVH 132

GLGIAVVSTSKGVMTDRAARQAGLGGElICYVA 130 45.5%

(9} rps1? (S17)

Liverwort HPKSVKKINLRKGKRRLPKGVlHIQASFNNTIVTVTDIHGQVVSHSS&GACGFKGTKKSTPFAAQTAAENAIRlLlDQGMKQAEVHISGP
Spinach MAKPIPKIGSRRNGR:SS: = SARKIzzz1zzVesrrrotezzrtaVis RezssAis:zTezsRysiRG: Hei s TVVE H
E. cold 1 As APIRARK: YRz QVS-D: : Az H HH

GPGRDTALRAIRRSGIlLSFVRDVTPHPHNGCRPPRKRRV 130
1i: 138 72.3%
T11:EST1:s LNAA: FRITNIT: : 129 51.5%

(K) rps1Z (S§2)
Liverwort HPT]QQLIRHKRQPIEHRTKSPALKGCPQRRGVCTRVYTTTPKKPHSALRKlARVRLTSGFEITAYIPGIGHNLOEHSVVLVRGGRVKULPGVRYHIéRG

Tobacco

E. gracilis
E. coli

- » KR.
'V'KP-ARKVAKSNV.. S SEEE SRR ERE RS

TVN:
TLDAVGVKDRQQGRSKYGVKKSK 123
: Pr1

A::ES:::::K:A;
(L) rps1B (518)
Liverwort HNKSKRSSRRRHPPIRSGE][DYKHISLLRRFVSEQGKlLSRRHNRLTSKQQRLLTIAIKRARVLALLPFLHHEN 75

E. coli HARYFRRRKFCRFTAQGVQEIDYKDIATLKNYITESGKIVPSRITGTRAKYQRQLARAIKRARYLSLLPYTDRHQ 75 34.7%

(H) rps19 (519)

Liverwort MTRS[KKGPFVADHLLKKlEHLHLKKEKKlIITHSRASTIVP-TMIGHTIAVHNGQEHLPlYITDRMVGHKLGEFAPTRTFRGHAKHDKKSRR 92
Spinach TR .:.. "'K'- A .:E V i1 B LN tr 92 83N

Tobacco L::H 92 B0.4%
E, colf 'P L.:.:.lUL. 92 6£3.0%
(N) rpoh :

Liverwort HlOUE]KVSTOTLQHKClESKIESKRLLYSRFAISPFRKGQANTVGIAHRRALLNEIEGASITYAKIKKVKHEYSTIIGLQESIHDILIHLKEIVLKSES

Spinach =~ :VREK:R::::z:: RYD::CsH:GeoIlssiManasDsszesassssCGazs s TCaeResSEIP:QssssbelagsVeEasMys:

E. cold HQGSV:EFL PRLVU QVSSTHAKVTLE LER:FGH:L:H:Ls s 122 SSMP: CAV: EVE: DG:L: :V"D'LE.. .:.GLAVRUQG
FEPQKAYISVLGPKKITAQDIKGPSCIK[M]IAQYIATLHKDILLEIELNIEKU—~RGY§IENLQKYOE&LFPVUAVFHPIRHANYSVHSFESEKK!KE]
YGTCEzS:CiR:sRGV:zz:: TLsPYVE:VENT:H: s S:TEP: 0: oG QL RN—z  t H: KAPHNF: DsSs s Tac b sV Vo H: 1ot YGHGNEXG: ;
KDEVILTLNKS: [GPV: = Ar : THDGOVE: VEP-: HYICHLT : ENAS: SMR: KVORG: : : VPASTRIHS: EDERPIGRLLVO-—:Cz 1 —PV:RIAYHV: A
LFLE]HTUGSLTPKEALYEﬂSRHLlDLFlPLINSEKKEKNFGIEKTHESNHSYFPFOSVSLDIEKHTKDVAFKH]FIDQLELPARAYNCLKKVNVHTIAD

BH :L::FLHA; EHV~; LEDHQHKV: LPL-: T:HNRLAE: R: HK: K]s L Fs: P:1: :S:laeLL:
.-PEEA RRAATILAEQL AFVDLRDVRQ EV-——-KE: : PEF: PIL-LRPV:D::: : 'AEAI ¥:G6:
LLHYSEDDLIKIKHFGKKSVEQVLEALKKRFSlOLPKNKHYL 340
2eMN:QEzz: :MaH:RIEK: Ks TFGT:EcH; V2 D:—: 335 '54,1%
sVQRT:VE:L:TP:Lz2:: s LTEIXDV:AS: GLSLGHRLE WPPASIADE 329 25.6%
{0} 1nfA ‘

Liverwort HEKQKLIDMEGVVIESLPNATFRVYLDHGCIVLTHISGKIRRNYIRILPGDRVKVELSPYDLTKGRITYRLRAKSSNN 78

Spinach sKEzsW:=Hz:LIT: ViiR:::5S: TeViResSeRerslaczaNeDz:D 77 60.3%

E. colf +ATEDN: EMQ: T:L: T.. TH; BBt HV: TAr s oM Kess e TosKeToe o Te s 8o : 72 56.4%

(P) secX

Liverwort HKIRASVRKICEHCRLIRRRRRIHVVCSN PXHKQRQG 37
Spinach EEEEER SR CRREEREL TR R SRR ] 37 86.5Z
E. coll :KeL:Ry:KIVK: DGV R F::AE:: 38 62.2%

Figure 11 (continued).



(Q)-DRFIM
Livewort ORF184 . HNLQVD}HRVDFIIGSRRISHFCW\FlLLFGALGFFFVGFSSYLQKDL]PFLSAEQILFIPQGWMCFYG]AGLFISFYL
fuglena ORF149 HNLRD]H"HTLSKHEHlKM’Q?’QIHLPKILRQEIKEHHK!]K’n‘FY-H[VMLLGGlGFLIVGlSSYIGNNL]Y;’LDASE[lFH:’Q(-J]T!:\CFYGTCGlLFSIHQ
HCTICHNVGSGYNKFDKOKGIFSIFRHGFPGKNRRIFIQFLIKDIQSIRMEVQEGFLSRR\’LYlKlKGOPDIPLSRlEEYFTLREHEDKMEI.ARFLKVSIEGI 184
IS 1LUGVGEGYHEFUKELHLAT I YRKEKQGKNSD 1] TYSLKDI VKE 149 .38.32
(R) ORF203
Liverwort ORF203 (Exon I) HPIGVPKVPFRLPGEEDAVHIDV {intron)

spinach  X-gene (Exen 1) HPIGVPKVPFRSPGEEDASHVDV-(intron) 87,02

(5) ORFAO
Liverwort HAHTTGRVPLHLIGTVAGILVIGLVGIFFYGSYSGLGSSL 8

Cysnella M.AHTGGRlPLHLVATVAGLMIGVLGlFF‘!GGYSGLGSSI 40 72,67

‘Figure 11. Amino acid sequence alignments of ribosomal related proteins and
subunit of RNA polymerase. The amino acid sequences are shown by one letter
codes. Identical amino acid residues are shown by colons, and deleted
residues are shown by dashes. The amino acid residue numbers and sequence

homologies with liverwort gene products are indicated at the end of sequences.



were observed between them, Another r1bosoma1 prote1n gene cluster is localized |
between trnP—UGG and p5bB as the order of trnP 124bp—L33—27bp $18-81bp-L20-786bp-
SidexonT)—72bp~0RF203—385bp—psbB. The rps12 gene {Exonl) is ]oca11zed 72 bp
downstream from TAG stop codon of ORF203. The rest of the exons ére located far

aparf on the different DNA strand indicating trans-splicing mechanism for the gene

expressijon (Fukuzawa et al. 1986). Detail discussion on the trans-split gene rpsl2

are %n Chapter III. The coding sequences for ribosoma1_protein LZ and L16 are

interrupted by 545 bp and 534 bp group II introns, respectively (Fig. 4F).

DISCUSSION. -

In the 1iverwdrt ch]orbp]ast genome, nucleotide sequence revealed a Jarge
cluster of genes cod1ng for r1bosoma1 and re1ated prote1ns (trnl-123-12-519- L22 S3-
L16—L14—58~1an—secX—Sl1—rpoA) on the LSC region near the J g. Upstream from the
gene for L23 ribosomal protein, there is an isoleucine tRNA{C*¥AU) gene whose

promoter highly functioned in E. coli as well as in chloroplasts {Fukuzawa et al.

1985). The length of the gene cluster from the 5' end of isoleucine tRNA gene to 3'
end of rpoA gene is approximately 7.3 kb. No promoter sequence can not be found in
the short (less than 97 bp) spacers between ribosomal protein genes indicating that
the gene cluster may be transcribed into a single precursor RNA from the trnl to
rpoA genes. Furthermore, this cluster has similar order to the clusters reported in
the E. coli ribosomal protein operons such as the S10 operon (Zurawski and Zurawski
1985 ), spc operon {Cerretti et al. 1983), and alpha operon (Bedwell et al. 1985)

($10-L3-14-123-12-519-122-53-116-L29-517, L14-124-15-514-58-16-L18-55-L30-secY-seck,

and S$13-511-54-rpoA-L17, respectively). Two additional clusters of ribosomal
protein genes are seen in the orders of 512(Exon1)-L20 and S$18-L33 between trnP-UGS
and psbB genes. The genes for 512 (from the 39th amino acid residue to C-terminal

end) and S7 ribosomal protein also have been clustered as seen in E. coli str-operon

(312-87-EFg-EFp,. Post et al. 1978, Post and Nomura 1980). In contrast, the

chloroplast rps2, rps4, rpsl4, rps15 and rpl21 genes are scattered throughout the



liverwort chloroplast genome.

The rpl2 genes of spinach and Nicetiana debneyi ha; been-]gcated in the inverted

repeat regions. In N. debneyi, but not in spinach, rpl2 is interrupted by a 666 bb
intron (Zurawski et al. 1984). However, liverwort rpl2 gene is located on the LSC

region just outside of the IRp region and has 544 bp intron. Introns are also

present in the rp116 gene of Spirodela oligorhiza (interrupted by 1411 bp intrqn)
(Posno et al. 1986), The first gxon.of genes for L16 ribosomal protein encedes for
the first three'amino acid residues (Met-Leu-Ser} of N-terminal. It is interesting
that the products of ribosomal protein genes encoded in the chloreplast genome are
important components in the initial stage of ribcsome and rRNA assemb]y (Dorne et
al. 1984). N ]

A putative gene for of subunit of RNA polymerase is located at the 3" end of the
gene cluster for ribosomal proteins. Genes for /3 and p‘ subunits of RNA polymerase
{rpoB, rpoCl and rpoC2) are located as a single operon at 50 kb apart from rpoA gene.

-(Umesono et al. 1986). An ORF homologous to the E. coli sigma subunit of RNA

polymerase is not found on the liverwort chloroplast genome.

114 The putative gene ndh3 and unidentified open reading frames

. It is reported that the M. polymorpha ch?proplast genocme contained a set of
homologues of mammalian mitochondrial "URF" genes (Ohyama et al. 1986). In this
region, a gene named ndh3 corresponding to human mitochondrial URF3 was identified
by amino acid sequence comparison (Fig. 7K). The mitochondrial URF3 gene code for
the- component of respiratory-chain NADH dehydrogenase complex (Chomyn et al. 1985).
An 0RF?20:(52877—52515) is located at the upstream region of psbG with an overlap of
seven nucleotides,” This ORF dose not contain an intren and the product (120’am1no
acid residues, 14.2 kd) is similar in size to a human mitochondrial URF3 protein
(114 amino acid residues, Andersen et al. 1981) sharing 30.87 homology. Actually
proteins of chlorcplast ndh genes are not yet identified, but a 3' half of ndh3 gene

would be also conserved in maize chloroplast genome; the published sequence of maize



pshG gene contains its 5' flanking regian of 158 nuclectides (Steinmetz et al.
1986). If two G residues (located at -68 and. 96 in their numbering) are deleted,
the region from -157 to 47 will encode a polypeptide similar to the last 54 amino
ac%ds of the M. polymorpha ndh3 product (85.2% identical) as well as an overlapping
to the downstream psbG gene. There has been no previous report of the presence of
ndh genes in chloroplast-genome. However, an NADH-plastoquinone~(PQ) oxidoreductase

acﬁivit& has been detected in the chloroplasts of Chlamydomonas reinhardii (Bennoun

1982), thus it is possible that this ORF encodes one of subunits of the NADH-PQ
oxidoreductase. ‘

‘Fifteen significant ORFs, which do not show any homologies with previously
reported genes, were located on the sequenced region in this study (see Table 2).

Amino Ac%d sequences of two unidentified open reading frames in liverwort
chloroplast genome show significant homologies with. those of unidentified frames
reported in other kinds of chloroplast genome. An ORF184 (59525-60079) shows 38,33
local homology to the ORF149 located at the next to the gene for elongation factor
Tu of Euglena chloroplasts (Fig. 11Q). The Euglena ORF149 does not terminate of its
stop codon but follow intron sequence (Montandon and Stutz 7983). It is interesting
te compare the C-terminal region of liverwort ORF184 (position 128 to 184 amino acid
residue) with the corresponding Euglena ORF in the Exon. 4 described by them. The
first exon (68640-68570) of the ORF203 shows 20 out of 23 amino acid identity with
an reading frame in spinach X-gene on the opposite strand of psbB gene as shown in
Fig. 11R. It is reasonable to believe that the open reading frames conserved in two
kinds of ch]orop1a§ts would code polypeptide having an unknown function. In
addition, an ORF40 ({62916-62794) showed 72.6% homology with cyanella Cyanophora
paradoxa ORF40, which is not proved to have any function (Fig. 118, Bryant perscnal

communication).



CHAPTER III  The split gene for chloroplast ribosomal protein 512

Introns (intervening sequences) in a chloroplast RNA gene have been reported;

the 23S rRNA gene of Chlamydomonas reinhardii (Rochaix and Malone 1978, Rochaix et
al. 1985); the tRNA genes, trnI-GAU and trnA-UGC, in the 165-235 rDNA spacer region

of Zea mays (Koch et al. 1981) and Nicotiana tabacum (Takaiwa and Sugiura 1982); as

well as the chloroplast tRNA genes trnl-UAA (Steinmetz et al. 1983a, Bonnard et al,

1984), trnK-UUU (Sugita et al. 1985), trnG-UCC (Deno et al. 1984a, Quigley and Weil
1985) and trnV-UAC (Deno et al. 1982, Krebbers et al. 1984, Zurawski and Clegg

1984). Introns within chloroplast protein genes also have been reported in several

genes of Euglena gracilis; for the large subunit of ribulose-1,5-bisphosphate

carboxylase/oxygenase (rbcl) (Koller et al. 1984), the elongation factor Tu (tufa)
(Montandon and Stutz 1983), and the 32-kd protein (psbAj_(Karabin et al. 1984,

Keller and Michel 1985). The geﬁe for the 32-kd .protein of L. reinhardii also has
jntrons {Ericksen et al. 1984} as does the-gene for the HY-ATP synthase subunit I

(atpF) of wheat (Bird et al. 1985). Zurawski et al. (1984) reported that the
‘chloroplast ribosomal protein L2 {rp12) in Nicotiana debneyi has a single intron,
Several genes in the chloroplast DNA from the liverwort, M. polymorpha are shown to
have introns in their coding sequences (see Fig. 2 in chapter II). _ _

Hallick et al. (1985) and Fromm et al. (1986) reported that the reading frame of
the ribosomal protein §12 iﬁ N. tabacum is interrupted by two introns, but they
described only the second‘one. During nucleotide sequencings of the chloroplast DNA
from the Tiverwort, M. polymorpha, however, the first exon with the 5' intron
boundéry sequence was found on the oppésite strand of the chloroplast DNA, In this
chapter, the complex stﬁuéture of the putative gene fof ch1orop1ast ribosomal
protein 312 from the liverwort, M. polymorpha is presented, which has three exons
split into different DNA strands. The mechanisms of the expression of this

unusually organized gene will be discussed.



M, pelymorpha

Ct-DNA

Figure 1. Locations of coding regions for chloroplast ribosomal protein S12
on physical maps of ch]orop1ast DNA from a 11verwort M. polymorpha. Exon 1
(rps12A) was 1ocated on the Bg1II fragment (BgS). and the direction of its
transcription was clockwise indicated by an arrow. By cohtrast, exons 2 and 3
(rps12B and C) -were found. on the BamHI fragment {Bal1), and their
transcr1pt1on being in the opposite direction from that of exon 1 (counter
c]ockW1se). The abbreviations rps12, rps7 ard rp120 are for genes of
ribosomal proteins $12, 57 and L20. The site of the gene for the large
subunit of ribulose~1,5-bisphosphate carboxy1ase/oxygenase (rbel) is shown,

IRA and IR indicate a set of inverted repeats, and SSC and LSC indicate the

small single copy and large single copy reg1ons, respect1ve1y
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MATERIALS AND METHODS
Ch]orop]ast DNA fragments, the BamHI (Ball) and BglII (Bg5) fragments, were
cloned into the respective plasmids, pBR322 and pKC7, as described by Maniatis et
. (1982). A physical map of the chTofop1§st DNA for BamHI fragments has been
described previous}y (Ohyama et al. 1983, Umesono et gl. 1984). The locatian of the
Bg5s fragment on that map was determined by restrictien analysis and Scuthern

hybridization (Fig. 1), Methods for the sequénce determination are described in

chapter II.

RESULTS AND DISCUSSION

At first a coding region fdr ribosomal protein $12 on. the BamHI fragment {Ball)
was identified using. Southern hybridization with an E. graci]isipfobe'(provjded by
Drs, Montandon and Stutz). The Ball fragment was mapped at the junction (Jpa)
between the inverted repeat (IRA) and the large single copy (LSC) regien (Fig. 1).
DNA sequence analysis of the Ball fragmént revealed that the coding sequence for the
ribosomal protein 512 was found, however, the N-terminal 38 amino acids of the
protein was missing in this coding regicn.

By amino acid homology search between E. coli $12 (Post et al. 1978) protein and
open reading frames deduced from the nucleotide sequence data files, the missing N-
terminal 38 amino-acid sequenbe was found_on:the Bg11I fragment'(BQS) approxﬁmateiy
60 kb away on the opposite DNA strand {Fig. 1). Complete nucleotide sequences éf

.the coding ¥egions for ribosomal protein $12,” rps12A and rps12B-C, including the
flanking fégions. are'showﬁ in Fig; 2. Exdns T:and 2 wereré]1owed by a cgnsgnSUS
sequence {GTGCG) of the 5" boundary regions fouﬁd in fuﬁ§a1 mitochondfial group. 1]
introns and E. gracilis introns (M1che1 ‘and Dujon 1983).'In addition, much conserved
sequences, RAGCCG AUGAA. .GAAA. UUCAUGU CGGUUY, were found in the 1ntrons 75 -
nucleotides upstream from exon 2 and 61 nucleotjdes upstream from exon 3. This

consensus sequence has been present in all the introns found so far in chloroplast

genes of E. gracilis (Keller and Michel 1985). The secondary structures of introns
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TTTATGTCAGUMAGAAECAMACTTTATGGTATTGTAGAC?TAGTTGCTATAGM.MCAATTCTACT ATTAMAATTAGTTTITAMCAMAVATTITATTTGTTA TGGI’TAGGTTT 120
S AKEAXLYGIV LVAILIEHNSTI KN wee 3 G e

rps512A (Exonl} -

MCWACT,&N\AMTTTT&CMJ\TMGT‘T’A TGCCTACTAWCMCMﬁMTTkGAMTWAGACMCCCATCGMAAI'AGMCAMATCACCAGCCCTTMAGGATGCCCI’CM 240
o P Qg I R H K q EHRTKSPALRKGLPQ

CGTAGAGGAGTAI'GTACTAEAGTGTFETE;CGACTI’GTTTMATCAMMCGTTMAMTTTAMGATCMAATTGEATMMATTT1'TTTATTTTMTMCGTAMGI\TATAGTATCTA 360
R ¥ T ¥_Y gugyg (5 intron) Y op— S 4>

TTGTIGTTTAGATACAATTTATAGTTTCCT YTGGTGCARATCCANT CATCTTAAG TTTAGGATAGAAAACCATTTC TCAAAGGGTAGEGACTGATTCTCAATCECTTMECGAGRMTTT. 480
< +
TATTAAAAAA!TTT16CATAATATAArATTACTTATATAACCGTAAAAACGAAACTGAACGGTCAGCTATTCAGCGAACCTTCAAATAACATGCCGTTAATTAATAAAAAAAACAATTTT 600
> C—im

TEAMACTTTT FTTAGTGTTT CMTMTAMMMGCTTCM&TCAEAMTTATACAMTMCTGATAT‘MTCMTA’I‘MATTATATATTACMGCT TCGGTATATAGAMGGACCTATTC 720
———— e} B I i

GTIGAAGGAGAMCTATAGMACMAGGMTGCATMTTTTTCTTAGTTAMGGTCCTATCCCTTMTTACTMGMGGTATCkTACCTAMMAATTATT}\T TAAGGRABGTTATAGTA 840

D —— < [P S
GCAAATGETTTTGGTATTITTITTTTATACATAAGAAAACGARGAAAT TTTTTATAGCAATCTAAGAARATAAMT AAAACTTETTTATTATAAMATTGTAGATTATACTAAGCAAACT 960
pesmma—y e} o ——r & -+
GCAATAAAAAAATATTTATTGAAAATCGATGTTTTGATATAAAAAAATACACACACACAAATTTTTGAATAATTAAAACGAETATATACAGCAATGAETAGAGTTAAACGTGGTIAIGTA 1080
= C—t rpiz0> H T R ¥V K R v

GU\CGMAACGGCGTMAMTATTC'I’I'ACGCTTACATC'FGGATTTCMGGMCTCI\TTCGMAI:TTTTTAGN\CTGCTMTCAACMBGMTGAGAGCATTAG('J\TCATCTCATCGCGAT 1200
KRREHNTLTLTS Q6T HSKLFRTANQQGGHRAL H

AGAGETAMACGAAANGARRTCTTAGACGTTTATGGATTACTCGAGT TMTGCAGECGCMGAGATMIGGMTTTCCTMMTMATTMTTGMTATTTATATAMMMMJ\TTCTT 1320
RGXRKRNLRRLMWITRYWANAAARODNG!I SYHEKLITE L K 1L

TTMATAGAMMTTC U\GCTCAMT#GCTMATTAGATMATTT TGI’TTTTC GACMTMTTAMMTATTATTACAGMTMAMMACCT CTCCGGATMTTAMJ\MI\TMATTCC 1440

LHR XKLL QtAIT LDOKFCFSTYT1TIKHNEI E omown e ——

GGGGAGGTTTMTMMAMCTGTATATTMTAMTMTGI\TAMTTMTTTTCGTT;\TTTMAMAGGTMCMAGCTMMCACGAGCTCGTTTMTTGCTATAGTIMTMJ\CGTTG 1560

—t ---NBEH'IILFPLLALVRAR A ¢
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Figure 2. Complete nucleotide sequences near exon 1 (A), and exons 2 and 3
(B) of the rps12 gene. The exons of rpsi2 gene are boxed, and the consensus
sequences of their 5' intron boundary regions (gugyg, y represents C or T
residues), as well as those of the near 3' intron boundary regions (ragccg-
augaa-—gaaa--uucaugu-cgguuy, and cuayy(~)y-ay, r represents A or G residues)
are shown under the nucleotide sequences. dip stands for a junctien of an
inverted repeat (IRy) and a large single copy region (LSC). Amino acids are
expressed as one letter symbols under the nucleotide sequences. Possible stem

structure for the transcription termination are shown by bold arrows.
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TEAMTTTTTATGTTAMAMATACATATAGMGAMAMAGAAAMTMTTGATTGMTTTMGAMTMMTGTTATAMCTA\YMTCAT‘TTGMCGAGAAGCCGTATGI\MTGAMA 120

TTAA TATAAT>  —-————-ragecg-augss—gaaa-

'

‘rpsize (EXOK 2) (3" tatraa)
TATU\AGTAEGGTIT\'GTAJ'U\G\'GACMI'h'AGGTMCT'TMT'IGTCM-CTTTTCC-\CTACMCACCAMMMCCAMCTCTGCC!’TACGAMAMABCTCGAGTTMACTMCCTCTG 240
—UUGAUQU-CGUUY uayy-y-aql ‘T P X KPHS5ALREXI ARVYRLTSSEG

GATTTGAMTTACIGC.ATATATTCCAGGTATTGGCCATMmGCAAGMCATTU\GTTGI'TTTGGTMGREGAGGMGGGTCAMGATTTACCTGGTGI'MEATATCATATTATTAGJ\G 360
ElTAY[PGlGHH'LQEI!SVVLVRGGRVKDLPGVRYHl G

GMCACTGGATGCTGTAGGAGTMMGATCGTCAACAAGGGCGTTCT ETGCGTTGI'ATATTATMTCI'ATTAA.MTGTATCATTTTAGATACCTMYTI'ATTGCTGATMTATGTAMA 480
I. .. DAY G Y X DROQIOGRS wgyg-—( intron):

MTAGCTAAC CAGTGATTAARATT TA CATT T TARAACGGAAAMAGCABGE TATATGTA‘!’ATMAATMMTAMATATTATC TATAT TMATACTATACMTATCTAEGG TTTTATTY 600
- (intron) o

ATAGTTMMI’MAMTI’TMGTﬂ'TCCCTTACTITTFMTTCMMTMMMM\"TTTACTTTTTTAGMWGTTMMTAMTAGCAMMMMMMI’TTAl'I'TTThTACAATA 720
{intron)

TITTTATARAT ARACCTARGGATTTT TTATTTAACGATTATAARATACAAGATTTCCAATAGTARAACAC TG GARACTGATACTCAATTAAAG TGAGTARACATCAATARAATTARACA  B4G
{intron)

. rps12C {EXOU 3)
ATGTAMAAAGCCGTATTCGTTGAAAATASGATG TACBG T TGGAGGGAGATAAAMAATECACCCTA

G 1 : T A ¢ ¢ nmmrww;rcw mrrmmmmcrrmmm 950
agceg-aug ga cgguuy uayyy-ayy ¥ G ¥ X K B

ATTMCTTTMTTATI’TATTATTMGTCACGTAMAGTATTGCAGMMACMGTTGCAMACCTGMCCMTATATCGGMTCGATTAGFTMTATGTTAGITMTCGTATTTTMMA 1080
rps?> K 8 S 1 AE K QV R VHHLYNRILEKHN

AIGGM.MMMCATTAGCT‘EAYCGGATTCTTTATNU\GCTATGAMMTATMMCAMAAACAMAMAMTCCATI'ATTTGTATTACGTCMGCAGTTCGMAAGTMCTCCTMCG 1200
LAYRTLY KAHRENRETI XQXTKKNPLFVL ¢CAVYRKYTPN

TCAD\GTCAMGCMGACGCATCGATGGATCCACTTATCMGTTCCACTAGAMTTAMTCTACACMGGMAG’GCATTAGCCATTCGTTGGCTATTAGGAECCTCACGGAMCGCTCAG 1320
T K ARR G T Q LEI KSTQG6EKALATIR L A SRKRSGEG

GTCAMATATGGCTTTTMACTTAGI’TATGMTTMITGACGCAGCCAGAGATMTGGMTTGCTATTCGTMAAMGMGMACICATAMA"IGGCAGAAGCI’MTAGAGCTTT]’GCTC 1440
QHHAFKLSYELIDAARDIHNGTIATIREK ET K HAEAHMNR 3

Am"CGTTMATMCGTATAMTTAYMAWAWTTTTTATTGTRTTGAMTATGCTTTMTATTTI'TTATTATTACMATATTTCMTAWTAMMTTGTTTTAG| TTTIT 1560
F R —— —_— —th— i

Fi Qure 2 (continued).
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Figure 3. Possibly secondary structures of introns in rpsl12 gene. Intron-
exon boundaries are shown by arrow heads. Two distinct RNA molecules
containing exonl and exon? are placed close together according to group II
introns specific stem-loop structure. Amino acid sequence are shown under the
RNA sequences by three letter.codes.
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ORF203 rps12A rpl20
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Bgl Il (Bg5) Bgl Il
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E _. l . 1kb .
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Figure 4. Gene organizations near the rps12 gene in exon 1 (A) and exons 2
and 3 (B). Arrows indicate the direction of transcription. The abbreviations
rps12, rps7? and rpl20 are the same as in Fig. 1. The symbol, psbB, represents
the gene for the P680 chlorophyll a apoprotein in photosystem II. J 5 stands
for a junction o? an inverted repeat (IRj) and a large single copy region
(LSC).
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Amino acid sequences for the ribosomal protein 512 from M.

polymorpha compared with. those from E. coli and E. gracilis. Vertical arrow

heads indicate sites of splicing junctions in the ribosomal protein 512 from

M. polymorpha.
two proteins.

Asterisks denote amino acids that are identical between the

Amino-acids are expressed as one-letter symbels.
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petween exons are shown in Fig. 3., Splice junctions are indicated by arrow heads
deduced from the conserved sequences and secondary structures.. The putative
branching nucleotide (adenine) is shown by underline in Fig., 3.

The gene organizations deduced from DNA sequences near coding regions for
ribosomal protein S$12 are showh in Fig. 4, ORFs corresponding to the ribosomal
proteins $7 and 120 were identified by their amino acid sequence homologies, 42.6%_
and 46.6%, for the respective E. coli ribosomal proteins (Post and Nomura 1980,
Wittmann and Seib 1979). In case of the ribosomal protein $14 of M. polymorpha
amino acid homology was 45% to that of E. coli (Umesono et al. 1984). By contrast,
the amino acid sequence of chloroplast ribcsomal protein 512 from M. polymorpha
showed markedly higher homologies, 73.6%Z to that of E. gracilis (Montandon and Stutz
1984) and 70.2% to that of E. coli (Post et al. 1978) (Fig. 5). The amino acid .
sequence of the ribosomal protein 512 from M. polymorpha near the splice junctions

(arrow heads in Fig. 5) showed an even higher homology to sequences from E. graci11§

and E. coli, both of which have no intron. This highly conserved amino acid

sequence suggests that. the chloroplast ribosomal protein S12 may have an essential
role in the ribosomal functjon during protein synthesis in chloroplasts and that
rpsi2 gene may have a regulating function in the coordinative biogenesis. of
chlorecplast ribosome. .

The ORF203, which was interrupted by two introns (518 bp and 380 bp), was
detected further upstream from exon 1 of rpsl2 gene (Fig. 3A). An reading frame
from the ATG codon (67372) to the TAG stop codon (67130) in the third exon of QRF203
was previously called ORF80 because of assuming no intron. Although the exon-intron
boundary sequences of ORF203 are a Tittle diverged from the consensus sequences,
introns are correctly excised from the precursor messenger RNA including rps1ZA and
rpl120 coding sequences {Kohchi and Umesono unpublished data).. In addition, first
exon of ORF203 (68640-68570) shows 20 out of 23 amino acid residues identity (87.0%)
with an reading frame in spinach X-gene next to psbB gene, which is shown to be

transcribed in vivo.
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Exon 1 of ribbgoma1Vprdte{n'S12-wi£ﬁ‘the 5" intron boundary sequence was
followed by 2 coding sequence of ribosomal protein L20 (Fig. 2A) 786 bp apart.
Following the coding region of ribosomal protein $12 in exon 3 is a ribosomal
protein S7 coding region (Fig. 2B). Close linkage of ribosomal protein 57 and 512
genes also exists in E. gracilis (Montandon and Stutz 1983) and E. coli str-opercn
(Post et al. 1978, Post and Nomura 1980).

T}anséription for exoris 2 and 3, as well as for the ribosomal .protein S7 gene,
is initiated by a typical-prokaryotic promoter sequence (=35 and -10 regions) found
upstream (Fig. 2B). S1 mappings showed that this promoter was highly active in -

chloroplasts as well as in' E. coli (Fukuzawa et al. 1985). Northern hybridizations

also showed the active transcription for exon 1.  If the split gene described here
provides active mRNA that could be translated into mature S12 protein, there must be
a rejoining of exons at the RNA or DNA level. The DNA rearrangement of these coding
regions is not observed in ch]orbpfast genome by restriction analysis. Results of
51 mappings and Northern hybridizations suggest that transcription units for exons 2
and 3 are independent of the unit for exon 1. lTherefore. active mRNA for ribosomal
protein 512 was thbught to be formed post-transcriptionally by a mechanism such as
that of trans-splicing described by Solnick (1985) and Konarsk et al. (1985). An
further investigation of fhe'transcription and splicing mechanisms for the split
gene rpsl2 would clarify this complex gene organization and expression-in the
chloroplast.

After the publication of these results, the nucleotide sequences of the tobacco
¢hloroplast ribosomdl protein S12 was reported to be trans-split as in the case of

Tiverwort (Torazawa et al. 1986). This suggest that trans-split rps12 .gene on the

chloropﬁaét gencme may be a general feature in plant chloroplasts and has some

regulatory function in chloroplast biogenesis.,
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SUMMARY .

CHAPTER I Molecular cloning of promoters functional in Escherichia coli

from chloroplast DNA

DNA fragments cloned from chloroplast DNA of a liverwort, Marchantia polymorpha,

functional 1in E.‘ggli as transcriptional promoters using gene fusion to the E. coli
lac'Z gene. A recombihant plasmid gave as high a level of B-galactosidase activity
as when it was induced by IPTG in E. coli wild type strain W3110. The.insérted
chloroplast ﬁNA fragmént was sequénced and mapped at the terminus of the inverted
repeat region upstream from the 16S ribosomal RNA gene. The direction of the
transcription ffom this promoter was opposite from that of 165 riboscmal RNA gene.
This highly active promoter was for trnI-C*AU gene and clustered genes for ribosomal
proteins. 51 nuclease mappings using both chloroplast and E. coli RNAs showed that
the transcription starts at almost the same position downstream from the consensus
Pribnow-box-11ke region. This clone also had a higher activity of{?—ga]actosidase

in E. coli than those containing promoters of rbecl and the ﬂ subunit gene of HY-ATP

synthase. ‘Two clusters of genes for ribosomal proteins were identified downstream

from this highly active promoters.

CHAPTER II _ Structure and gene organization of the chloroplast genome

- The nucleotide séquence of the_]arge single copy region (psbG-16S rRNA gene;
30,600 bp) of the chloroplast DNA from a liverwort, M. polymorpha was determined.
This region encodes genes for seven tRNAs; tRNAva](GAC), tRNAI]e(C*AU).
tRNAATI(CCR), tRNAPTO(UGS), tRNATTP(CCA), tRNAMEL(CAU), tRNAVAT(UAC), ten
photosynthetic polypeptides; the large subunit of ribulose-1.5-bisphosphate
carboxylase/oxygenase (rbcL), 51 kd photosystem II chlorophyll a apoprotein (psbB),
apocytochrome b-55% polypeptides (psbE and psbF), cytochrome T preprotein (petA),
cytochrome b6 polypeptide (petB) and cytochrome b6/f complex subunit 4 polypeptide
(petD), F and £ subunits.of H*-ATP synthase (atpB and atpE), photosystem II G-

protein (psbG), and ribosomal proteins (L2, L14, L16, L20, L22, L23, L33, S3, S8,



S11, S12, 518, 518 and $19), initiation factor 1 (infA) and ¢ subunit of RNA
polymerase {rpoA). Interestingly, functionally related genes are clustered as
follow: (1) A ribosomal protein gene cluster involving transcriptional and
translational machinery, trnl-L23-L2-319-L22-5S3-L16-L14=S8-infA-secX-S11-rpoA, was
found at the terminus of the large single copy region next to the inverted repeat
region (IRg). (2) A cluster of photosynthetic genes, psbB-0RF35-0RF27-0RF74—petB-
petD is located next to the ribosomal protein gene cluster. (3) A cluster including
photosynthetic genes rbcl—trnR-ORF316-0RF36b-0RF184-0RF434—peth, was also found in
large single copy region. Introns (intervening sequences) were found in coding
sequences for ribosomal protein genes (rp12, rpll6 and rpsi2), tRNAVa](UAC) gene and
photosynthetic genes {petB and petD). Interestingly, an open reading frame was
found to show significant amino acid sequence hemology to .2 subunit of NADH

dehydrogenase in human mitochendria.

CHAPTER III  Split gene for chloroplast ribqsomal protein 512

A coding sequence corresponding to the E. colj ribosomal protein $12 gene

(rps12) was found to be split into three exons. Strikingly, the first exon with the
5' intron boundary sequence was located on the opposite strand o% the chloroplast
DNA (121 kb, circular molecule) approximately 60 kb away from the rest of the exons.
The amino acid sequence deduced from the DNA sequence was highly homelogous to the

sequences of the S12 ribosomal protein of E. coli (70.2%), and Euglena gracilis

chloroplasts (73.6Z). As the DNA rearrangement of these coding regions is not
observed, the active méséenger RNA for ribosomal protein S12 is thought to be formed
post-transcriptionally such as that of trans-splicing. This may be fhe first

identification of an example for in vivo trans-splicing.
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