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INTRODUCTION

Chloroplasts are photosynthetic organelles which have their own
genetic system. The non-Mendelian inheritance of chloroplast characters
suggested that there is cytoplasmic transmission of the genetic informa-
tion. Sager & Ishida (1963) first demonstrated that C. reinhardtii
chloroplasts contain DNA molecules distinct from those of the nuclear
genome, Chloroplast genomes are double-stranded, circular DNA
molecules, ranging 120-160 kb in size (depending on the species).
Chloroplast DNA has a set of large inverted repeat sequences (IR)
separated by a large single-copy (LSC) region and a small single-copy
(SSC) region. There are now several reports dealing with the physical
structure of chloroplast DNA. Expression of chloroplast genome is
genetically controlled, not only by their own genes but also by nuclear
genes. Nuclear-encode proteins are synthesized in cytoplasm as precursor
molecules with transit sequences and then transported into chloroplast as
processed molecules, The chloroplast-encoded proteins are expressed
within the chloroplasts via their own machinery, although the machinery
is also composed partly of nuclear-encode proteins (Ellis, 1981; Whitfeld &
Bottomley, 1983; Crouse et al.,, 1985; Palmer, 1985).

The author has focused on the chloroplast gene organization of a
liverwort, M. polymorpha, a bryophyte, for several reasons. (i) Estab-
lished cell cultures are available that are highly active in photosynthesis
(Ohta et al, 1877). (ii) The cells are haploid {n = 9; Ono, 1976}, and
can be reversibly converted into protoplasts (Ono et al.,, 1979), which
makes them suitable for experiments in genetics and cell biology. (iii)
Chloroplast DNA and RNA molecules can be highly purified from cultured
cells (Ohyama et al.,, 1982; Ohyama et al.,, 1983; Yamano et al., 1984,
1985). (iv) Chloroplast DNA is about 120 kb long (Ohyama et al., 1983),
one of the smallest chloroplast genomes so far examined (Palmer, 1985).
A liverwort, M, Qolxirnorgha, Is a model organism to study chloroplast

genetic system.

Considerable progress has been made in understanding molecular



aspect of chloroplast genetic system. Studies on DNA synthesis in liver-
wort chloroplast were performed by Dr. Akira Tanaka (Tanaka, A., PhD
thesis, 1984). Construction of the physical map and studies on
chloroplast small RNAs (4.5S rRNA, 5S rRNA, and tRNA(Ser) in liverwort
chloroplasts were performed by Dr. Yosiaki Yamano (Yamano, Y., PhD
thesis, 1985). Studies on the transcriptional promoters and the structural
analysis of the chloroplast genome were by Dr. Hideya Fukuzawa
(Fukuzawa, H., PhD thesis, 1986}.

The aim of this study
To improve our understanding of the chloroplast genetic system, the

best strategies are to determine the entire nucleotide sequence of the
chloroplast DNA and to deduce the gene organization. Although the
nucleotide sequences of many chloroplast genes have been determined, the
entire gene organization of chloroplast genome had not been elucidated
for any species of plants. In this study, entire gene organization of
chloroplast genome in liverwort is clarified (Chapter [}. @ Based on the
deduced gene organization, some unique feature and problem have arisen
about gene expression, especially RNA processing. A presence of diver-
gently overlapping transcript in chloroplasts and its control are shown
(Chapter 1I). The processing order of polycistronic transcript containing
two introns is analyzed for ORF203-rpsl2' region as an example (Chapter
111}, It had been shown that the ribosomal protein S12 gene in
chloroplast is trans-split (Fukuzawa et al.,, 1986). The author analyzed
transcripts of the S12 gene and deduced possible mechanism of trans-
splicing depending on the secondary structure of introns (Chapter IV).
These studies described above will give us the basic information on the

genetic system and molecular evolution in chloroplasts.



CHAPTER 1 Gene organization of the liverwort chloroplast genome

INTRODUCTION

Chloroplasts are the photosynthetic organelles in green plants and
contain their own unique DNA. Genetic control of chloroplasts is per-
formed not only by their own genes, but also by the nuclear-encoded
genes. The chloroplast genes are expressed by transcription-translation
machinery in chloroplasts.

In chapter I-1, the author focuses genetic system of chloroplasts
for their gene expression. The nucleotide sequences of the chloroplast
DNA in a liverwort, M. polymorpha, was determined to clarify the
genetic contribution of chloroplast genome in plant cells.

In chapter I-2, the author describes genes and their characteristics
deduced from the complete nucleotide sequence of the inverted repeat
{IR) and small single copy (SSC) regions in the liverwort M. polymorpha
chloroplast genome. The large inverted repeat sequences are identical by
mutation analysis of C. reinhardii chloroplast DNA {Myers et al., 1982).
In the SSC region, the leucine tRNA gene only has been mapped in land
plants {Bergmann et al.,, 1984; Kato et al.,, 1985).

I-1 Structure and organization of Marchantia polymorpha chloroplast

genome -— Cloning and gene identification

MATERIALS AND METHODS
Cells and culture medium for M. polymorpha

Callus tissue of the liverwort M. polymorpha was originally derived
from female gemma cultures (Ono, 1973). Cells were grown in liquid
medium of IM51C (Gamborg et al.,, 1968) on a gyratory shaker (150 rpm)
under continuous illumination (3,000 lux), Cells from 7- to 10-day-old
cultures were used for preparation of chloroplasts and its DNA (Ohyama
et al.,, 1982),
Phages, plasmids, bacterial strains, and biochemicals

The fragments of liverwort chloroplast DNA were cloned into E.
coli vectors of plasmids pBR322, pKC7, pUCI3, pUCI8, and pUCID.
Phages M13mp8, MI13mp9, M13mplo0, MP13mpll, MI13mpl8, and MI13mpl9
were used for the cloning and sequencing of fragments with their




Table 1
Clones and chloroplast DNA fragments used for DNA sequencing

Clonea Chloroplast VYectors Posttion Clones Chloroplast Vectors Positian
DNA [rogscnts lrom Lo DNA f{rogacnis from Lo
pHPI89 Bg & pkC? 117691 6548 pMP102 Bc22 puc1g# 98780 99915
pMP589 Bplb pXC? 6549 87172 pMP101 Be27 pUCIB* 99916 100470
pMp594 Bg18 pxC? 8771 10405 pMP103 Bl plCIg* 100471 104291
pHMPS61 Bgl? pKC7 34137 35861
pMP391 Bg 9 pXC? 35918 40988 pMP15I1 C115 pUCIB* 103976 105049
pMP3l4 Bglé pkC? 44526 47294 pMP152 cL pUCIB* 105050 107462
pHMP593 bg10 pkC? 51612 55380
pMP452 Bg 8 pkC7 55381 61569 pMPX520 Xh 7 pUCxs 129 6196
pMP713 Bgld . puCi g 61570 064474 pMPX501 Xh 8 puCx8 6197 12217
pMP310 Bg 5 pKC7 65514 73011
pMP376 Bg 3 pkC7 73012 B4425 pHPE03 Id16b(TRg) pBR32Z 83734 B6627
pMP321 Bg21b pkC7 85138  BS860 pMPE99 Id 9 pUCIB* 106418 110391
pMP318 Bg 7 pkC? 85861 92236 pMPB02 Hdi6a(1R,) pBRI22 115489 118382
pMP322 Bg 6 pkC? 109353 116255
pMP781 Bg t-Ps t pUCI3** 10824 12389
pMP238 Ball pARI2Z 119934 1135 pHPX601 Xh 2-Kp 3 pUCX8 12217 171178
pMP222 Bo 9 pRR322 29633 32566 pMIr801 Ps 4-Ba 1 pUCID®® 28629 29632
pMP209 Bal2 pBR322 32567 34489 pMP721 Bg 2-Ps 2 pBR322 94522 97652
pMP217 Ball pBR122 34490 35740 Ps 1-Bg 2 108989 109352
pMP220 Ra 8 pBR322 35741 319778 pMP171 Pas 5-Bc26 pUCIB 98118 98779
pMP227 Ba 7 pBR322 39779 44648 pMP172 Cl 3-Ps 5 puCi8 107463 108988
pHMP228 Ba 5 pBRIZ2 47156  ST4% pHP173 Bc18-Xb 4 pUCL8 104292 105104
pMP206 Ba 6 pBR322 76398 B2182
pHPUS55 Ba 4 pBR322 82183 96252 pMPn179 ALI79 MiJmpl8 97648  97BG6
pMPmi20  A1120 MllmplB 98477 98815
pMP768 Ps 8 pBR122 12390 18106 pMPm 46 Al 46 MI3mpl8  ©9693 100278
pMP773 Pa 7 pRR322 18107  2383) -
pMIP79% Psi0 npBRI22 23832 28628
pMI'708 Pa 9 pBR322 57087 62372
pMP727 Pa 6 pBR322 62373 69319
pMP710 Psll pAR322 69809 73525
pHP703 Pal? pBR322 97653 98117

The clones pMP pMPm indicate recombinant plasmid and M13 phage, respectively. The
restricted fragments obtained with BglII, BamHI, PstI, BclI, ClaI, XhoI, Xbal, and Alul
restriction endonucleases are shown as Bg, Ba, Ps, Cl, Xh, Xb arE_Al, respectiva.
Transformation has been done with E. coli strain HB10l. Single and double asterisks in-—
dicate host strain of E. coli JMI09 and JM105, respectively. The lst position number
was given to the lst nucleotide of the LSC region in the junction (JLA' see Fig. 2) and
the mumbering proceeds counterclockwise to the last nucleotide of I:RA region.



bacterial hosts, E. coll strains JMI105 and JM109.
Nucleotide sequencing

Nucleotide sequences were determined for chloroplast DNA frag-
ments subcloned from the recombinant DNA plasmids described above.
Occasionally, chloroplast DNA fragments were directly cloned from
chloroplast DNA into MI13mpl8 and MI13mpl9 vectors (Table 1).
Nucleotide sequencing was done as follows, {i} Fragments of chloroplast
DNA cloned in pBR322 or pKC7 were prepared by sonication (Messing et
al.,, 1981) and treated with nuclease Pl followed by DNA polymerase
{Klenow fragment) to form blunt ends. Fragments larger than 600 bp
were collected by electrophoresis through disc agarose gels, ligated into
M13mpl8 or M13mpl9 vectors, cut at the Hincll site, and introduced into
cells of E. coli strain JMI09 treated with calcium. M13 phages contain-
ing chloroplast fragments were identified by plaque hybridization with
chloroplast DNA probes. Single-stranded DNA of MI3 phages, precipitated
by the polyethyleneglycol method, was used for sequencing of nucleotides
by the dideoxy-chain termination technique (Sanger et al.,, 1977a). At
times, chloroplast DNA fragments recovered from recombinant DNA were
self-ligated to form circular molecules and sonicated as described above.
Enzymatically selected chloroplast fragments were used instead of
shotgun-clones to close gaps. (i) Selected chloroplast DNA fragments
were directly cloned into appropriate cloning sites of the pUCI8 or
pUCI9 vector. Deletion mutants were obtained as described by Yanisch-
Perron et al, (1985). DNA from these deletion mutants was sequenced
by the procedures described above. With small DNA fragments, double-
stranded DNA of M13mpl8 or M13mpl9 was used instead of a pUC vec-
tor to generate the deletion mutants.
Nomenclature of chloroplast genes

The nomenclature for the chloroplast genes identified followed that
used In the review article of Crouse et al., (1985). Unidentified open
reading frames (ORFs) are shown as ORF(n) depending on the number (n)
of amino acids in the ORFs. We tentatively designated chloroplast ORFs
with homology to those found in human mitochondria as ndh, ORFs with
homology to Fe-proteins as frx, inner membrane permease protein found
in E. coli as mbp, initiation factor 1 as infA, and a functionally uniden-
tified protein expressed in E. coli as secX (X gene, Cerretti et al,
1983), protein of which has been identified as a ribosomal protein of the
505 subunit (Wada & Sako, 1987). The symbol lhcA was given to the
ORF with much homology to antenna proteins of the light harvesting
complex (LHC) found in photosynthetic bacteria.

RESULTS
Physical maps of chloroplast DNA

Chloroplast DNA was prepared from purified chloroplasts from cell
suspensions of M. polymorpha cultures (Ohyama et al,, 1982). Physical



. Physical map of liverwort chloroplast DNA.

and IRg indicate a set of large inverted repeats. The genes rbcl and psbA are given
as landmarks on the liverwort chloroplast genome. Restriction fragments are mumbered in
decreasing size; symbols a, b, and c are given to fragments of the same size,



maps of the DNA previously constructed with the restriction en-
donucleases BamHI, Smal, Kpnl, and Xhol showed it to be a circular
molecule of about 121.0 kb (Ohyama et al.,, 1983; Umesono et al, 1984).
Physical maps constructed for DNA cloning and sequencing coincided well
with those obtained from the complete nucleotide sequence (Fig. 1).

A set of large inverted repeats predicts the presence of two
isomeric molecules in the chloroplast DNA formed by recombination
across the repeated sequences (Palmer, 1985). A physical map of one of
the isomeric molecules was shown although two isomeric molecules were
dtected by digestion with the restriction endonuclease Pstl, which does
not cleave within the large inverted repeat (IR) regions. The nucleotide
sequence was determined using independent clones from each IR, and IRp
region. Nucleotide sequences were identical in the IRA and IRp regions
(Fig. 1).

Gene detection strategy for protein coding sequence

Significant ORFs were identified with use of the universal codon
table with the initiation codons ATG or GTG and with consideration that
the ORFs are framed as long as possible (Crick, 1966a). ORFs can be
considered to have introns if there are a 5'-consensus sequence (GTGPyG)
and 3'-consensus secondary structure of introns in their coding regions.
Proteins homologous to ORFs satisfying these conditions were found in a
search by a FACOM M-160 computer (National Institute of Genetics,
Mishima, Japan) with a program by Wilbur & Lipman (1983) from an
NBRF (Release 8 - 12) database. Extensive computer analysis of the
complete nucleotide sequence was done on a FACOM M-380 computer
(Institute of Chemical Research, Kyoto University) and FACOM M-382
(Data Processing Center, Kyoto University) using the program IDEAS and
on a personal computer PC-9801 (NEC Corp.) with the Hitachi DNASIS
program (Hitachi SK. Ltd.).

The entire gene organization and the information obtained from it
are shown in Fig. 2 and Tables 2, 3, and 4. The numbering of the
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Fig. 2. Gene organization of the liverwort chloroplast genome.

Genes shown on the outside map are transcribed counterclockwise; those inside are
transcribed clockwise. Thick lines inside the map indicate a set of large inverted
repeats (IR, and IRy). SSC and LSC indicate the small single copy region and large
gingle copy region, respectively. Asterisks indicate genes having introns in their
coding sequences. The tRNA genes are shown by the one-letter code for amino acids with
their anticodons in parentheses. Abbreviations for genes follow the nomenclature of
Crouse et al, (1985). We designate chloroplast ORFs that have homology to those found
in human mitochondria as ndh, ORFs hamologous to Fe-proteins as frx, and ORFs hamologous
to inner membrane permease protein found in E. coli as mbp. ORFs that show homology to
genes for initiation factor 1 and a functionally unknown protein expressed in E. coli
are designated infA and secX, respectively. The genetic symbol lheA is given to the ORF
that has homology to antenna proteins in bacterial light harvesting complexes (LHC).



Table 2
Ribosomal and transfer RNA genes on the liverwort chloroplast genome

Cenen DNA Ponitlon Length Promoter Rewmarks Cenes DNA Poaition Length Promotor Remarks
strand Froma To {bp) (=35, -10) strand From Ta (bp) (-235, -1Q)
(a)} Ribosomal RNA genes Stral{UAr) + 50522 50921 &0O + introa 315 bp
{65 rRNA + 82109 83604 1,496 + {exon 1) 50522 50556 35
235 rRNA + 85912 88722 2,811 - {cxon 2) 50872 50921 S0
4£.55 rRNA  + 88830 88932 103 - trnF{CAA)  + 50998 5107 73 -
S5 rRNA +  B9IS9 89277 119 - “rraV(UAC) - 53652 53051 602  + iatron 530 bp
55 rRNA - 132961 112843 119 - ' {exan |} 53652 93616 a7
&.58 rRMA - 113290 113188 {+x} - (cxon 2} 53085 53051 35
235 rRNA - 116208 113398 2,811 - trad(CAU) ¢ 3801 53874 T4 +
165 rRNA - 120011 118516 1,496 + troR({CCC) + 57877 57950 74 -
ernW(CCA) - 66626 64553 74 -
(b} Tranafer RNA gewes troP(UCC) - 64788 64715 74 +
trnL{CAA) 3679 3758 80 - trnl(CAU) - BI057 BO984 74 +
trnC(GCA) - 5720 5650 71 + ernV(CAC) + BLB14  B1E85 2 +
ernR(UQU) - 1321 21250 12 - *tenl(CAU) 4+ 83878 B4815 958 - inLron B36 bp
SernG(UOC) - 22047 21385 663 -  intron 593 bp {exon 1} 83878 81914 37
{cxon 1) 2047 22025 23 {exon 2} 84801 B4815 3
(exon 2) 21438 21385 47 Strad(UCC) + 84912 BS752 8B4) -~  intron 748 bp
trnS(CCU) 22897 22979 83 + (exon 1) 84912 B4OAY 38
LrmQ{UUG) 23804 23875 72 + {cxon 2) 85718 BSIS2 35
*tral(UU) « 26040 28222 2,183 ¢« intron 2111 bp ernR(ACC) + 89482 89555 74 -
(exoa 1) 26040 26076 37 trmN(GU) - 90332 90261 2 +
{exoa 2) 28188 28222 35 ernP(CCC) - 95213 95145 69 - pocudogenc
trni{GUC) + 29595 29669 75 - enl(UAC) + 95274 95333 a0 +
erad{CUC) - 6484 6411 74 - trnN(GUU) + 11788 1118%9 12 +
traY(CUA) - 6643 36562 82 - ernR(ACG) - 112638 112565 74 -
trnE(UUC) - ITBT W75 73 + *Lrad(UCC) - 117208 116368 841 - intron 768 bp
tenT(CQU) 4 38367 38438 72 + {exon 1) 117208 117171 a8
tnS(UGA) - ALA9S 41407 88 + (exon 2) 116402 116368 35
emG(CCCy & 42035 42105 71 + ®eral(CAU) - 118242 117285 958 - intron 886 bp
erafM(CAU) - 42229 4215 T4 + (exon 1) 118242 118206 37
ernS(GGA) + 48845 48932 BB 4 {cxon 2) 139 11ms 35
troT(UGU) -~ 50133 50261 b2 B traV(CAC) -~ 120306 120235 72 4

DNA strand (+/-) shows normal and reverse DNA strands, respectively, in our file.
Promoter (+) indicates the presence of typical pramoter sequences (-35 and -10) upstream
fran the coding sequences. Asterisks indicate the presence of introns in coding
Sequences. Position numbers are the same as in Table 1.



Table 3
Genes for coding proteins on the liverwort chloroplast genome

Genes DA From To  Length  Amino ocld Mulecular I'romoter 5D Remnrka
aLrund (bp) realducs weight (-33, -10} scvuence
{n) Riboxcmal protcin gencs
rpa‘l2 + - 842 - 123 (13,797.0) + - trana-split genc
{cxon 2) [ Y 316 232 n (nec Srpal2')
(cxon 3) 817 842 26 8 fntron 2:500 bp
rpa’? + 892 1359 468 1535 17,821.9 - -
rpsl + 106055 16762 708 235 26,776,8 - - double atop TAA
rpald - 42035 42333 13 100 11,879.8 + -
rpad - 50033 49425 609 202 23,019.6 + +
rpilx + 065273 45470 198 69 7,762.) - -
rpalg + 05498 65725 228 75 8,879.5 - -
rpl20 - GoOI57 65807 351 116 12,713.0 - -
*roa'l2 - 67057 - - - 123 {13,797.0) - - Lrons-aplit geac
{cxon 1) 67057 66944 114 38 (8cc *rps'12)
rpsfl = 13249 14857 393 130 14,1725 - -
rpald - N 75773 199 132 14,%21.4 - +
rplid - 78621 76253 369 122 13,496.0 - -
rpllt - 77685 76719 967 143 16,149.8 - - intron 535 bp
{cxon 1) 77685 T 9
{exon 2) TI4&l 16719 [ Fal
rpal - 7839 1774) 654 217 25,055.0 - -
rpli2 - 78804 18445 360 119 13,580.8 - +
rpaly - 19100 78822 719 92 10,553.3 - +
rpl? - B0514 79137 1,378 2717 33,1029 - - laLron %4 bp
(cxon 1) 80514 80118 397
(cxon 2) 79573 a7 437
rpl23 - Bo82s 80550 276 H i0,768.5 - +
rpl2l + 9369 93819 M1 317 13,626.1 + -
rpsis - 100699 103433 2067 a8 16,428,2 + +

(b) RNA polywcrase subunit gones

rpoB + 5859 9656 3,198 1,065 120,445.6 + +

*rpoCl + 2087 11737 2,651 684 78,959.0 - + inLtron 3% bp
{cxon ) o087 9518 432
(cxon 2} 10115 N7 1,623

rpoCl + 11811 15971 &, 161 1,386 160, 153.4 - +

rpod - T4B24 13802 1,023 e 39,240,2 - -

(c) Genen for photosystoms | and I

pabA + 18368 29429 1,062 3% 34,704 .8 + -

pabd + 38855 IV 1,062 ik} 39,384.0 + +

psbC + 19464 L1285 1,422 a7 9, T4 .8 - - overing Lo pabl
peall - 44928 42724 2,205 734 82,4137 - +

paad - 47207 44995 2,19 7% 83,2424 + +

pabC - 52524 51193 m 243 27,609.0 - -

psbF - 03293 63174 120 39 4,468,1 - +

pabk - 035%4 63303 252 a3 9,491.5 - + TAG sLop

psbA + 69020 70552 1,927 308 36,191.5 + +

pabli +  ho9z 136 225 kL] 7,928.1 - - double atop TAA

10



Table 3 (continued)

(d) Genes
atpl
arp
“at pf

{cxon

(rxun
alph
atpkl
atph

{c) Genes
petd
*potd
(exon
(cmon
*perDd
(cxon

(cxon

for W' -ATPase subunits

+ 1689CG 17636 747 208 27,762,0
+ 18014 18259 | 240 1] 8,004.4
+ 18408 19604 1,142 184 21,080.8
1) 18468 184612 149
2} 19200 1909 410
+ 190 21177 },526 07 99.311.7
- 54362 939%% 408 135 15,054.3
- 59846 33068 1,479 492 93,137.2
for proteins In Lhe photocloctron transport

+ 61041 62603 961 320 J3,482.6
+  TIaZ4 12506 1,143 215 24,306.5
1) 71424 71429 [
2) 7192% 72566 642
+ 72715 73690 976 160 £7,413.5
1) 7271% 72722 8
2) 73216 13690 475

{{) Geno for ribulose bisphoaphate carboxylase large subunit

ricl,

(R} Genea
ndh2
{exun
{cxon
ndhl
ndk5
ndhé
ndhél
ndht
*ndh)
{exon

(cxon

(h) Genes
frxA
IrxB
frac
ITheA

+ 9355 57782 1,428 47y 5,2790.0

for NADH-PQ oxideredyctasc subunftsd

+ 1514 39%% 2,082 sor 5,6189.3
1) 1514 2249 726
2) 2776 3%%% 780
- 52877 521519 363 120 1,4188.7
- Y79 90t 2,079 692 79,277.9
- 9BIG& 96665 1,500 499 %6, 605.9
- 99059 98757 303 100 T f1,197.3
- 9988 99113 576 19 21,606.7
- 102200 100382 1,819 o8 41,%9.6
1 102700 101645 5%
2) 100932 100382 551

for fcrrodoxin proteins and othors

- 98534 Y8289 240 Hi L IV
- 100330 99779 992 183 21,1%.2
- 110973 110104 870 49 ,944.%
- 23607 2408 168 2% 6,441.%
+ Q1L MBI L3 70 42,798.8
+ 94181 99049 867 28y 12,903,606
- %11 1H300 114 7 &4,921.%
- 080 TN 37 T 8,974.4

-+ + 0+

doubic stop TAA

Intron 987 bp

inLron 495 bp

intron 493 bp

intron 536 bp
TAG stup

vverlop to pabl

duuble stop TAA.TAC

URFG, URFC, TCA stop
inLtron 712 bp

TAG satop
Light harveting complex

duubic ntop TAA

Asterisks indicate the presence of introns in the coding sequences. Gene symbols are

the same as in Pig. 2.

Marks (+/-} in the columns of promoter and SD seguences indicate

the presence and absence of typical prokaryotic promoter and SD sequences as Seen in E.

coli upstream frem the coding sequences.

1.

11

The position number are the same as in Table



Table 4
Unidentified open reading frames in the liverwort chloroplast genome

Cones A From To Loagth MAeino acid Malecular Promoter  SD Remorks

strond (bp)  residues  woight (=35, ~10) sequence

ORF + 4001 4105 103 ") 3,740.5 - -

ORF135 + 4236 5128 893 135 16,043.9 + - intron 485 bp
{cxon 1) 4236 4341 106 TAC stop
{cxon 2) 4827 5128 302

0RF29 - 5257 5168 90 29 1,225.0 - +

ORF3 - 22263 22162 102 33 3,386.2 - +

ORFI0 T2 2mrs 22333 93 20 3,841.7 - -

ORF32 + 22516 12614 % 32 3,566.3 + +

ORF6a - 23107 22997 1) % 4,152.9 - +

ORFS13 + 24051 2559 1,542 513 58,326.9 - +

ORFS0 + 25769 25921 153 50 6,382.5 - +

ORFIT01 + 26976 28088 1,13 370 45,407.0 -~ - in trak inLron

ORF2136 + 29909 36319 6,411 2,136 259,908.8 - -

ORF62 . 41647 41835 189 62 - 6,588 + +

CRF167 - 48599 47488 1,112 167 19,509.5 + - intron 608 bp
(exon 1) 48599  4BATE 124
(cxon 2) 47867 47488 380

ORF169 - S1742 51233 510 169 20,084.8 - -

ORF)I6 + S8065 59015 951 11 35,826.) - +

ORFI6L + 9193 59303 111 % 4,017.8 - +

ORF184 + 59525 60079 555 184 21,533.1 - +

ORFAY4 + 60158 61455 1,305 a3 51,866.2 -

ORF40 - 62916 62794 123 40 4,101.8 - +

ORF38 - 63152 630% 117 38 4,479.1 - -

ORFé2a - 63684 63556 129 42 5,101.9 + -

ORF3L + 64152 GA247 9% 3 3,465.4 + +

ORF37 + 64370 6483 114 37 4,075.9 - -

ORF&2b + 65027 63155 129 42 §,746.6 + + TAG stop

0RF203 - 68640 67130 1,511 xn 22,685.0
(cxon 1) 68640 68570 n intron 1: 518 bp
(czon 2) 68051 67760 292 istron 2: 380 bp
{czon 3) 67378 67130 249

ORF35 + 70669 70176 108 a5 3,958.8 - -

ORFA) - 70994 70863 132 &3 4,875,0 + +

ORF&9 + 93886 94095 210 o9 7,838.1 - + riboscmal protein

ORFI20 + 95482 9644 963 320 12,169.7 - -

ORF192 - 103380 102202 1,179 192 45,371.4 - +

ORFAGL - 105267 103873 1,M95 464 57,164.9 - -

ORFLOGE - 108535 105329 3,207  |,068 127,654.8 -

ORF465 - 110064 108667 1,396 465 53,097.0 -

DNA strand (+/-)} indicates the coding sequences on either the normal or reverse strand

in our file. The presence of typical prokaryotic promoter and SD sequences are shown as
{+) when it can be seen upstream from the coding sequences. The position numbers given
are the same as in Table 1.
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Table 5
Sequences of transfer RNA genes in the liverwort chloroplast genome

T R TR O i
1. ATa(UGC)  GGGGATA TA GCTC AGTT GGT A GAGC G CCGCC CHGWV% ATGT C AGLGG TTCGAST CCGCT TATCTCC A
2. Arg(ACG)  GGGITTG TA GCTC AGA GGATTA GAGC A CGTGG CTACGAA CCACG GTGT € GGGGG TTCGAAT CLCTC CTTECCC A
3. Arg(CCG)  GEGIITG TA GCTC AGT GGATTA GAGC ¥ CATGG TTCCGAA TCATG AAGT C AAGGG TTCGAAT CCCTT CTAMCCC T
4. Arg(UCU)  GCGICEA TC GTCT AAA GGAT A GGAC A GAGGT TTTCTAA ACCTC CAG T ATAGG TTCGAAT CCTAT TGGALET A
5. Asn(GUU)  TCCTTAG TA GCIC AGT GGT A GAGL G GTCGG CTGTTAA COGAT TGGT € GTAG TTCAAAT CCTAC CTGAGCA G
6. Asp(GUC)  GGGATTG TA GITC AATT GGTT A GAGT A CCGCC CTGTCAA GACGG AAGT T cc___asc TTCGAGC CCCOT GAATECE 6
7. Cys(GCA)  GRLGACA TG GCCA AGT GGT A AGGC A GAGGA CTGCAMA TCCTT TAT € CCCAG TTCAMAT CVGSG JGICGLT T
B. G1y(GCC)  GEGRGIA TA GITT AAT GGT A AAAT T CCTCC TTGCCAA GGAGA ATA 7 GCGGG TTCBATT CCCGC JARLLYL ©
9. B1y(UCC)  GEGGRTA TA GITT AGT GGT A AAAL C TTAGC CTTCCAA GCTAA CGA T GLGGG TTCGATT CCCGC TAGLLGL T
10, 61n{UUG)  JGGEGCG TC GCCA AGT GGT A AGGC T GCAGG TTTTGGT CCTGT TAIT c TTCGAAT CCTTC (GICCCA G
1. Glu(UUC)  GLOLEEA TC GTCT AGT GGCCTA GGAC A CCTCT CTTTCAA GGAGE CGA c TTCRAAT TCCCC TGOOOET A

12. His(GUG) GGLOGACG TA GCCA AGT GEATTA AGGC A

en

TIGTGGA TCCTC TACG [= TTCAATT CCCGT m <

TTCAATT CCTGT m A

TTCAAGT CCAGG ATAGLLC A

lE 1518 E |

13. DNe(CAY)  GCATCCA TG GLTG AT GGTT A AAGC A

CTCATAA TTGGC GAATT [=

CTGAT.MvGGGCG AGGT C

-
O
4
8

14, De(GAU)  GGGCTAT TA GCIC AGT GGT A GAGC G

15, Leu(CAR}  GELTIGA 76 GTGA AAT GGTA & ACAC G TICAMA TTTCG TGCTTAAAGCA T GOAGG TTCGAGT CCTCT JEAGGE A

: G TTCMGT CCETC [AGGREE A
17, Leu(UAG)  GCLGLTA TG GTGA AATT GGTA G ACAC G CTTAGGA AGCAG FGLTAAGGCT T CTCGE TTCGAAT CCGAG JAGCGEL A
18, Lys(U)  GGRITGL TA ACTC AAT GGT A GAGT A crmuvcrgc GAGT T CCEGG TTCGAGE CCCGG GEAACLE A

19, Met(CAU)  ACCTACT TA ACTC AGT GGTTTA GAGT A TTCATAC GGLGA GAGT

m

ATTGG TTCAAAT CCAAT m A

%A
com
E
COAGA TIOWM TGS
16. Leu(UAA) w 6 (.5(_:94\ AMTT GGTA G ACGC T BC_GGA C'XA.M TLCEI TOGCTTTAMGALCE T
%
croes
'IE‘I
%
EAG_GA

20, fMet(CAU) Cw TA GAGC AGTCTGGT A GCTC G CTCATAA LTTG AGGT C ﬂLG_G TTCAAAT EIG_I' CIREHC A
21, Pha({GAA) GLEGERA TA GLTC AGTT GGT A GAGC A CTGAMAA E‘E GTGT C AC_CAG TTCAMAT EI_GEI ICT A
22, Pro(66G)* CG%EH TA 6T TIGGT A GIGT A m TTGGGGT Gﬂ_ﬂf AGT C EI_GB_G TTCAAAT ﬂ mu A
23. Pro(UGG)  ADGGATG TA GCGL AGTTTGGT A GCGC G iﬁT TTTGGGT E ATGT c G_EBG_ TTCGAAT EEE m A

24. Ser{GCU) m TG GCLG AGT GGACGA AAGC G GCGGA TTGCTAA TCCGT TGTACAAGCYTTTTGTACC GAGGG TTCGAAT CCCTC m G

25, Ser{GGA) w TG GYTG AGT GGTTTA AGGC G TAGCA TTGGAAA TGCTA TGTAGGCTTTTGGTCTATC GAGGG TTCGAAT CLCTC Ielllgs 6

26, Ser{UGA) GGAGAGA TG GCCG AGT GGTITA TGGC G TCGGYT CTTGAAA ACCGA TATAGTTTTTAAGATIATC GAGGG TTCAAAT CCCTC TEICTCE T

- v —— — ——— ——
27, Thr(GGU) GCCCTIT TA ACTC AGT GGT A GAGT A ACGCL ATGGTAG GGCGT AAGT C ATCGG TTCAAAT CTGAT AMGGGE T
28. Thr{usy TGTAA AT
r(UGU)  GECTGTT TA GCTC AGA GGTC A GAGC G TCGCA CTTGTAA TGCGA TGGT C ATCGG TTCGACT CCGAT AGEGESC T
29, Irp(CCA)  GEGETTT TA GTTC AGTTCGGT A GAAC G TAGGT CTCCAAA ACCTA ATGT C GTAGG TTCAMAT CCTAC AGABCGT G
30. Tyr(GUA)  GGGICGA TG CTCG AGT GGTTAA TGGG G ACGGA CTGTAAR TCCGC TGGCAATGCCTA € GCTGG TTCAAAT CCAGC JCGACCE A
3. Val(GAC) AGGGATA TA ACTC AGC GGT A GAGT A TCACC TTGACGT GGIGG AAGT C ATCAG TTCGAAC CTGAT TAILECT A
= v - c————
32, Yal(uac ‘ 8} i A
(UAC)  AGGGCTA TA GCIC AGC GGT A GAGC G CCTCG TTTACAC CGAGA ATGT € TACGG TTCAMT CCGTA TAGECCT A
The marks *, °°, -—, and = show the position of stem-loop structure conformation.

Pro(GGG)+ has an incomplete aminoacyl stem structure, which was not detected by Northern
hybridization. Arrowheads indicate the splicing sites of introns.
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complete liverwort nucleotide sequence starts at the first nucleotide of
the large single-copy (LSC) region in the junction {(Jj o). The numbering
proceeds counterclockwise around the chloroplast genome and ends at the

last nucleotide in the IR, region (Fig. 2).

[dentification of coding sequences for RNA and protein genes

The coding sequences for four kinds of rRNA genes {16S, 23S, 4.55,
and 5S), 31 specles of tRNA genes, and a proline tRNAGGG-Iike sequence
in which the amino-acyl stem structure is incomplete were identified

(Table 2). Coding sequences for tRNAs were searched for using the Ty
loop sequence (G‘TTCRA) and identified by construction of the familiar
clover-leaf structure. The coding sequences of the 31 species of tRNAs
and the proline tRNAggg-like sequence are listed in Table 5. None of
them had a CCA sequence at the 3'-end of their coding sequences. Six
species, alanine tRNAUGC, isoleucine tRNAGA» glycine tRNAccs lysine
tRNAyyL leucine tRNAUAA, and valine tRNAUAC, had introns in their
coding sequences. Their codon-anticodon table is shown in Table 6. The
tRNAs encoded by the chloroplast genome were sufficlent to read all
codons taking into account the expanded wobble and modification in the
anticodons (Crick, 1966b).

As shown in Table 3, there are coding sequences for 19 ribosomal
proteins (large subunit proteins L33, L20, L14, L16, 122, L2, L23, and
L21, and small subunit proteins S7, S2, S14, S4, SI18, S12, Sl11, S8, 83,
S19, and S15; Post & Nomura, 1980; Zurawski & Zurawski, 1985; Posno et
al,, 1986). In addition, the genes infA (Pon et al,, 1979) and secX (X
gene, Cerretti et al.,, 1983) and the rpo genes for « , B, and R '
subunits of RNA polymerase were identified by correspondence to E. coli
genes (Bedwell et al,, 1985). Two ORFs (mbpX and mbpY) showed
homology to inner membrane permease proteins found in S. typhimurium
(Higgins et al,, 1982, 1986). -

Genes for photosynthesis were identified by comparison of the

amino-acid sequences deduced to those deduced from chloroplast genes of
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Table 6
Codon table and unmodified anticidons of tRNAs
coded by liverwort chloroplast

Codoun Anticodon Codon Anticodon Codon Anticodon Codon Anticodon
uuy ucu UAU UGy
Phe Tyr Cys
uuc GAA ucc q GGA UAC GUA uGe GCA
er
UUA \ UAA® UCA UGA UAA Ter UGA Ter
eu
uuG CAA Uce UAG Ter UGG Trp CCA
cuu ceU caU " CGU ACG
18
cuc cee GGG CAC GUG CGC
Leu Pro Arg
CuA UAG CCA UGG CAA o uuG CGA
n
cuG cCG CAG c66 cC6
AUU ACU AAU AGU
° Asn Ser
AUC Ile GAU ACC " GGU AAC GUU AGC GCU
r
AUA cAU ACA ueu AAA ) uuu® AGA . ucu
Met CAU ys rg
AUG  evet oAU ACG AAG AGG
GUU Geu GAU R GGU
sp
Guc val GAC GCC A " GAC GUC GGG o GCC
a 1
GUA uac® GCA uec® GAA uuc o W ucc”®
Glu
6UG GC6 GAG GGG

The AUG codon is an initiation codon. Termination codon (UAA, UAG and UGA)} are indi-
cated by Ter. Asterisks indicate the tRNA genes with introns in their coding sequences.
Amino acids are shown by 3-letter symbols.
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various sources as reported previously (Crouse et al., 1985; Hird et al.,
1986; Westhoff et al., 1986). Seven of the identified ORFs had high
homology to NADH dehydrogenase genes (NDI, ND2, ND3, ND4, ND4L,
ND5, and ND6) found in human mitochondria (Chomyn et al., 1985, 1986),
and two ORFs (frxA and frxB) had high homology to bacterial 4Fe-45-
type ferredoxin proteins (Yasunobu & Tanaka, 1980). The frxA  gene
product has been ldentified as a component of the photosystem [ particles
(Oh-oka et al, 1987). An ORF (frxC) consisting of 289 amino acids
showed extensive homology to the nifH gene of Az, vinelandii {Howard et
al.,, 1983) and ORF202 of R. capsulata (Hearst et al, 1985). The ORFS55
(lhcA) had homology to antenna proteins of LHC of photosynthetic bac-
teria (Youvan et al,, 1984).

Physicochemical characteristics

Liverwort chloroplast DNA contained genetic information encoding
136 possible genes with short spacer regions very rich in A + T. The
total G + C content of the liverwort chloroplast genome was 28.8% (G,
17,556; C, 17,308; A, 42,898, and T, 43,263 in normal (+)-strand DNA
(Tables 2 - 4). However, the coding sequences of rRNA and tRNA genes
had higher G + C contents, 52.6% and 52.1%, respectively, and that in
the coding sequences for proteins was 28,5%. The spacer regions be-
tween the coding sequences had much proportions of G + C content
(19.5%; Fig. 3).

Conservation of high free energy, AG, calculated for stem-loop
structures deduced from a nucleotide sequence may give information on
the termination sites of transcription and sites of processing. Free
energy conservation in stem-loop structures was greater at the positions
between the genes of ends transcribed convergently from opposite strands
of the liverwort chloroplast genome (Table 7).

Thirty-three ORFs remain unidentified with use of the NBRF
database (Table 4). Membrane spanning analysis was done using the
program of Klein et al. (1985). This program gives precise trans-
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Fig. 3. G + C content throughout the liverwort chloroplast genome.
The G + C content in every 25 nucleotides (1 to 121025) are shown as percentages.
genes are drawn as landmarks. The abbreviations IR, LSC, SS5C are the same in Fig. 2.

d. J. J ,andJSBirﬂicatejunC:tionsbetweenIRhandISC,IR.BardI.SC,mAandSSC,

1A' “LBf
and IR.B and SSC, respectively. Open regions in the bottom line indicate the spacer

(non-coding} regions. Arrows indicate coding regions for transfer RNA genes, which in
most cases have higher G + C content.

Major
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Table 7

stem-loop structures at the end of convergent transcriptional units

Number of
stem-loop structures

Location {no. base-pairs) Free energy (AG)
ORFI135-ORF28 1(17) —20-6
alpA-traR(UCU) 1(12) —50
trn8(GCU)-ORF36a 1(7) —114
ORF2138-tm D(GUC) 1(23) —-35-4
pabC-trmS(UGA) 1 (43) —50-4
trrG(GCC)-ImfM{(CAU} fls (‘l‘;) ] 663 —gg
ImSIGGA)-rpet mi|7.n —-200, —16:8, —0-3
trn F{GAA)-ORF100 2 (35, 10) —458, —6-0
trn M(CAU)-alpB 1(18) —28-0
pet A—-ORF40 3(12, 20, 9) —7.2, =301, —3-3
ORF37-irnW(CCA) 1(10) —-132
rpel8—rpl20 1(13) —-23.8
ORF35-0ORF43 2 {13, 26) -710, —30:9
pet D-rpod 2 (7, 38) ~0-0, —554
Irn R(ACG)~ra N(QUU) 1 (36) —21-7
ORF320-ndhd 1 {30) —36-8
trnN(GUU)-trmR(ACG) 1 (38) 217

Free energy conserved in the stem=loop structure was calculated as described by Tinoco

et al. (1973) and Salser (1977) and expressed as G (kcal:lkcal=4,184kT).

Table 8

Membrane-spanning analysis of all liverwort chloroplast genes

Peripheral location

Integral location

Confirmed Predicted Confirmed Predicted
atpA rpi2 frzd atpF JrxB ORF36a
atpB rplid pabQd atpll JraC ORF50
alpk rpll6 rpod aipl/ mbp X ORF2130
rbel rpl20 rpoC1 petd mbpY ORFa82
rpa? rpl2! rpoC2 pelB ndhf ORF38b
rpsd rpi22 ORF513 petD ndA2 ORF184
rpsd rpi23 ORF370i paad ndhd ORF434
rpa’ rpidd ORF187 psaB ndhdL ORF40
rpal sec X ORFI169 pabA ndhd ORF38
rpali infA ORFJ18 peb B ndhs ORF3
rpai? ORF42a pabC ndh6 ORF37
rpsid ORF6D pabD hed ORF42b
rpals ORF392 pebE rpoB ORF203
rpal8 ORF404 pabF ORF29 ORF35
rpsid pabif ORF34 ORF43
ORF135 ORF320
ORF33 ORF1068
ORF30 ORF465
ORF32

Computer analysis was done with the program of Klein et al. (1985). Peripheral and in-
tegral in the columns Confirmed indicate the location of stremal proteins and proteins
bourd to the thylakoid membrane, respectively.
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membrane characteristics to the known gene products in the thylakoid
membrane except for the psbG gene product, which appears as a
peripheral protein. Therefore, this analysis may indicate whether uniden-
tified proteins are present in the membrane complex of the chloroplasts
(Table 8). All ndh genes were categorized into this group of proteins

with transmembrane characteristics,

DISCUSSION
Inverted repeats and gene rearrangements

The liverwort chloroplast DNA was composed of 121,025 bp, which
is comparatively smaller than chloroplast genomes from other sources.
The inverted repeats (IRA and IRg, each 10,058 bp) were smaller than
those (some 26 kb) of tobacco (Shinozaki et al., 1986b). This suggests
that there were rearrangements in the chloroplast genome in the vicinity
of the IR regions. The IR regions in the liverwort chloroplast DNA did
not have the clustered ribosomal protein operons present in both IR
regions in tobacco (Shinozaki et al,, 1986b). Palmer & Stein (1986) have
reported that a fern chloroplast genome, which has IRs of similar size
with that of the liverwort, has lost one of the the clusters of ribosomal
protein genes. There are no ORF within the IR regions of the liverwort
chloroplast genome,

Introns

Introns are present in the genes of eukaryotic cells. Chloroplasts
are organelles in photosynthetic eukaryotic cells with a prokaryotic type
of gene expression mechanism and introns in their coding sequences were
first reported in chloroplasts of C. reinhardtii by Rochaix & Malnoe
(1878). The leucine tRNApaA gene had a group I intron that forms the
secondary structure typical of group I introns (Bonnard et al,, 1984), In-
trons in coding sequences were predicted using the 5'-consensus sequence
(GTGPyG) and 3'-consensus secondary structures (PUAGCCGNATGAANNGA
AANNTTCATGTNCGGTTPy and CTAPyPyNYNAPy) that are characteristic
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of group Il introns found in fungal mitochondrial genes (Miche! & Dujon,
1983). There were 22 introns in the chloroplast genome (Table 9; genes
for alanine tRNAygGc and isoleucine tRNAgAy with introns were dupli-
cated in IR regions). Ribosomal protein 512 gene (rps12) has two introns,
one of which Is far away on the opposite DNA strand (Fukuzawa et al.,
1986). The ORF203 also had two introns In its coding sequence just
upstream from the rpsi2' gene. The 5'-exon boundary sequences in the
ORF203 introns (ATGCG in the first and TTGTG in the second) were dif-
ferent from the typical 5'-consensus sequence of GTGPyG. However,
Northern hybridization experiments with synthetic probes that have
sequences of the two connecting exons showed that the splicing site was
exactly at the predicted junctions (Kohchi et al., 1988d).

Group II introns also were found in the coding sequences for tRNA
genes (isoleucine tRNAG,(;, alanine tRNA;gc» 8lycine tRNAy ey lysine
tRNAyy» and valine tRNAACH Introns in alanine tRNA{Gc and
Isoleucine tRNAGay had different 5'-exon boundary sequences (TTGGG
and TTGCG, respectively); however, the introns belonged to the category
of group Il introns because of the presence of consensus secondary struc-
tures in the introns. Group II introns in tRNA genes were characteristic
of the chloroplast genome of land plants.

Coding sequences for protein in photosystems I and II did not con-
tain Introns, aithough genes for a subunit of H*-ATPase (atpF) and for
proteins in the photoelectron transport system (petB and petD) had introns
in their coding sequences. Interestingly, the first exons in both (petB

and petD) genes consist of only a few amino acids and these introns are
precisely spliced out (Fukuzawa et al., 1987).

Codon_usage

As described above, there are coding sequences for 31 species of
tRNA that can read all sense codons by expanded wobble codon-anticodon
recognition, as seen in yeasts. Therefore, it is not needed to assume

that there is transport of tRNA from the cytoplasm. The codon usages
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Table 9
The 5'- and 3'-consensus sequences of introns
found in liverwort chloroplast genome

Group I intron
/ 5" intron 3' introa [/
Leu(UAA)  ACTT/AATTTAATTGAGCTTTAGTTGAGAAATTTACTAAATGATT. .. .... TACAAGT TAARI TTAACAACAATGCAAATTGTAGTAAAATG/AARA 315

Group 11 introns
/ 5" intron 3" intron [/
Gly(UCC)  AAAA/GTGCGAT-TCGT,..... AAGGAGCCGAATGAAAG-AAAACTTTCACGTTCGGTTTTGAATTAGAGGC, | (20). .GTCGACTATAAC/CCTT 593
Lys{U)  TTAA/GTGCGAC-TTGG...... AGAMGCCGTATGCAGT -AAAAAT TGCAAGTACGGTTTGGGAAGAGATGA. . (29). . ATCTACT-TCAT/CCGA 2,111
Val{UAC) = ACAC/GTGCGCCAATGC...... AACGAGCCCAATGCATA-AAAACATGCATGTTGGGTTCTTAAAGCAGTTC, . {(12). AACTGTT-TTAC/CGAG 530

11e{GAU)  ATAA/TTGCGTCGTTGY
Ala(UGC)  GCAA/TTGGGTCGYTGL
ndhZ AGGA/GTGCGAT-TCGT
ORF135 AGAG/GTGTGAT-TTAA

GGAGAGCGCAGTACAACGGAAAGTTGTATGC TGCG T TCGGGAAGGATGAA, . (64 ), .ATTTACT-TCAC/GGGL 886
GGAGAGCACAGTACGAT-GAAAGTTGTAAGCTGTGTTTGGGGEGGAGTTA. . (55). .GCTTACC-CIGT/GGCG 768
TAGGAGCCGTGTGAAT T-GAARATCTCATGCACGGTTTTGAATGAGAGAA. . (16). . TTCGACTCTAAC/TCAC 536
TTTAAGCCATACAGAGTTGAAAATATCATATATGGTTTTCAAGGGGGGAA. . (20). . ACCTATCCTAAT/ATTA 485

rpoCt CGAT/GTGTGAL-TTGA. ,, ... TTTGAGCCGRATGACGG-AAAACTTTCATGTCCGATTCTTAGGGGGGGAA. . (11). . ACCTATCCCAAT/CTCT 596
atpF GTGT/GTGCGG—GTTGA. .. ... AGAAAGCCGAATGAAT T-GAAAAGTTCATGT TCGGTTTGGGAAGAGATTA, . (15), .ATCTACTTTCAT/TAAG 587
ORF167 GATG/GYGTGAT-TTGA, .. ... GAGGAGCCGTATGAAGT-TTAAACTTCATGTACGGTTTTGARACGGAGTT, . (15). . AACAACCGTAAC/GAAT 608
petB GGGT/GTGCGTC-TTGT. . ... TTTAAGCTGTAAGATTA-TAAATAATCATTTACGGTTTTTCGAGGGGGAA. . ( 8)..ACCTATCTCAAT/AAAG 495
petD GAGT/GTGTGACTTTAT. ..., TYGGAGCCGGATGATAT-TARATTATCATGTCCGATTCTTTGGGGGRACT. . { 6). . ATCTACCTTAAT/AACA 491
rpllé TAGT/GTGTGAC-TCGT....., GAGGAGCCGGATGAATC-AAAA-TTTCATGTCCGGTTTTGAAGTAGCGAT. . { 3)..ATCGACTATAAC/CCTA 535
rpl2 TTGA/GTGCGGT-TTGA. ..... GAAAAGCTGTATGC-TT-GAAAAAAGL TTGTACAGTTTGGGAAGAGATTT, , (18 ATCTACT-TCAA/CCAA 544

ndh! CTAC/GTGTGAT-TCGT. . . .. . GAGGAGCCGTATGAAAT~GAAAATTTCATGTACGGTTTTGCAATAGAGAT, . (18), . ATCGACTATAAT/TATC 712
rpsl2-1 GTAT/GTGCGAC-TTGT, . //. . GAGAAGCCGTATGAAAT -GAAAATATCAAGTACGGTTTTGTAAAGTGACA. . (17). .GTCAACTITTCC/ACTA 777
rpsi2-2 TCTA/GTGC6——TTGT, ..., AARAAGCCGTATTCGTT-GAAAATCGGATGTACGGTTTGGAGGGAGATAA, . ( 4 ). .ATCCACC-CTAC/AATA 500
ORF203-1  TATA/ATGCGCC-TTAT...... CTTAAGCTGTATGCGCTTAAAAAGTGCTTGTACAGTTTTATAAGARAAAA. . ( 7). .AATTATCTTAAT/CAAT 518
ORF203-2  CGCT/TTGTGCCAATGA...... ATAGAGCTGTATGCAAC-TAAAAATGCATGTACAGTTCGTTICATTTATT. [ (27). .ATATTTATTAAT/AGGG 380
CONSENSUS /GTGYG RAGCCGNATGAANN-GAAANNTTCATGTNCGGTTY CTAYYNYNAY

Numbers in the right column show the length of the introns. The letters ¥ and R indi-
cate pyrimidine and purine nucleotide, respectively. MNumbers in the paretheses indicate
the length of nucleotides deleted in this Table. The abbreviations Leu(UBa), Gly(ucc),
Lys(Ouu), val{UaC), Ile(GAU) and Ala(USC) are used for genes of leucine tRNA[m, glycine

tRNRmC, lysine tRmLRJU' valine tRmUAC' iscleucine tRmGAU’ and alanine tleI;C’

respectively.
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of all of the genes, including the unidentified ORFs, were analyzed. The
results showed that 88.1% of the third position of codons was either A
or T (Table 10). This A or T preference could also be seen in the non-
sense codon usage in the liverwort chloroplast genome. Of the 91 stop
codons in the entire genome, 84 TAA codons were used. It was of in-
terest that a TGA stop codon was used only twice (ORF135 and ndh6
genes) (Table 10). In the mitochondrial genome of yeast (Bonitz et al.,
1980) and humans (Anderson et al, 1981), the TGA codon Is used for the
recognition of tryptophan tRNA, From the evolutionary point of view,
the rare usage of the TGA stop codon in the liverwort genome Indicates
the tendency of the TGA stop codon to convert to a codon for tryp-
tophan tRNA in the organelle genome (Jukes et al,, 1987; Osawa &
Jukes, 1988). This A or T preference pressure in the third position of
codons with the exception of the psbA gene also coincided with the
overall high A + T content in the liverwort chloroplast genome and has
facilitated ORFs throughout the genome.

Membrane spanning analysis

The membrane spanning analysis on a computer showed that the
gene products of atpH, atpl, and atpF had sequences with the trans-
membrane character, but that those of atpA, atpB, and atpE did not.
These results coincided well with the identification of the location of the
gene products of atpH, atpl, and atpF as being the thylakoid membrane.
The liverwort chloroplast gene organization clearly had clustering of
similar functional genes and we can use this together with the properties
of the sequences to suggest possible functions of unidentified ORFs. For
example, ORF38 and ORF40 may be gene products for photosystem Il be-

cause of their transmembrane characteristics and their location in the

identified psb gene ciluster (psbE and psbF) of C. paradoxa cyanelle
(Cantrell & Bryant, 1988).

Among the unidentified ORFs, two large ORFs (ORF1068 and
ORF2136) in the category of membrane association have a high basic
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Table 10
Total codon usage including ORFs of liverwort chloroplast genome

Codon Total Codon Total Codon Total Codon Total
Uy 1,547 ucu 628 Uau 826 UGy 219
Phe Tyr Cys
uuc 97 s Uucc 71 UAC 95 UGC 11
er
UUA 1,867 UCa 359 UAA 84 Ter UGA 2
Leu Ter
uuG 203 UcG 48 UAG 5 Trp UGG 441
cuy 524 Ccu 477 i CAU 388 CGU 357
is
cuc 25 CCC 39 CAC 62 CGC 47
Leu Pro Arg
CUA 143 CCA 367 61 CAA 887 CGA 258
n
CUG 25 CCG 49 CAG 53 CGG 22
AL 1,519 ACU 616 AAU 1,256 AGU 414
Asn Ser
I1e AUC 101 ™ ACC 57 AAC 175 AGC 46
r
AUA 708 ACA 499 AAA 1,764 AGA 382
Lys Arg
Met AUG 521 ACG 4?2 AAG 78 AGG 24
GLU 648 GCU 779 A GAU 735 GGU 627
sp
GUC 47 GCC 66 GAC 72 GGC 82
val Ala Gly
GUA 450 GCA 452 6l GAA 1,133 GGA 678
u
GUG 48 GCG 50 GAG 85 GGG 88

Numbers indicate frequency of codons used. Amino acids are shown by 3-letter symbols.

amino acid composition. ORFs of similar size in tobacco have also been
described (Shinozaki et al.,, 1986b), and to some extent, the nucleotide
sequences of liverwort and tobacco are similar (data not shown), so they
may be functional genes. However, protein molecules corresponding to
such large ORFs have not been detected in chloroplasts, indicating the
possibility of either the presence of introns or protein processing if these
genes are transcribed and translated.
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Gene clusters and transcriptional units
Typical prokaryotic promoter sequences were found wupstream of
gene clusters although the rest of the genes in the cluster had no

promoter sequences but sometimes had SD sequences (Table 11).

Gene clusters observed in the liverwort chloroplast genome are very
similar to those in E. coli (rif, unc, str, spc, S10, o, and rrn operon
(Umesono et al., 1988; Fukuzawa et al., 1988; Kohchi et al, 1988a). On
the other hand, tRNA genes were scattered throughout the liverwort
chloroplast genome. In addition to this structural similarity of gene or-
ganization, sequence homologies of the genes also indicate the prokaryotic

characteristics of the machinery of chloroplast protein synthesis.

Conserved gene contents in chloroplasts

The gene organization of the liverwort chloroplast genome was very
compact. The liverwort chloroplast genome contains all of the
chloroplast genes described for other species except for the genes for
ribosomal protein S16 of tobacco (Shinozaki et al,, 1986a) and elongation
factor (tufA) of Eu. gracilis (Montandon & Stutz, 1983), although most
higher plant chloroplast genomes are much larger (about 160 kb), The
nucleotide sequence of the N. tabacum chloroplast genome has been
described (Shinozaki et al.,, 1986b). The genome size (approximately 121
kb} of the liverwort chloroplasts is smaller than that (approximately 155
kb) of tobacco chloroplasts, but the number of gene species coded 01:1
their genome Is almost the same (127 = 136 minus 9 duplicates in
liverwort; 128 = 156 minus 26 duplicates in tobacco). This indicates that
liverwort chloroplast genome has at least an indispensable gene composi-
tion among the green plants. Therefore, in addition to well-established
cultured cells being available (Ohta et al., 1977; Ono et al., 1979), the
liverwort chloroplast has other excellent features for use as a model Sys-

tem for studying the molecular basis of chloroplast gene expression and
photosynthesis of green plants,
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Table 11
Promoters (-35 and -10 sequences) and SD sequences detected
in the liverwort chloroplast genome

Fromsers Promaterns

[P, S sequencen Lonen SO acquenees
ER YRR IR - 10 srqoens e =15 nequeace -10 acquenre
{4) Ribaxomal KNA genes {4} Geors for phatasmtbeais
renAlread TTUACA-~-( 1H)---TATAUT (1%, and lk“) el TTGCAT---( 18) - ~TACAAY QLAGG
(b) Transtcr RNA genes peeba TTCACA---( 20} - - -TACTAT
tenC{GEAY TTGAAT-——{17)~--TATVAT axbD TTCAAA--—{ 19} -~ -TACAAT ACCAL
rraS(GoU) TTGAAA-~~( |8} -~-TATAAT paall - AGLA
CraQ(IAN:) TTCACA-~~( 1B} - - TTTALT pead TTCAM - -=( 20}--~TATAAT AGGAG
rraK(tiny TTUACA- -~ () 7}- - -TATAKT pbl; - AGLAC
Lrnk{UIC) TTCACA--=( 1 7}~ - -TAACAT peebsF - AGCALL
traT(G0N) TTUACA -~ 1K)~ - -CACAAT ebE - ccac
1rnS{UGA) TICTAA--—{ |H)—-TATAAT pebB TCTCCA - =~{ 19 )= --TAGAAA AL
1rnG(LLE) TTATAT--~(17)---TATAAT petB - ALTA
LrnfR{CALY TIGTTT---{ 1#)---TATACT potD - ACTIA
£rnS(OGA) TTCCTA---( |8)---TACAAT
LraT(DGAN TTGCTT- - 17)---TATAAT acp! - AGGAL
tral{Ukk} PTRAT---{ 17)—--TATAAT atph TICYT == 1H)---TATAAT AGGAC
rraV(UAT) TTGTAT--={ L1)---TATAAC atpF TTGAGT ---(20)---TTCAAT cact
LraM{CAI} TTCCAT-~-{ §8)---TATAAT stpf - CGAG
crnP{UCC) TAGCCA (| 7} --—TACAAT atph TTCTCA———{ 1 7)-—-TTTAAT -
Tral(CAN) TTTAAG. -~ | R} - = TATAAT
tra¥({CAC) TTCTTT-+-{ 1H) -~ -TATAAT® (1M, and 1Ky} ety 2 TICTIT---{ 17)-~-TTTAAT oA
TTUAAT- == 16}~ -TATTAT® ndh1 TTGACC---{ 17)---TATAAA ACAL
trnN{ G TTCCTA--=( | 7}=—-TATAAT (1K, and 1Ry} ndhs TTATAA==={ 1 7)---TATAAA -
traLl{lAG) TTAAAA-—={ |9} ---TATAAT ndhdl - AUCA
reth } - COAGL:
(1) ribosomal proicin gomes and olhers
rpa'f? TTTAAG—~=( |8}~ -TATAAT R LYY frad TIGATA-==( 17 }---TATAAA AMIAL
rpidd TTOCAR- =~ (1 7} —-TTTAAT - fraf - AGGA
rped TTUATT---(10)---TaTAATs fra? TICATC- - - 18) -~ - TACACT -
TICTTT- -~ 16} - - TATAGT® ACGAG Ihea TTGTAG---{ 19} ~~-TATACT OGAG
rpad - AUCAG
rpl2? - ACTAC () Unidentificd ORFa
rplie - AGCA ORFZ9 - ACUA
rpi?l - ACTAG oRELYY TTCAAA—-( 18)---TATATY -
rpl2s TTRAAA-~-{ | 6)- —-TCTACT - [ TN - GACE
rpiis TTCTAT-=~( 1)~ ~TTTACT AGEAL ORIz TTGGAT---( 20} ---TATATT AGCAG
ORFI6A - Crac
infA - AGEAL DRF911 - ACGAC
mrck - GAC [« T3] - AGTAG
rpoft TICAAG-- - [ 17)---TATAAC GACH oRPG2 TTCATA--~{17)---TTTGAT COAG
rpot} - CCA K167 TTCAAT---( 17} - - -TTGAAT -
rpol2 - GAGG MWHite - CACT.
mbpX TTCART - { 200) - - TCTTAT AGGAG ORFWb - At
wbp¥ - [1:H ORFIRG - ACAG
0RFAN - ACGAC
ORF&2u TTGANC-—( 1H}---TATATT -
ORF11 TICTCA—~~( 17 )~ -TAATAT AXIA
ORFAZL TTGTTT- -~{ 14 )-—-CATAAT ACLAG
Rr20) TYCTAT- - {27 )~ -TATAAT [P
ORFG? TTGAGA-——{ k1) = -TALTAT GG
[T - AL
OREYG2 - ACLAG
ORH 1 (08 - CGAGG
[ YT - AGLA

Genes have either promoter or SD sequences are listed, Numbers in parentheses indicate

the nucleotide base-pairs between -35 and -10 sequences. The sequence of the 3' end of
liverwort 165 rRNA, CCTCCT, is complementary to SD sequences listed above, Asterisks
indicate 2 possible promoter sequences.
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I-2 Structure and organization of Marchantia polymorpha chloroplast

genome — Inverted repeat and small single copy regions

MATERIALS AND METHODS . _
Procedures for chloroplast DNA preparation and cloning and

sequencing methods were as described in the chapter I-1. The open reac_i—
ing frames (ORF) were identified by the program IDEAS with the protein
database NBRF (release 8 to 10).
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Fig. 1. Gene organization in the IR,, 85C, and IRy regions.

The coding region of genes are shown as boldface boxes. Introns are indicated by
hatched boxes. Genes shown on the lines are transcribed to the right, and those under
the lines are transcribed to the left. Blocks a to d shown by the arrows correspond to

the nucleotide sequence files in Fig. 2a to d. Abbreviations for the genes are the same
as described in the preceding chapter.
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RESULTS
Gene organization of the IR region

A schematic diagram of the gene organization of the IR regions is
given in Fig. la and a'. The DNA sequences of both the IR, and IRg
regions were identical (10,058 bp; Fig. 2a). There were genes for nine
stable RNA species in each IR region. The nucleotide sequence and
deduced information (genes, introns, promoters, and stem-loop structures)
are also presented in Fig. 2.

It has been mapped that the region of the liverwort chloroplast
genome coding for rRNAs by Southern hybridization with 32p_|abelled
rRNAs (23S, 16S, 4.5S, and 5S; Ohyama et al.,, 1983). The 5'- and 3'-
termini of 16S and 23S rDNA were determined by comparison with the
16S and 23S rDNA sequences of maize (Schwarz & K&ssel, 1980; Edwards
& Kb8ssel, 1981) and tobacco (Tohdoh & Sugiura, 1982; Takaiwa & Sugiura,
1982b)., The 16S rRNA (1496 bases) of liverwort chloroplasts shows high
homology with that in E. coli (78.7%, Brosius et al., 1978), A. nidulans
(84.8%, Tomioka & Sugiura, 1983), maize chloroplasts (94.2%, Schwarz &
K8ssel, 1980), and tobacco chloroplasts (95.5%, Tohdoh & Sugiura, 1982).
The 3'- terminal region of the liverwort 16S rRNA gene also contains the
sequence of CCTCCT that is complementary to prokaryotic SD sequences
(Shine & Dalgarno, 1974). The existence of a sequence complementary to
the SD sequence in 165 rRNA is a feature of prokaryote, and this may
influence the translation efficiency of mRNA, The 235 rRNA (2811
bases) of liverwort chloroplasts also shows high homology with that in E.
coli (67.9%, Brosius et al., 1980), A. nidulans (81.4%, Kumano et al.,
1983), maize chloroplasts (92.5%, Edwards & Kbdssel, 1981), and tobacco
chloroplasts (94.5%, Takaiwa & Sugiura, 1982a), although the 3'- terminal
regions of the E. coli and A. nidulans 23S rRNAs include the coding
sequence for the 4.5 rRNA found in land plant chloroplasts. The RNA
sequences of 5S rRNA (Yamano et al., 1984) and 4.5S rRNA (Yamano et
al,, 1985) have been reported, and these are confirmed by t:he. DNA

Sequence. Replacements, insertions, and deletions of nucleotides in the
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(a) trnV(GAC) = trnMGUU) ttaattgATGATTATAGITTATAACATTTTAT 81120

gascctotgnaticgecasttatougttgpgtoctitesccaticagecatggatgetttttatatatistitattaataatagats <TAATAT {121000)

1:c?1wricmcuninmcm'rmcncu'msm-rn'nmc.nuiummsésrmcarmcrmcmmrmumcammrs%mm:r Ugmn)
«GAATTT —3 f——— 0880

. . . . . . : : AAAACTAAMAAA TATAMAACAMTAT 81360
TITTTAMAATTT FTGCTTTCGT T TGTGAGTTTATGTC TTTTTTTCTATTTTIGAATATAG TGTTTTTTTTATTTACCTACGTATARAAAACTARARATATAGE LS

Lo —4 M - —

fommm  mmms emm e ———— <=

ST ARMAAAT TG TE TATTTTAATGTTAAAARAGGARAAAALGTATATAACT TTTTGAAGT TAAGGTGTAGE TFTTTTTACAAAL TETTTGLATAAAAAAAATTGAAT TTCAATTTATGATC (1% ;e‘;g)
- rmm——)  fm—— ———3 L=t — A —t

— p—————P =t
GTAGATTACCAAAARAAT AMGTATTTATTTAGAAGACAAT TTTATCATEAGACAT T TCAGAGG TCAACTAAT TTTTTTTATTATAMATATAMATT TTTCTTTATATTTTTTTGTCAMG etsog
. — ot —> =t r—» (120520)

— +

TARACARAAE TATATTAAATACTAAATAGTATT TTTTGTT TOGATTGGTAAGG GG TAATATAAT TATATGAAAT AAT TAATGTTGCATAAGTTTCTTAAATTTTTGAGATTTAAGTTT ( k) zcz)g)
Lot ——n>  tmm—t TTGTTT> TATAAT> —=> Lt

AMAAMATT TGAATGAAMAT AGAAAARATAT MATAATATAT TTTTTAGAAG TCAGATTTTAAGTTCTCTTTTTTTTCTGAGARTAGGRATATAACTCAGCBGTAGAGTATC 81840
e AT T A TTATS TATMATAATATAT Vel-GAD»  5'-AGGGAUAUAACUCAGCGGUAGABUAUL (120280}

AcumcGicemswT'u1c.u:ncuhccmmicccmm'mnmscinnwn&rrsTTmﬁcnmmmcmmwngmm.w;cus 81960

ACCUUGACGUGGUGBAAGUCALCASUUCGARCCUGAUUAUCC CUA-3" TTGACA> (120160)
ATATGGGTATACTAGAATBAGCTTCAAGCT AATATGAAGTGAATGAAMAATAMCATARGTTATC TATCTCTTGGOATEOAABACGAT T TRAAATC TGC T TTG T TTACGARAKAGGAAG “g(z,gsg)
TATACT>

CTATAMTARMAGTANTATAATTATGAATC TCATGRAGAL TTTBATCCTEGCTCAGGATEAACGCTGGLEGCATGL TTARCACATGCAAG TCGTACGBGAAGGATCCTAGTGETGTTICE 82200
VES rRMA» 5’ -UCUCAUGGAGAGULUGAUCCUGECUCAGGAUBAACGCUGECGECAUGEUUAACACAUGCAAGUCGUACGEGAAGGALCCUAGLGBUGUUUCS (119920)

ASTGCCBEALGEGTGASTARCOLG TAAGAACCTOCCCTTGEEAGEOOGACAACAGE TOGAAACEETTGET AR TACCCEATAGGCTGAGGAGCARAGGAGBAATC CACCTAAGGAGGGGE 82320
AGUGECOGACGEOUGASUAACGCGUAAGAACC UGCCEUUGRAAGGOGEACAACAGCUGEAAACGEUUGCUAAUACCCCAUAGGCUGAGGAGCARAAGBAGGAAUCCGCCUAAGGAGGGGE { 119800}

TTOCETCTBATTAGC T AGTTGGTGAGETARTAGC TTACCAAGGCOACEAT CABTAGE T TC TEAGAGGATGATCAGLCACAC TGGEACTGABACACGOECCAGAC TCTTACGEGAGECA 82440
VUGCRICUCAUUAGCUAGUUGELGAGGUAALAGCUUAC CAAGGCGACCAUCAGUABCUGGUCUGABAGGAUGAUCAGC CACACUGGGACUGAGACACGECCCAGACUCUUACGGEAGGCA (119680)

BCAGTGGEOATTTICCECAATGEGCGAANCGTGACGOABCAATGCCOCATORAGG TAGRAGEC TCACCEG TCOTAMACTCCTTTTC TCAGAGAAGATGCAATGACGGTATCTGAGGART 82560
GCAGUGGGEAAULUUCCOCAAUGGGCEAMCUGACGRAGCAAUGE COCGUGGABGUAGAMGECUCACGEGUCCUAMEUCCUUUUCUCAGAGAAGAUGCAAUGACGGUALCUGAGGAAL (119560)

AAGCATCGGETARCTCTGTECCAGCABECECOGT AAGACAGAGBATECARGCG TTATCCEAAATOATTGEGCGT AMGCETCTGTAGGTGECTTTTTAGTCCECCETCARTCCCAGSS 82680
AAGCAUCGGCUARCUCUGUGCCAG CAGCCOLOEUMGACAGAGGAUGCAAG CGUUALICCERARIGAUUGGGCEUAMG COUCUGUAGGUGECUULAAGUCCRCCOUCAMUCCCAGEG (119440)

CTCAACCCTEOACAGGLGG TGEAME TACCAAGC TORAGT ACGATAGGGGCAGAGCGAATTTCLOG TEGAGCOETRARATGLGTAGAGA TCGAAAAGAACACCAATEECGAMGCACTET 82800
CUCAACCCUGRACAGGCGRUGGAACUAC CAAGCUGGAGUAC GGUAGOGECAGAGGGAALUUCCGGUGEAGE GCUGAAUGC SUAGAGAUC GRAMGARCACCAUGECCAARGEACUCY (119320)

TCTGOGCCGACACTGACACTGAGAGACGAMGC TAGGGGAGCAARTGGGATTAGATACCCCAGTAGTCETAGLCGTAMCBATGGATACTAAGCGCTGTEC TATCGACCCGTGLAGTGCT 82920
UCUGGGECGACACUGACACUGAGAGAC GAMGCUAGEEGAGCAAAUGGEAUUAGAUAC CCCAGUAUC CUAGCCGUAAC BAUGGAUAT UAAG CGCUGUGCUAUCBACC CGUSCAGUGEY (119200}

GTAGCTACGCOTTAAGTATCCCGECTGGH6AGTACET TEGCAAGARTGARAC TCARAGGAA TTGACGGGRGCCCGCACAAGLGRTGEAGCATGTGETTTAATTCGATGCAACGCGAAGA 83040
GUAGCUAACGCGUUAAGUAVC CEGE CUGGERAGUACGLUCGCAAGAAUGAAACUCAAAGGAA ULGAC GGGEGCCCGCACAMGLGGUGCAGCAGUGCULUAALLCGAUGCACGEGAAGA (119080)

ACCTTACCAGGECTTEACATOOCGTGARTCTTTTTGAMGAAAGAGTGLCTTCOLEAACGCGGACACAGGTGATGCATEGC TGTCETCAGLTCGTACCGTAAGETOTTGGATTAAGTCE  B3160
ACCUUACCAGGECUUGACAUGE CGUG AAUCUUUUUG AMGAAMGAGUGC CUUCGGGAACGCGRACACASGUGGLUGCAVGG CUGUCGUCAG UL GUGCCOUANG GUGUUGEGUUAAGLCC (113960)

COCAACGAGCBCANCCLTC TTGTTTAGT TGCCATCATTAAG TTTGGANCCCTAAACAGALT GLCGGTGATAMGLCGGAGGAAGGTGAGGATGACTCAA TCAGCATGCECCTTACGCCE 83280
CGCAACGAGCGCAACCCUCULGUUUAGUUGCCAU CAULAAGUUUGGAACCCUAM CAGACUGECGGUGAUAG LCGACGAAGGUGACGAUGAC GUCAAGUCAGCAUGECCCUUACGECE (113840)

TEOGCGACACACGTGCTACAATGGCCOERALAALEG TEBLEACTCOOBAGAGAMGLTAACC TCARAMACCCBGCCTCAGTTCB0AT TGCAGGCTGLAACTCGLCTGEATOAMGCEGE 82400
UGBGCBACACACGUGCUACAAUGGE CGGOACARAGGGULGLEACCUCGCOAGAGAAGCUAM CUCAAAAAC CCGECCUCAGLUCEEALUGCAGGCUGCAACUCACCUGCAUGAAGCCES (118720)

AATCGCTAGT AATCBCCGGTCAGCEATACGECOGTGARTCCTTCCCERACCTTRTACACACCGLCCETCACACTATGORAGETGOLCATGCECEAMGTCETTACTCTACCGTAAGGAS 83520
AAUCGCUASUAAUCGCCBGUCABCCAUACGBCOGUGAAUCCOUUCE COGGCEUUGUACATACCRCCCRUCACACUALGGGAGCUGGCCAUGC CCRAAMG UICGUUACUCUAMCCGUAAGEAG {118600)

BGG06TOCCGAACAGGB0C TAG TEAL TGGAGTGAAGT LGT AMCAAGETAGCCGTAC TGEAAGETGEGOCTBAAT CACCTELTTTT TAGCEAGAGE TARTEETTGTTEAAETTTTTEATTT  B3640
GEECEUGCCGAACAGGOGEUAGUGACUGGAGUGAAGUCGUAA CANGGUAGE CGUAC UGGAAGGUGCGGCUGBAUCAC CUCCULL=1 (118480)

AACGTTTTT T CGOAAMARG TGAGT TATTTCATT TRAAMAAAAGTCATTTTTEACGTT T TTT TG TTGATACTTARAT AMAATTAAGT TCATAAGCTTATTATCCTAGGTCROAMCAGT 83760
PRI ——> et (118360}

TOATAAAACCCATT AMATT AT TTAGCATGOCAGTAA LG TCATCAGGT AMATATGCARATGGGATTGRTTTTTTTCOLEC TGO TATTGEAGSTCTCE TAGGAGACC TGCACOACGES 83880

e8> 5'-GGG (118240)
-— - —t

e R . m— o) It

CTATTAGCTEAGTGOT ABABCGLGCCT CTRATAR T T6EGTCaTTT B TTGRRCTGTBARGE TTITCAGECACATAAATAGTT G : GAAGA i
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B L T Y S 1 1-TF 1))
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suscum.humnT'ruccrrAcﬁTAcGAnAGAGAAGGMGTEwTTGTTTI\AAAAAA:.MChmrccrduurnmnumarumncrrmrarmruc (ﬁ;ﬁg)
JR T P PR TR T R {intron)....ceuss R T
ccmmcﬁmrmcnmw;cccsicumcnw'rwrcTrn"rmctcuﬁcn:mmiswcacchcwum&nTcnmsmmmrrmrrmm “mgg)
........ P 1 B T RS T SR PR TR TL TR AR R R
FCGATTTTCTAATGTTITCTTTTCTCTTTTCATCARAATTTTCTTCCAAMACTTGTTAATGGCAAGAARATAMTACAC TTGGAGAGCGCAGTACAACGGAMGT TETAIGCTGCGTTC 84720
T P L1 1. T ragceg--sugad-—jasa—uucaugu—cgguuy (117400)

COGAAGGATBAATCGTTCC T AAMAAAARAGAATTTATAGATTTT T TTTAT TGAAATTGTAGG TGCGATGATT TACTTCACGGGCBAGGTE TCTGGTTCAAGTCCAGGATAGCCCAGETGE 84840
{intron)... ... cusyy—y-syGGGCGAGGUCUCUGGUUCAAGTCCABGAUAGCCCA-3 (117280)
-

CCCAAGATAMTAAMAMECATAATGAT TTATTFTTGCATGCTTTCCTTGCTTTCCT TGGCCTCAGTAT AGGEGAT ATAGCTCAGTTGET AGAGCGCCGCCCTTGCAATTGRRTCGTTE 84960
AlaUGL> 5 ' —GGGOAUMAGCUCAGUUGGUAGAGCGCCGECCUUGCARGUQY s s ve s . (117160)

N — - —_—

CECTTACGEETTGATGCT T AATTGTCTABGCGETAATCATAGTATCTCT TACCT ARG BETRGCTAACTTT TTETTAGGAATGAGAAAGAGGAC TCGAACATGLCAC TGAAMSTTTT ('?gg‘ag)
R L LEL CEET R R [P RIN £ 1111, PR ererttvrtiencrRnraarnr s hessanssurrsrantaes

ACTAAGACARAGATGAGTTS T TAAAAGTAAMAAMAAGE TAGGATGGG TAGTTEG TTAGAT CTAATATGGATCGTACATERACGATAG TTRGAG TCGGCGECTC TCCTAGEGTTACETCAT “zlagggg)
viissunrrararey crrrraraea e atr et et ereettasat s nasnaronn (INErON ). uvesssuarinccnnncesssasnsnsnsanessasenarcenas wresrsnee

CTAGAATCCLTOOOGAAGABAR T CAAGTTBGCC TTOCOAKCAGE TTGATGEACTATCTE TCTTTAACCE TTCAAGCCARATGTGGCAARAGGAACGAARAGCCATGGACTGACCECATE 85320

W eamansrecscnceansanans rerreevrarsansn S hebearsaarananen (Intron)i.arevaes e bbb U @ R 1-1:11.1] ]

GTTTCCACCECETAGGARCT ACBAGATCOECECCAAGAATG TCGAAT AAGGCATCAAGGBATCACACACCGACCATAMAC TT AATTCAAT AAGGCGAACGGA T TAACCTETTTTGTTCTT ( 85440

rraawiE e ATt Te N AT E et et nas e werae (IALFONY, uiieriinncaononesrarnannasnes rraveserr st rnsut Ry 116680)

ATTGGTAAGAAGGGTCGGAGAAGGET AACAAL TCARTAT TAAGAC TAAT TAGTCAGE TGEAMAMAMABAAT TTTAAATTCTTGTGTAG TTAGATAT TTTCAMTITACAMMGTTCET 85560

.................... JR S R & 11 T2 1 TP SPRRRPRRR § R[11-0))
ATCATTCTTEAATTCOACGLCTTTTOAGTT AAGTAGCTC T TTGOAGAGCACAGTACCATEAAAGTTGTAAGCTG TGT T TRGGEEGAGTTATTGTCTATCAAAGGCCTCTATGRTARMAT 85680
P P veraesea FAQCEY=AUGRA=~QBAS=UUCAUGU~COGUUY s e rrsstsssssvarusrronannascnsasascnens .er (116440)

AAATCAATAAAGTCTAAGABACGATGECTTACCC TG TGGEGRATGTCAGEG TTCGAGTECGCTTATCTCCAGTTBATGATCGRAATGANGACAATATAGTTGCE TTGRATATAATAAM 85800
eerrnrerrrrvaanras weresen . CUBYY~y=1yGGLEGRAUGUCAGC GGUUCGAGUCCECULAUCUECA-" (116320)

AAAATTTTAATCTTTATAACCAAG TTGACCT AATTT TTGATTATT TATGEACGTTGATARGATC TTTTTTTTAGCACT TTATAATGGCATAGCCTTTAATTAATGACGAGGTTCAMCGA 85920
235 FRRA> 5 '-UUCMACGA (116200)

ARAAGEGCTTACGG TGGATACC T AGGCACCCABAGACRAGGAAGGGCG TAGCANBCOACGANA TGCTTCEGGGAG CTGAMATAAGT ATAGA TCCGRAGATICLCGAATAGGTTAACCTT  B6040
AMAGGGCUUACGGUGGAUACCUAGGCACCCAGAGACGAGGAAGGGCGUABCAMGCGACGAMUGC UIUCGOSEAGCUGAMAAUAMGUAUAGAUCC GRAGAUUCCCGAMUAGGUUAACCUY (116080}

TRAAACTGCTGC TGAATTCATAGGCAGAC AAGAGACAACC TGGCGAACTGAAACATCT TAGTAGCCAGAGGAAAMGAMGCAAAAGCBATT CTCGTAGTAGCGGEGAGCGAMTGGEAE 86160
UGAME UGCUGCUGAAVUCAUAGG CAGACAAGAGAC AC CUGGLGAACUGAAACAUCUUAGUAG CCAGAGGAAMAGAAMG CAAMAG CGAYUCUCGUAGUAGC GGCGAGCRAAMAUGGEAAC (115960)

AGCCTAME CETGAAAACGGGTTG TGGGGOAGCTAAATAAG TG TTGTGTTGCTAGGCGAAGCAGTTGAG T CETGCACCCTAGATGETGAAAGTCCAGTAACCBAAGCAGCACTAGCTTA 86280
AGCCUAACCOUGAAAACGGGUVGUBGEEAGC UAALAAGUGUUGUGUUGCUAGG CEAAGCAGUUGABUCC UGCACCCUAGAUGGUGAAAGUC CAGUAACCEAMGCABCACUAGCUUA (115840)

GGETCTAACCCGAGTAGCATGROGCACGTGGAATCCCE TG TGAATCAGCAAGEACCACE T TG TAAGGC TAAATACTCCTGOG TGACCGATAGCOAAG TAGTACCO TGAGEGAAGETGAA  B640D
EGCUCUAACCCGAGUAG CAUGGGGCAC GUGGAAUCC CRUGUGAAUCAGCAAGGAC CAC CUUGUAGGCUAMUACUCCUGGGLGAC CRAUAGC GAAGUAGUACCBUGAGGGAMG GUGAA (115720)

MGAACCCCCATCOGGRAGT GAAATAGAACATGAMCCG TAAGCTCCCAMGCAGTGGBAGGAGAATTGARTC TCTGACCGCGTGCE TGT TGANGAATGAGCCEGCGACTTATAGGCAGTG 86520
ABAACCCCCAUCGGOGAGUBAAUAGAACAVBARACC GUAAGCUCCCAAGCAGUGGGAGGAGAAULGAAUCUCUGACCACGUGE CUGUUGAMGAAUGAGC CGGCGACUUAUAGGCAGUG {115600)

GLCTGOTTAAGGRAGCCCACCRGAGECATAGC GAAAGCGAGTC TTCTTAGGGCAAT TGTEACTGC TTATEGACCCRACETGEGTGATCTATCCATGACCAGGATGAAGETTGOGTGAAR 86640
GCCUGGUUAAGSCAGECCACCEGAGCEGUABCGAMGCGASUCUUCUUAGGECAAILGUCACUG CUUAUGGAC CCGAAC CUGGGUGAUCUAUCCAUGAL CAGGAUGAAG CUUGGGUGARA (115480)

CTAAGTAGAGGTCCOAACCGAL TRATGT TGAMAATCAGCGGATGAG TTGTGGTTAGGGG TGAAATGCCACTCGAACCLAGAGCTAGCTGRT TCTCCCCGAAATGCGTTGAGGCGCAGCA 86760
CUAAGUGEAGGLCCOAACCGACUGAUBUUGAAMAAUCAGCGGAUGAGUUGUSGUUAGGGGUGAMUGCEACUC GAACC CAGAGCUAGCUGELUCUCCE CRAAUGCGUUGAGGCGCAGCA (115360)

GTTGACTGGACTATCTAGGGGTAAAGCACTGTTTCEG TGCGGGE TECGABAGCGATACCAAATCOAGGCARAC TCTGAATACTAGGTAGGACTTCCTATTAATAGGAAGTAAGGGTCAGE 86880
GUUGACUSGACUAL CUAGGGGUAAAGCACUGUUUCCEUGCGGEE UGCGAGAGCEGUAC CARAUCGAGGCAMCUCUGAALACUAGGUAGGACUUC CUAUUAAUAGGAAGUAAGGGUCAGT (115240)

CAGTGAGACAGTGGEGAATAAGE T TCATTGTCOAGAGGGGAACAGCCCAGATCACCAGCTAAGGCCCCTAMTGACCGCTCAGTGETAMGCAGGTAGGAGTGCARGACAGCCAGBAGE 67000
CAGUBAGACAGUGGAGEAUAAG CUUCAUUGUCGAGAGGGGAACAGC CCAGAUCACCAGCUAABGECCCUAMLIGACCGCUCAGUGGUAAGGAGGUAGGAGUGCAAMGACAGCCAGBAGE {115120)

TTTGCCTAGAAGCAGCCACCCTTRAAMGAGTGLGTAATAGC TCACTEATCAAGCGCTC TTBCOCCGAAGATGAATGGGAT TAAGCGGTCTECCRAAGLTGTGGGATGTCAMATACATES 87120
UUUGECLABAAGCAGCCAC CEUUGAAAGAGUGC CUAAUAGE UCACUGAUCAAGCGCUCUUBCOLCGAMAUGAAUGEGACUAAG CBGUCUGCCBAAG EUGUGGGALEUCAAAUACAUCG {115000)

GTAGGGGAGCGTTCCGCCT TAGGBABAAGCATCACG TEAGCAGG TG T GGACGAAGCGARGLGABAATETCORC TTGAGTAACGCAAACATTGETGAGARTCCAATGCCCCRAMALETA  BT240
GUAGGGGABCGUUCCE CCUUAGGARAGAAG CAUCACGUBABCAGGUGUGGAC GAAGLERAAG CBAGAAUGUT GG CUUGAGUAACG CAMCAUUGGUGAGAAUCCAAUGCCECGAAAACCUA (1148B0)

mmcmccrccccw.un&srcucccw';csra.\src.t&cscmumicmccccuicscmmc&namwcimc.wuﬁccmumt':cccnsrrs&vcccmc&'\ 87360
GOUULCUCCRCAAGGUUCEUCCACCRAGGGUGAGLICAGGRCCUAAGAUCAGGCCGAAAGGE GUAGUC GAGGACAACAGGCAAAUAULCCUGUACUACCC CUUGUUGGUCCTGAGGGA (1 14760)

gcmwccmmnscc'mwrccrhrcssnuinmswsérmmcchwrm'cuccsmmausiwmucr'rccacccm&rccwuc& 87480
BAGGAGGLUAGGULAGC CGARAGAUGGUUAUCSGUUCAAGGAUGCAAGBLBAAULE CEULBAAAIUUCAAGGUARAARAGAG GUAGUBAAMALIGCUUCCAGCCAAUGUCCGAGUACE (114540)

mc&cumrcrcunmrmchcic.tcrcccm&uuncrcchcuccnmcmrmhccrcuccéuuccsacicmrmriscrmw'mcmmc'c 87600
CUACGGUCUGAAGUAAUUAAUGCCACACUCC CAAGAAAAGCUCGAAC GAC CULARACAAGUGBGUACCUGUAC CCRAMCCGACACAGGUAG GUAGGUAGAGAAUACCUAGGSEC (114520

BCGAGATAAC TCTCTC TAAGGAACTCCGCAMATAGEECEGT AACTTCEOGABAAGGOGTGECTCLTE T AMAAGGAGE TEGCAGTGACCAGGCCCABGCRACT q ¢
; GTTTACCAMMACACAG 87720
GCGAGAUAACUCUCUCUAAGRAACUCGOCAAMAUAGCE CCOUAACULCSCOABAAGGGGUGCTUCCUCUARAAGRAGGUCGCASUGACCAGG CCCASGCGACUGUUUACCAARACACAG (114400)

GTCT C G CARAGTCGTAAGACCATGTATOAGGCTOACGEL TECCCAGTOLCORAAGG TTAAGRARGTTGETRACCTGATE C ' A ¢
GATGACAGGGAAGCCAGCGACTGAAGCCCCGGTAAACGOCGRCE 87840
GUCUCCOCAMGUCGUAAGAC CAUGUAUGGEG CUGACGCCUGCC CAGUGE CGRAAGGUUAAGGAAGUUGGUGAC CUGAUGACAGGGAAGCCAGCGACUGAAGECCCOCUAACGSERGEE. ( 114280)
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A AAGE i ; : ) ¢ i p COGTGAMTAGACATGTCTGTG 87960
T1CCTTOTCO0ETAAGTTCCOACECOLACCAANGGCGTAACGATE TGBGCACTGTCTCGRAGAGAGALT
ga&mm%ggMﬁgmggmmumuuccmcwucmwwcmmmmunuecwcucwmucucuc (114160)

A ¢ ) ; : ; : . F GCAMGAMGGCLCCTTCTOEGC 83080
AAGATGCGGACTACCTGLACCTGGACAGARAGACCCTATGAAGCTTTACTETTCCCTOOGATTGGCTTTGAETT TTTCTTGLGCAGCT TAGGTGGAAS
T A AL S £ A DA CCUIUACUCUUCCCUGGCAUUGECUUUGBRUUUUUCUUGCGEAGCUUACCUGGAAGG CAAMGARSLCCEUUCUGRGE (114040)

GOOAGCA T ACCACTCTABAAGAGCTAGAMTTCTAACCTTG TG TCAAATTTACGOGCEAAGOGACATTCTCAGGTAGACAG TTTCTATGGGECATAGGCCTCCCAMA 86200
MW&%W&MWCCM CLCCCAMCGEACAUUCUCAGGUAGACAGUUUCUAUGGGGCGUAGGCCUCCCAAM (113920)

. - .« - . . . - . - * . 8 ] 2 0
T TTTCCTCAGGE TGGACGGAMTCAGCCTTCOAG TRCAMAGGCAGAAGGGAGC TTGACTGCAAGACATACCCGTCBAGCAGGOACGAMGTCGOLCTTAG 8
mwmutc:mucmmmmmc Fovor UUCCUCAGGEUGGACGRAMUCAGC CUUCGAGUGCAAAGG CAGAGGGASCUUGACUGCAAGACAUACC COUCRAGCAGGRALGAAGUCCGLLULAG (111800)

TEATCCOACEETACCAA TEEAAGGGECETCOLTCAMCGOATAMAGTTACTCTAGCEAT AACAGGCTGATC TTCCCCAAGAGT TCACATCGACGGGAAGG T TTGGLACCTCGATGTCGG  BA440
A A o A S UACUEUAG GEAUAACAGGCUBAUCUCE CCAMGAGUUCAC AUCGACCAGAAGBUUUGGCACCUCTAUGUCGE: (113660)

ETCTTCGCCACCTOE0ACE0TAGTACG TTECAAGGGTTOR0CTET TCRCECATTAAABCACTACGTGAGLTGGTTCAGAACGTCGTGABACAGTTCOGTCCATATCCGGTGTGEGCETT 88560
CUCUUCECCAL CUGCECORUABUACGUUC CAAGGGULGEGCUGLUCEECCAUUMAGCGGUACGUGAGCUGGGUUCAGMG GULEUGAGACAGUUCGGUC CAUAVCCGGUGUBGGCEUU (113560)

AAGCATTGAGAGGACLTTTECE TAGTACEAGALGACTEEBAAGGACBCACCTCTEORTTACCAG I TATEATGCCCACGATAMCGCTGG TAGCCAAGTGCGRACGGATAAC TGCTGAR  BB680
AGAG CAUGAGABEAC CUUUCE CUAGUAC CAGAGGAL CBGAAGGACGCACCUCUGGGUUAC CAGUUALCGUGCCCACGRUAMLGCUGGGUAGCCAAGUGCGGACERALAACUGLUGAA (113440)

AGCATCTAAGTAGGAAGCCCALCTCAAGATGAGTGC TETECTATTCTTCTTCTCTTGAAGCAGTCTTTGEG TAATAACATACTCAAGACACTGATAGATTT TCTGTCETTGCAAGAMT  BBB00
AGCAUCUAAGUAGGAAGCCEAC CUCAABAUGABUGCUCUCCU-" PRt N (113320)

CAAACCACAAMAGTCTTGABAATCCAMGAT AABGTCACGBCAAGACTAGECGTTTAT TTTTACGATAGG YGCCAAGTGGAMGTGCAGTAR TGTATGTAGC TGAGGCATCCTAACABACCG 88920
4,55 rWA> 5 —AAGGUCACGECAAGACUAGCCOUUUAUUUULACGAUAGGUGC CAAGUGGAAGUG CAGUAAUGUAUGUIAGCUGAG GCALICCUAACAGACCE (113200)
——— — —

AGAGATTTGACCT TG TTCCGCCATOACE TOATAAAAGTAATCAGGTATAGCCACCAACT TTCATTGTTEAATTGT TTGACAACATAAACC FARCAACTTTACCCTGCTCTTATTTTORE 89040
AGAGAUUUGAAC-' (113080)
f— w—— = > < —_——

CAGEGT YT CAAAGGCG TTT TT TTCC TGGARGEGALAC TTETAGTACCCTTTCCAGATCAAAGACTCACAATTACTTGATTTTTTTTTATTATACTTTTCTTTGTICATGGGTTGATATT 89160
— e = 55 rRMA>  5'-UU (112960)

CTGGTGTCTTAGGCGTAGABGAACCACAC CAATE CATCCCGAMC TTGETEGTGAMC TCTAT TECEETGACAATACTTTAGGGGAGCCCTATGRAAMMATAGC TCGACGCCAGGATGAA 89280
CUGBUGUCUUAGGCGLAGAGGAACCACA CAAUC CALCCCGAAC UUGGUGGUGAACUCUAUUGE GGUGACAMIACUUIAGGOGANS CECUAUGRARAAAUAGCUCGACGCCAGGAL-3 ' (112840)

AAATTARTGTCTCCTATTATTAGTTCAARATACCATACATACCARTTTTGACCTCC TTTATTTCCTACTCCACACTTCAMATGEATATAT TTTTTTTTGAATAACAATTCTTAMTTT 89400
> Gt [ (1az72o0)

CCGCGEATCTTCTTAG TCTTGAATOGCT AMAGAGAAMAGATTGE TTTTGEAMMAGEC TTC TAGAACAGATTAGTGGAGGLGGGGTT TGTAGCTCAGAGGATTAGAGCACGTGGCTACGAA 89520
e sm mmmm e mmem mm meemt ArgeAl> 5! -GOGUUUGUAGCUCAGAGGAUUAGAGCACGUGGCUACGAR (112600}

CCACGGTGTCOG6EGTTCRAATCECTCCTTGLCCACARCANCCT TCAGAGGTTT TTTACA TGS TTAGGAGGTTCCAACGATTATTGRABACCCAACGGCRGRACTTATEGTATTITITT 89640
COACCEUGUEGEEEACEAAICT CUCCUUGLCCA-3'! ——— e meep et} (112480;

TAAGEAGSTE TTTTALTCARAATTACTARAAAT A TACATTACCTACTCTTTATGTATARTACACTTAATAT TANTCAAACAACTTT TTGTTTTCCCTCTTGLAACTTTBATITACCACT 89760
— [ Lm— (112360)

GTCAGGATT GAGCAMG T TT TAG TAATAATAMC T TCGTATANTTAAGTAGGTTTGT TTAGA T AAGGCARTGAARTTGTGGTARTAATATTT TACTAMAT TTTATGACTECATTCTTGAT 89880
4= e (112240)

AAATTGCTGOTAMATTATTTGAGTAAG T TATCTAT TAGTTAGTTGARAMGAAG TAATTAGAACATTCAATTTATAGCCARAT TTATAGTEGTACATCCBAGTAATTCTATTATCAATST 90000
e —_ (112120
TTTTAAGCAAAAAALTTACATTGTTACTAGT TAGT CACAMG TCTCAAACAAATAGAAGCE TTEACTCARATAAGTCTATACTTTCATCAGAAMAATAATCCATTTECTTTTETTAR 90120
(112000}
TTTTTCAGTACTCCACATAGATCATTGTTTCEATTTTT TTAGATTACGGATAATCATCAGTACATT TTT T T TTGTTGCATTTGACATT AGCTATAMEAATGAAMMAGAACACCTAGTT 90240
p—— sy e 4 (111880)

CTAAAAGTC AR CAAG AT CTECTEAG T AGGAT TTGAA CTACGAC CAATCORTTAAEAGCCRAC CGTTCTACCAC TOABCTACTAASGAACATGAR TTTAATTCTAMMGATTCA 90360
3' -GAGGAGUC CAUC CUARACUUGGALGC UGG UUAGS CAAUUGLC EGCUGGCOAGAUGEUGACUCBAUBAULCCU-5 "  cAmm—GUN (111760)
AMMACTTTTCAACCTAMATTAGCCCATARACTGT TCAAAGACCAAAARATTC TTGGATTAAGAATGGAATAAC TTTCAS TACACTCTACCTTCTITTATIATAGGE TAAMMGATAR 50480
<TAATAT (111640}

caﬂﬁ%mccnwcmAurcmmmnmummdsccmrméwucmhrcrrcrcdu;rcrccrcc&cr.wrscr'mrwmi;umrrcui 50500
- Ay ——t TTGATT> (111520)

mnc;wu}fxmwmscrmchmncicccwma&Tmm&rcmuuimmnhcmmc'crmm&wmrs&rmcosﬁ %0720
ACAA fm———p  ———p o — —> (111400}

GGAMTTATTTTEAATCACAAMATCTCTTTCARMATCCCTTTTCCTGITTGTE 50840
(111280)

90960
(111160}

TTTTAATTTACTTAATAMAT TAATTCAMAGE TCATAATAACATAMATATE 91080
PRk bmnmea s e (111040)

TTAACCGALTTTACCTAT T TTCCOATTCETTTCTTTTAATAMAACAAAGEAGATTTTATAGEAC T
€ — —— 3 e m——yp

CTTTGACCTETTTGCTTACTTCATOTTTAGAG ¢ y : : : . . . .
AT TG TT AT TAAATG T TAGAGTACGTAACATTCTATCTGATCTACTCCGG I TTTTGTTARTCAAGTAGTAAGGTTGT6GA
AAGTAGCGANGTCAGAAAAAL TCCATATY CACBATTGTATCETTATTCTT GARMGAT T AAAAGAN

————

TTATCATAAATAAATATTATTTAAATAATAT, AAMAMACAR ; . . . . . .
— +—----><——.AGCT”“ mnmn“m““‘"ﬂllmuucntctc:ucnuutunnctctu 91200
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(b) ndh5

MACATATC"TTAGTTCAMACTMAMAAGATATATM-YATTATATTA(.ITTTATATTAi’MGTA'lCTT'.I’TTTAGTTTT'.I'TTTATTACYTMAMGMMMTATTMTTATTTTTATA
fmem———mm———mar = === ==} [ e —1 O e 2 it 1

—— > +

TTTI’TGA.A\'TATMACGAMA‘I’I’TA'IAAAMHTAMGTT\'TA'ITT‘(MTA.M.MTGT!"I'TAYGGMCTTATATTTCMA:\WTTTGGTT:(GTACCATTGTI’TCCATTTTTABCTTCTAT
TATAA> TATAAA> ndh%> M E L 1 F Q N Y W F ¥y P LFPF L AGSI

‘ITTATTAGGAATCGGATTATTTTTTTTCCCAMTTCTATMAAMATTI’CGTCGTCTATCTTCTTTTATI’AGTATTATGTTTTTAMCMAGCTATGTTACTCTCATTICATTTTTTTTG
LLG?!IGLFFFPNSITEK FRRLSSF I ST MFLNTIAMLLSEFHEFTFHM

GC-MCA-UTTACAGGTAGTCCMTTCATAEATATTTATGGTC'lTGGGTTCTTTATMAA.ATTTTGYTTTAGN\ATAGGCFATTTACTTGATCCACTTAC‘I’TC-MTTATGTTAG"TTAGT
QQITGSPIHRYLHSHVLVKNFVLElGYLLOPLTSlHLVLV

MCTACLGHGCAGTTATGGTTATGATI'TATAGTGA'IAGTTATMGTTTTATGITGAAGGATATAIMMTTTTI'TTGYTATTTMGTCT'FTTI’ACTGCATCMTGTTAGGGTTAGTTCT
TTVA\JHVH!YSDSYMF\'DEGYlKFFCYLSLFTASHLGLVL

TAGTCCTMTTTMTACMGTT'I’ATATTTTTTGGGAATTAGTTGWTGTGI’TCAI’AI'I‘IATTMTTGGTTTTTGGTTTACTABACCMETGCAGCTMTGCGTGTCAMAAGCTTTTGT
SPKLIQV‘!lFHELVGHCSILLlGFHfTRPSAAHACO F v

TACAMTCGCATTGGTGATT TTGGATTATTATTAGGCATTI'TAGGATTTTATTGGA'I’MCAGGTAGTTTTGATTTTCAMTTATCAAMCGATTI’TTTWTTACTMBCTATMTCA
TNXRI GDF G L L LG ! L F Yy Wl G 5 F Q QLS RFF $ Y K Q

MTTMTTTAGTTTTTGCTACTTTGTGTGCTCTAHTTI'GTYT'lTAGGI’CCAGTAGCTAMTCTGCICMTTTCUTTAUTATATGGTTACCAMTGCTATGGAAGGACCTACACCCAT
1 NLVYFATLGCALTFULFLGPVY AKSAQFPLHI WLPDAMWESTGPTPI

TTCAGCCCTTATTCATGCTGCMCI'ATGGTTGU.GCTGGTAT‘I'TTTCTAGTTGCTCGAATGTTTCCTCTmTC.AMTGTTACUI’TTGTCATGAGTATCATTTCTTGGACAGGTGCCAT
S AL I HAATMHY AAGIF LY ARMFPLFQMNLPFVYHSITISWTG AL

TACAGCTTTATTAGGACCTACTATTGC TTTAGE TCARMAAGATC T TAAAAAAGGTTTAGCT TATTCAACAATGTCACAAT TAGGATATATCATGTTAGCAT TAGGCATCGBATC TTACAA
TALLGATI ALAOQKDLEKEKGLATYSTHSGLEGYHNHKLALGTIGS T YK

AGLTGGTTTATTICATCTTATTACACATGCTTATTCAARAGC TTTACTATTTC T TGATTCTGGT TCAGTTATTCATTCAATGGAACCTATTGT AGGT TATCATCCGAATARAAGTCAAAA
AGLFHLTITHAYSEKALLTFTLGSGSVYIHSMEPTIVYGYHPNEKSG QAN

TATGATITTTATGOG TGO TTTAAGACAATATATGCCANTARCTGCAATARE T TT T TTGTTTGETACACTTTCTTTATGTGGARTTCCACCTTTTGCTTGTTTTIGGTCCARAGATGAAAT
K1 FMNGGLROTYHNPTITALTFULFGTLSLCGTIPPFACTFOMNSEKTDE.

TTTMTMATAGT‘IGGTTACATTTICC‘I’ATT‘I’TAGGGI’CTATTGCTTTTTTTAC.AGCTG-GTTTMCTGCTTTTTATATGTTTCGTAM‘I’ATT‘ITTTAACTTTTGAGGGAGATTTTCGTGG
LY NS WLHFPI1I LGS FFT G LT I YF LT FEGDOTFRG

TCATTTT |TTGATGACGI’AMMMTTATCTTCI’ATTTCMTA'IGGGWGTTTAGMTTTMCAAAEAACAATTTMACTAGACAAAMATCTACATTATATCCTMAEAAGCTMTM
HWFFODDVYEKKLS5STI ST ¥ 6S5S1LEF KXEQFINKLDEKIXSTLYPCEKEHAEKHN

TATATGTTATTTCCTT TMTMTATTMWTACCTACTGTATTTATAGGTTTTAI’AGGAA‘I’TTTATTTGATGAAMTMTGMTGTTGATTCTTTATCCTATTGGCTTACTTTATC
I ®LFP LT 1 LT I 6 F1611L DENKXMHNYDSLSYWLTLS

CA?MATTCTTTTMTTACAGTMTTCTGAMAGTTTTTAGAATTTTTATI’TMTGCMTTCCTTCTGI’TAEI'ATAGCTTTTTTTGGAATATTMTTGCTTTTTATTTAI’AIGGTCCTM
I ¥ S FNYSNSEKTFLETFLFNAILILPSYSIAFFGI LI AFYLYGFPN

TTTTTCT T TT T AAAAAAGAAAAAARARART TACAATTGAAAT CTGARATAGATATTGTTTTAAAMGTTTTTCAMTT TTATTTATAATTGG TCT TATTATCGAGCTTATATAGATGG
FSFLEXKETET KT KLOQLELEKSTETZDTIVLESTSTFSHEFETILTYHRNWSYTYRAYTILTDSG

GTTTTATTCTTCTTTTTTTATTAAAGGTTTAAGG TTTTTAATTAAMATAGTTTCT T TTATTGAT CGATGGATTATTGATGAAAT TATAAATGGAATTGGCATTT TTAGTTTTTTTGGAGG
FYSSFFIEKGLRFLLIKTIVYSFI10RW1!1DGII!INGTIGIFSEFTFS@G

YWTTTAMATATATAGAAGGAGGTMTTTCHCTTATTTATL!.n.cauntttttqtltqtttltqttttututltlgcLlllltllttllllllll“hl“lmll"
ESLKY T EG6G6RISSYLFF 1L 1TFCHFLFEFFLYSY 1 ] =

(c) rpI21 - ORF320 -

TATAAAAATAATTAATATTITTTCTTTTTAAGTAATAAAAAAAAC TAAMAAAGATACTTATAATATAMAGTAATATAATAT TATATATCTTTT TTTAGTT TTGAACT AARAGATATSTTT
+ < —
- p———————es e > . oo e — ——————}

——— g

TTTTTTATMAMMCTMTYGAMAMTATTTTGTTCTATYCTﬁTTI'MMATTI’MTTMATTTTTATTTMAACMTTMTMMTTMCATTTATAACATMTEAGTMATAC
TCTAGT>4— spl2l> M 5 K ¥

GCMTMTTGAAACCGGABGGCAECMCTCCGAGTAGMCCTGGAAGATTT TATM!’ATTCGTCATTTTGTCTCATTMCACCAMTGAATTAGAWCACAMTATTM'I'TTAT
I 1E 6 6 Q¢ LRV EPGRFYMNTIR ¥ S LY PHNELEOQNTIXTI1TL 1Y

CGAGTATTMTGATTCGTWGAETCTACTATAMAATGGGACATCCTTGGTTMMGGAGCGATAGTTMAGGTNGAA| TT TACATTCTTGTCTTGAAMAMMTTACMTTTATAM
Ry T RQE ST 1 K M GHPWLKGALDI VY XKGRILHSCLEKTEKTITTITYEK

ATGATTTCAMA.MMAMCACGACGTAMTTABGACATCGACAAMATCMCTCGATTTATAGTTGMTCTATTTTTTTAMTGGAAMEAMTTTMTTATMAMA.ATATATMTAT
W15 KXKTRRXLGHRQ S TRFI1IVDSTFLNGEKE!] =me 4o —

TTTTTTCAGCAATTTTTATAMYAMAGGTMGGYATl'TYTTATTATGGCAGTTCCAMAMACGTACATCTAMTCTAAMCACGAATTCGTAMGCTATTTGGAMMTMAGCTMT
ORFE9>  AGG N AV P RTSKSKTRIRIKAIWEKHNEKAN

MMGCGCTTTMGAGCTT’I’TTC TTTAGCMMTCI’AT‘ITTMCMATCG'I TCAMAAGTYTTTATTATACMTMA'IGATMATTATTMATTCATCTMATCUTATCMCGTCTMA
KSALRAFSLAKS! LT AHERSKSFYYTI!INDIXLLSNSSE K KST!?STSEK

TTMATWTCATMMAAMTGTATTTTGTCMTfﬂT'!GTTTTTATMATMMTMGMAGTTMTAAGTTTMCTACATT]’TTTTAGGTTITTAMMATGATTCCACTTTTTTTT
L s — 4 abpl»  AGG M1 P L F ¥

I T LF I T %6 K FRFLTUKXKFELVYILACALMNWY

;TTTTGTTATATAMACTMGCMUACCTTGWTATI'TTATTACAAACAGCTCTTGMCCAGTTGTGTTATCTGCTTATGGTTTTACTTTTTTMCTGCT"ATTGGCTACAA'EMTT
LLYXTKQQPWWNTITLLOTALETPVY S AYGFTFLTALLATI

I:TTECTCCTTTTA‘IMTACTTTTCATTACTMAGGMTTTCGATTTTTA-\CTNTT7G.IATTAGTCTTAGCTTGTGCATTGCATTATGGI’ACTTTTATCTTAGCT‘I’TGCCGA‘I’TTTT
6T It 1
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MG FAGATCTTCCATTTGETCTTCCAACT TCAGTTGGABGATTA
TCTTTO0CCTART TCTTGETTGEGTTTIGGT AAGATATGAAT T TCCAGGAAAMAMAC TT TTAGATGCTACAGTAGAT
T R e Y LV RYEFPGEXLLOATYDLPFALPTSYGGL

ACYTTMTGACTGTATTTMTGATMAGGATGGATMCCTATTTGTTCATGGTTAMTATAMAATAGTTT‘!TMTCCTATAG%TGCTT{TM:CA:TG?TT:_’TT&TA;GTITA}C:CT
TLNTVFNDKGHIKPlCS'h‘I.HIK]VFHPlG L

TTTGTAGTACGCACD\TAWCCCGITTTACAAMCATGMWTTTMMGMGCTGUTGGTGTTTAGGTGCATCAC’ATGGACMCTTTTTGGCATATTITG;TT;CA’C,CAIL'TA
F v TIQPVLONKEEDLEEAAHCLGASPHTT?HNl

ACTCU‘lCATTATTMCTGGAACTACTTTAGGTTITTCTAEAECTTTAGGTGAATATGGTTCMTAGTTTIMTAGCGTCTMTATTCC.MI’GMMAI’TTAETMTT;CTﬁTAETTETT
TPSLLTGTTLGFSRALGEYGSIVL[ASN!PNKDLV]

TTTCMAMCTTGAACMI’ATGATTATMAAGYGC!’ACTATTATTGCAAGTTTTGTTT‘I’MTMTTTCATTTACTGCACTTTTTTTTlTTMTAMATTCAGTTATEGAM:AA?CT:TT
FOKL[O\'DTKSATIIASFVLIlSFTALFFINK]OLHK

mncunnunmrmnummnmnnu&mc&wﬁ
"ar:uLA:ArcrnwmrTmrmmmmmummcmwrmc TG TACCaRaAT]

TGMCCCACGACTTTCalTC-lCCCCMEATGATACACTAECAAACTATACTCCGTATGACTTTTTTATMMMGTTMMTITTTAMMM TATAGTATATMTTTAMTMGCCGCTA
ACHUGGGUGCUGAAGUASUGGEGU CUACUAUGUGAUGGUULGAUALIGAGG L -5 ! TTAAMA> Leu—UAG> TATAAT> 5'-GCCGCUA

TGGTGAMTTGGTAGACACGCTGCTCTTAGGMBCABTGC'IAAGGCTTCTCGGTTCGMTCCGAGTMCGGCATAMTTTTTTTATTATWMTATGTTTTATMTATCTTTTETCTTT
UGGUGAAUUGGUAGACACGCUGCUCUUAGGAAG CAGUGCUAAGG CUUCUCGGUUCGAAYCCOAGUAGCGGCA-3 " + >

TTATTTATT'FATMTCAGTATTATATATAT‘I’TTTI’TTIMTYCMTTTGTATACMTCTMMMCTTTAMTTTTTTHTATGCUTTTATMCCTTAGAGCGTATTTTAECACATACA
ORF320> 4eew~—- ——34==——+ M P F 1 T L ER I L AHT

TCTTTTT ICCTTCI'TTTTTTTGTTACGTTTATTTATTGGGGAMATTTCTTTATATMATATTMACWTMETATTTTAGGA&AAATMGTATGAAMTTGCTTGTTTTTTTATMCA
SFFLLFFVYITFILYYGEKFLYTNWN!XPITILGEETIDSH®KILA FF1T

ACTTTTTTATTMI'TCGTTGGAETTCTTCIBGACATTTTCCTTTMG'!MTTTATACMATCTTCTATOTTTCTTTC‘I"I’GGAGTTTTACATTMTTCATTTMTTTTAGAAMCMMGC
FLLIRWSSSGHTF®LSNLYESSHS FLSS®SFTLIHLILENKXS

MMACACATGGT'IAEGTATMTMCTGCACCMGCGCAATGTTMCTUTGGATT?G&MCTTTAAGTCTCCCAAMGAMTGCAAEMTCI‘GTTTTT!’TAGT'ICUGCTTTACMTCT
¥ N T MM LG {1 Y APSAMLTHGFATLSLPKEMOQESVF LY AL QS

UTTGGTTMTGATGUTG’I’MCYATGATEMTG\' I'MﬁTTATTCTACTCTTTTATGCGGATCTTTATTAGCAATMCTAI T IMTTATTACATTMCAMACMMMATTTGCCMTA
KW LKKKEYTHKNMNLSYSTLLEGESELELALITILIITLTXKQXNLPI

CTTMATCTTATTTTMTTTTCCTTTTMTTCTTTTATTTTTMAMTCTTTTACMCCMTGGMMTGAMTATTMUTATMAACGCAMMGTTTTTTCTTTTATTMTTTTCGT
LTS Y FNFPFHSFILFXNLLQPHKEHNETILS K T QQKY FSFINTFR

AMTGGCMTTMTMBMTTAGITMTTGGAGTTITAGAGTTATTAGTTTAGGATTTCCTCTC!’TMCTATTGGTATTCTATCTGGAGCAGTATGGGCTMTGMGUTGGGGCTCC
K W QL 1IKELDNKUWMWSYRY I S$SLGFP L LTIGI!1ILSGAY WANEAWRKUVWTEGS

TATTGRAATTOGGATCCOAMMGAAC TTGGACTTTAATTACTTGG TTAATATTTGC TATT TAT TTGCATAC TCGAATGATT AMAGG TTGG CAAGGAAAAAAL CGGCAATTATAGCTTCE
Y HANWDPKETWALTETMNLIFALYLHTRHMIKEG WWOGKKPATITIRAS

TTAGGTTTTTTTATTGTTTGGATTTGT TATTTAGGAG TTAATT TATTAGGAAAAGG TTTACATAGCTATGGATGGTTAATTTAACATT ARATATAGATA TTGAAATATATAGAAATATAT
LGFF 1 ¥W 3 $YLGBYHLLSGKGLHSY G WL 1 wam

Ammca.'umtmﬁmmménmTm'rurcucuhrmmimculcnucmhmmruhmmuhnwmﬁ'nwmi

(d) frxC - ndh4 )

uuuucanuclhcuuulutga|uTAGCMiTTHIGGGMAGGTGGCATAGGMMTCTACMCTAGTTGTMTATTTCTATTGCATTABCMGACGTGGGMAAMGTT
fexC> M X I A ¥V Y 6 X G G611 6 K S TS CHILT ST ALARRGTE KKV

TTACAMTCGGTTGTGATCMACATGAUBTACA‘FTCACACYTACAGGATTTT‘[MTTCC?ACMTTATAGATACTTTACMTCMMATTATCATTACGMGATGTTTGGCCTGM
LQ 1 GCDPEKHDSTFTLTGF LIPTILIIOTLOOS KDY HTYETDVYWNSPE

MTGTMTATATMAGGTTATGGCCGGI'GTGATYGTGTA&MGCTGGAGGACCTCCTGCTGGAGCTWTGCGGGGGTTMGTTGTCGGAEAMCT T AAAAGAA
0¥V I Y XGEYGRCCDCVEAGGPPAGAGT CSEE TV G eT:A‘IT.TA‘LnKEITA:"

GCTTTTTATWTATMTAYTATTTTAYTTGATGTTCTAGGGGATGTAGTATGCGGTGGCTTTGCTGCTCUTTMATTATGCAGATTATTGTATTATTATTACAGATMTGGATTTBAT
AFYEY DI T LF G o v G A PL YAOQ0Y CI I I TDNGEFTD

GCGTTATTTGCTGCTMTAGMTAGCAGCTTCAGTMWCTCGTAUCA‘I’CCTCTTA&ATTAGUGGCTTAGTTGGAMTCGTACATCMAACGAGATTTMTTGAHMTAT
A LT NRlAASVREKARTHPLRLAGLVGNRTSKRDLlDKY

GTTGMGCTTGTC(‘.MTGCCAGTTCTAGMGTATTACCTCTTATTGMGATATTCGABTTT
YVEACPMPEVYLEY LPL

CTAGAGTTAMGGTMMCTTTATTTGAMTGGTAGM]’TACMCCC&GTCTTMATAT
IED]RVSRVKGKTLFEHVELQPSLK‘!

GTTTGTGATTTTTATTTMATATAGCAGATCMATYTTATCWACCMSMGGMTTATTC
Ve D E LN AT T TG i PCMMGMGTTCD-GATCGIBMTTATTTAGTTTACTTTCAGATTTTTA!’TTMATCCT

K EYPDRELFSLLSDODEFTYTLAN
gTA:AC#CYﬁTA:ATEAA:M:AT:MECA:ATITA?TT%AT;T‘I:TG?TMTTT.IGMAMMYTTTTGTTTTTTAGT‘I’AAGGMATATATAM!'ATGTCMTMAMTATCTGAMCT

ORF465>  AGGA ST X1 s 6ET

Evucnwcmscwciwumr&nmnn&rccmmmmm CAAAAATTGAAGA
T A AT AT ATCATACATT T TG CCTATIAGTT caimsmm TTGAAGATAGTTTTT TTTTAGTAGTTGATACAAAMACATETGGT

LYQ KT EDSFFLVYGTKTCGEG

TA‘ITTTTTAQMATGC‘ICTTGMGTTA'IGATTTTTGC‘IGMCCTCGTTATGCTATGGCAEMTTAMAGAABG GAAGAATTAAAAC
YFLQONALGY M E Y AMAELEETE T%AT;TTIWCTWTTWT“TT“ i AT

AQLNKRDYETETLTEKT RS/
‘IGTGTTUMTMMMAGATAGMACCCTAGTGTMTTATTTGGATTGGTACTTGTACMCAG‘MTMTTMMTGGATT GGAA CAAMATTGGAAAACGAAA
T
CVQ!KKDRNPSV!lHIGTC_'lTElIINDLAEuGHTGguglITENCEch?M

Fig. 2, caont,
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ATTCCMTTGTTGTTGCMGAGCTMIGGTCTAEATTATGCI'TTTACTCMGGAGAAGATACTGTTTTAGCTGCTATGGCAUTCGTTGTCCTGAACAMWCTGAMTTGMAAAAM
1 F 1 YV ARANGLGDOYAFTOGEDTVLAANAHNHRCCPE®QGXTETIEH® KHK

ATAGA'IGATAMTCTATACAAGAATTATTTTCTTTTCTTCCTCTTMAACAAMGAAMJ\TCCMTWTCTTTTACTTTAMMATACATTTTCTTTAGTTCTTTTTGGTTCTTTACCT
] oDk S$IOELFSFLPLKTEKEIKXSHN S FTLKNTFSLYLEF s L P

TCMC.AGTAGCTTCTCA.GCYTAGTTTAGMTTAMACGTCMTCTAI'TCAI'GTTTCAGGTTGGCTACCTGCTCMAGATATACAEATCYICCGATATTGGGAEATMAGTTTACGTTTGT
s TV ASGLSULELXRGOGSTIHYSGWLPAQRYTDLPILGDXRYYVC

GGT..TMATCCTTTT'lYMSTCGAACAGCMCTACTTYMTGAGGCGTCGAAMTGTAMTTMTTGGAGCTCCTTTTCCAATTGGTCCTGATGGAACTCGTGCATGG&TTGMMTT
6 Y NPFLSRTATTYTLMNRRRKTCECEKILI!IGAPTFPI!GPDGTRAWIE [

'i'GTTCAGTTTTTMTATTGA:MCAWGETTTAGAABAMGAGAACMCMGIGTGGGMAGTTTMAMATTATCTTMTTTAGTACGTGGMMTCTG'}TTTTTTTATGGGAGATMT
C S Y FRTIETQGLEEREQQUVWESTLXXMNYTLNLYRGKSVYTFTFMNGTDN

CTTTTAGAMATCTCT TTAGCAAGAT TT TTARTCCGATGTGGTATGAT TG I T TATGAAATTGGAATTCCATATATGEAT AAMAGATATCAAGC TGCAGAATTAACACT TT TGCAAGAAACT
L LEISLARTFLTIRCGHXTIVYYETIGTIPYMDEKRYGAAELTLLOQEST

TGTAMM.M!’GTGI'ATACCMTGCCTCGMYTGTTGAMAACCTGATMTTATMTCMATACAGCGTATGCGTGMTTAWCCGGATTTAGCTATTAUGGAATGGCTCATGCAMT
C K KM C i 2 HPRI VYEKXPDNY NQI]I QRHA ELQPDLATITGMHAHA AN

CCACYTGAAGCGAGAGGTATTMTACMMTGGTCTGTTGMTTTACTI’TCGCTUAATTCATGGATTTAE_MATGCCMAGATGTTCTTGAACTTGTTACACGTCCTTTAEGTCGTMT
P LEARGINTIKMWSVYEFTFAQIHKGTFTMNAKDYLELYTRPLR

MTMTTTAG.MMI'TTAGGTTGGACTMTTTMTMAMTACAMAMGATMN\MMAAMCTTATTCATTAG"AGICTMATTTATTATATTMTGMTAAGTCTTTTTTTACMA
N N LENLGNTNLIIKIQE KR = — - R

TATTCGGTTTTTTCTMTAAYTTTATTCTATTTTMTCCTAHTTATTGABGAAGGTTTTTTATTATGATMWGCATTCCCTTATTGCTTI’CTGTGCTATGGGTTCCAATATTATUT
QRF1068>  GAGG I 7T s L L LS Y L wWwyYPrPril L 5w

GGAI'M.ATTTTTCMGTAUTTTTTTTTGTTTGGAATAI’ATTATGGATTTCTGACTACTTTACCTATTGGTCCCTCTCMC‘FGTTATCTATMGAGCTTTTCTGTTAGAAGGMATTTTA
I N F §$ S TFFLFGIT ¥YYGFLTTLPIGPSQQLLSIRAFLLETSGHSNTFS

&TGGumc&scmnmrémcrum&mmcuTr'GTrwArrrimwmirrmmcimmcrrhArmm.hccrcacnirmcmcimmmAc
61 AAVSGLITGOLLIFLSIFYSPLYVLLIKPRLLTLLVLE

CATATATTTTATTCTATTGGTATAMATTAAAGATTTMTAGATTA‘lCAATCTTTAMACCTATMUTCTATTMAEATACTCGAATTTCTAMATATTTTTTGATAGTTTTATATTTC
Y I LF YWY XTI XDLIDYDQ SLEKTP T 51 DT RS 1 FF DS F I FQ

MTTAYTTMTCCTGTTGTATTACCMGTCCTGTATTASCAMMTTACTMATATTTT'lCTTTTTCGI’TATAETMTMTTTTATTTTTTTACTAAGTAGTTTTTTMBGTTGGTGTTTTG
LFNPVY LPSPY L ARLLNIFLFRYSNNKTFTITFLLSSTFLG®GUWEC

GTCMTTTTTATTTGTAAGYTTAGGCAMTTACTTCTATI‘TCGTATTGMTCGGATTCACCTATTC'ITTATCTTTTAGTTMACGTATTATTTATCGAACTTTTAGTATTATTATATTM
QFLFVSLGEKLLLFRI!ESDSPI LY LLVEKRIITIYRTFSTI!IIILS

GTTTTI’CATTATTACATTTMGTABAGCTCCAGTACCTTTTATTACAAMAMCTTMTGAYMTTTGCMTTTMTITATCMCCAGAGGITTCT!’TTGTATTMCAMATCTTGGC
FSLUHLSRAPYPF 1 TXKLNDRLOQFMNKNLSKPETDOS YL T KSuwre

CGACTCTTTTTTTTGATTATCGCAMTGGAATABACUTTACGITATIATAGAAAATAGTAGATTTAG‘J’AGTCMAGTCCTATAAAMMMAGTATCTCAATATI TTTTTAMTATTTCTT
TLFFDYRKMWHNRPLRYTIENSRFSSQSPI!I KKEKEYSQYTFFNILISTL

TAAGTGATGGAAAAC CAAGAC TATCT T TTACATAT TTACEAAGTTFGTATTATT TTGAAAAAAATTTGCAMAATECTCTATTAATT TCAATCTTTTTTCATCT AATGARATTTATGAAA
SCGKFRLSFTYLPSLYTYFEXYXNLOEKSSINFHNLFSSHETYEX

MTGGATTAMAATMAMMATMAAMTTMAGATATATAMGMTTTMMATCGATTTAMI’TTT‘I'WTMTGUTTTTTTTTAGCMMATTATTGAAAMAMMCATATTGT
W I KNEKIXNKZEKLEKTIYZXEFXNRTFIKFLDNGFT FLAETILITILETZXT KH NTIL

CAACTTTTGAAGGAMTATTTTTACAAMATTTGTGATCCTTTGTTMTTAMCMTATGATAMAMATGATAGTATCAMATCACCATGGCTTTTAACAGAMMTCTTATAMTTM
TFEGNIFTEKICDPLLIK QYDEXEKMI!VSKSPWLLTITEILXSYKLT

CMAMCGCMAAAACAC‘ITACTTTTTCTAAAMAGATMTAMCTGAA.MAETGGATTTCTMTCMTGTCAAGMI’TTGAAGATMMAYTTCATTTTACCTTGGGMCCTTTMCTC
KT ¢ x 7T TF S X KDNKXLX KNI SNQGCOQEFEDKNTFILPWEPLTO G

IAGATGCTAGGCGEATTl'TMGTTTACTTATTMCMATCAAMMMCMAMTTGATACAAATTTGAMCAAATWTTTTT I'TGATGAAMTGCMCCCAATTATTGAATAMCAM
DARRILSLLINXSEKKTIXIODTNLKO OQMANFTFDEUMNATQLLANTIEKT EHN

ATCTTI'CTTCMTTGMAATACACGI'M.MMATLMl'AGAMITCAMTCTMATTGGG»\ACTTATTTTAMTTTATCTCCYCGCCMAMATTTTAYTTTTGMTTATTTACMG
LS STERTRKKI NRXSNLNWWELTILILNLSPROQXILFLNYTLOQ®EXH?

ATAMTGGAACACGCTTAMATTTCTTGGAAMATTTI’TTTI’TAGGTGATTTTACTCMATMMAATATTCTTTTTTTATTMCAAAGATMTTAMCCTGATCMMCTATCMTTTC
X W N T LK1 S FF L FTQToI N1 LF LTX 1 I KPODOQNYGQGQTFQ

MGMATAMTMAGMATACCMGATGGACTTCAMATTAMMATGATWTTTGACGTTATAGCTATCGGAGTTACTGATATTCGTUMMTTAMWAGGAYAWTM
EINKE[PRHTSKLKNDKFDVIAIGVYDIROHKVKNLG\’LI

mucwlmmmsumrurw:mmruc.ucurcTr.mrrcGrcwmnmuuswcmcccrccrcmcmccrwnnunrcmm
K G KDKRRZX.!! $ QQ 5S 0D FRRELVYEKGS R R R T LI WK

TTTTTCAAGTTAMATTMTTCTCQTTTTTTTTACGM!'MTGGATAMCCGMTTTAMCGTTMWTGTTWGAAMTMAACCAACATTTCAAMTATTTTWAMMMA
F Qv asPFFLRIMNDEKPHNLMNY NNV LKIXPTFQNTILETER KT KHTE

mmrcacrA.uTwm&cmcrm'rmmchucuwécnmcn'muuc.\wmnmumscTmmmmmmmmmnc
ESLNQKALTFIKRTEXADREGATLANRUNTD L oaQ wLLL1gQ

MTCACATCTMGAMAl'ATATATTATTACCTATATTMYMTATTTM.MATGTCATTCGTTTGTT‘H’TATTTCAMTTCCGGAATGGMTCMGATTGGTATWTGGMTMABAM
L R T L L P 1 LI TFXNYITRLFLFQIPEWNNGDWWTYEGWNTEKTE.:!

T'lCATATMGATGTACATATGATGGGACTWGTTTCAGMMAGMTTACCAWCMTGGCTYWTGGTCTTCAMT.MMATTATTTATCCTTTTTATTTMAACCTTGGCATA
HIT RCTYDGTEVYS EXELPEQWLRDGLQ! KT T YPFYLEKETPUHKTHNKN

Fig. 2, cont.
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CAAMMATAGAA r AGTAAMAACTAAAGAACATTCTAATAATTTAGTTA
TMTMMMMTGMMATTGGATTTMmMGATGATALMATTTTCTACMMTT‘I
AT?”QNTRN!:"I“ECHKKNEKLDLIVDDTNFLQNLVKTKEHSNNLVI

AMAGAAMAATTMATTA"GC'IATTTMCTGCTTGGGGATTTCMACTMTTTACCGTTTGGTMTATMMMCWCTTTTTGG:M%CG?TWETM
KKKLNYCTLTAHGFQYHLPFGN]KKOPSFH

UGTMMMMGGMTATATTMTC
A UAMTT'FMMM!’Al’TTWCGMWCMATTATATMMTTTCTMTGTTGAGAATTTMMTTI'TAA
AT=TGTTT}TTWCUTTONLKMISTKHKLVK]SDVENLKHFNS!KKEYlHP

CTMTTTAMTMTCTAGATTYCAMMMMMTGTAGTMTTACTMATTMATMTCAAMTAUTTATTMAACMAACACTGACMTGACATTTTT;CT?TT:AT‘FTTTE;MIM:
N LNNLDFXKXKXHY V] KLNNQNTLLKQNKTDNTD

MACTT('AA'IATATATMHMTTTAGAAMTTTACTM.MMMAACA'lA‘lATCTATWTAWWWUWWHTMAM:AAPA?TA:TG?TA:AAE
TS 1T Y TN L ENLLXEKZEXHIS!I X Y L KX GXKTLANLKEK

MM-MC‘I’ATIAMATTUMMMMATGI'TCMTTMTMMTTACCTAM.MTTTGAAMTAMTATTCAAMAATTTATATAMTTTGMAATA:AT:M:LA:METG?TT:
I"I'IKlLKKHVQL]KKLPKNLKlHI‘]llYlHLKI

.ATMCATTA‘G%MGTTTTTTE‘_MGATMTTWTATTCAATTGTMATMTAMMMBAMAMTTAMBTTMTTTGMACAAATMTGATATTMTTTCTCM&U;AT&TA
N1 5K FF QDN om oRFas4> M 1 L P 5 Q

TTTMTMTATGWMTAMMCAMMATMBTCTTAI’TTMMTGTTTATTMMTATTGGAUTCCUTTTATGUTAAMAAAMTTTTLMMTTTTTTATCTMTCAMEA
FHKIHE[KTKNKSYLKCLLKTHTSNLH[K!NFOSFLSHQ

ATCGTTGGTTC'lCTAGM!'TAD\MATTTTWEAAGAAMTTG&AMMATGGTTMMGGTTTTMTCGATATMTTTTTCATCCAMGMTGGTATAAMTMCACCTUGCAATGG
lVG$LELOHFK£EHHK[HLKGFHRYHFSSKEHVKlTPQQH

AGAMTMTTAGTWLATTGGMMACCMQMM'IAMAMTTAMTCCTMTCMCWTTAGTAMAATMTTTTTTTATYMTACTTCTATTTTAGAACAMCTMMMCGT
RNKVSEHHKNOENKKLNPNOD[SKNNFFlN?SlLEQTKKR

M‘IMMTATTTAMCAAMTTTATTMCTTATAGTTGTTT TGATTTTACMMAATT'IAGCMTTMACTI T IWTTTMACAEA:MMMATATATMTMTATTATTATMAT
HIIFKONLLTYSCFDFYKNLAlRNFLHLNRKK[YN#]llN

MAATACAGMATCTTATTTTATTTATMTAMMAGCAMATAYTTABATTTTTTTTCTCAMMMTAI TTTTT ICGAATATMI’CTATTATTATGGCTTATTCUGAATTTATA
KIOKS\’FI‘FHKKAK‘(LDFFSQKQNIFFEYNLLLHLIPE I

GAAGAMMMTUMATCAMATWTTTTMTTCTAMMLTTCTATTATTAMGAAMTMTAMMMTMTTCMAATWMATTATTTCGAMMGAGAACTTMTCAA
EEKNO\'ONKRILILKNSIIKENNKK]lQNOKLFRKRELHQ

TﬂATTCGCCMTGGAGATGGAMTCMAMGTTTAGMMMTTTMMMTTAGGMATATGGCTTCTCTMTGACTTTTATGCAMATCAAGAAMTATTATTTCTCTTTCCAG‘I
OHRHKSKSLE!IFKKLGNHASLNTFHQHQENllSL )

MAATGCGAGWTTTMAATTATTTU\TCTTTTTTTTCGTCGMATACTACTATAMTCMTTMCTATTMTTCAWCATCGmAGDCGGTTATTAUTGATCWTTTTMTG
KNIEDLKLFHLFFRRNTTlNQLTlHS[HRLARLLDUQlLN

TATMMTGGTWTACTTTTTT AMTAHWTATAMTTTAMCWTATMTTTWTMTTTTGATGATTTTTTAGGAATACM T TTTGAAMTMMMAMTMTTTC
\'KHVSTFLN!KY&FK!LSNLDHFDDILGIQFFEHKEKNHF

TTTTTTTTTMTTCGTTTMTCTTGMGATATTTTACTTCCMCGTCGTAWMTTTCGMTTTTMAT?CTTTMCTTCMMAATMAMATACACMCTTMTCMMATTT
FFFXSFNLEDILLPERRRB RILNSLTSEKNXKHNTQLNQEKTF

GTTUMMAMTTTTCTMMCMAMTMMAMATTAMCGTTTTATTTGGGCTAGTTATCGATTTGAAGATTTAGCTTGTATGMTAGATTTTGGTTTMTACMTAMCGGTAGT
¥ QKK F S KT K I Xxx 1K F 1w S YRFEDLACGCMNRTFWFNKTING GS

AGM'TT'ICTAYGCT'IABGTTTCGMTGTATCCTTCTTTATTMCTTMAMMYTWTTTTATTTTTTCWGTTAGAMM’AGAGYTHTAMCTCTATTT'ICI’MTTMTTTTTC.MC
RF SMHMLRFRMKYPSLALILT =me——»

+ —+

ATMAGTMTT”A‘ITATTGTATTMTTACA fTTTTATTTTTTTACTATT'FTTCTA'ICACAMYMAGAMTTTATTWTATTTTTTAGGAGMTTI’T?TATBTCAM‘I'TTGTTTA
TTGTAT> TITACT» rpal3>  AGGAG MS KNLFM

rc&mmcncumcrmummmmrcmnwmmrmrmrwcrurcmncrwnwnuumuww.wscrmnmw
DL SS51 5 EKEYXGSVYEFQI]IFRLTNRYYKLTYHFEKIKHRGXD?Y § S

CTCAAMAGGTTTATGWMTTTTAGWMCGTAMCGTCTTTTAGCTTATTTATTTMCGMTTTTGTTAGTTACGAMATTTMTTATTCAATTAGBGATTCGCGGATTMMA
QRGL WK I LG KREKRLLAYLFXTNTFUVYSYENLITOQLGI! RGLEKX

AMATTMAMTTTTTITT?AGTTTTHATTATMMMAMTGMMGGAGABTTATATATGATGATACTTACTMMACAMCCMTGATAETAAETATGGGTCCTCATCATCCATU
N =ee 4=y ~——-——DRFIF2> AGGAG MM ILTKNEKPHNI VS HGPHRRHHPS

ATGCATGGTGTTCTTCOACTTATTGTTACTTTAGATGGAGAAGATG TTTTGGATTGCCAACCTATCTTAGGTTATTTACATAGAGGAATGGAMARATAGCT GAAAATAGAACAATTGTA
WHGVLRLIVYTLDGEDVYVLDCEPTYLGYLHSARGHETEKTIAENRTIV

CAATATCTTCCTTACGTMCACGATGGMTTATTTAECTACMTGW?AG&MWTMCTGTM&TGQCWTMMTATT(‘.MBTTCC'IMMGAGCGAGTTATATA
QY LPY VY TRWDYLATHMHEFT AT T Y AP EKLTN K R 1

CGMTUTTATGCTGGMYTMGTCGTATTGCATCCCM'TTGCTATGGCYTGGACCTTTTATGGCTGATATTGGTGUUAACYCCTTTTTTTTATATTTTTAWAMTMTT
I # LELSRTIAS L LGP M ADIGAQTPFF Y FREREMI

TATGATTTATTTGMTCTGCTACTGGAATGCWTGATGCATMTTATTTTCWTTGGAGGAGTTGCAGTAMTTTACCTTATGGTTGGATASA AAAT TTTTY
YOLFESATGHKRMMHENYTFRI]I GGY AYDLPYGW DCKCGT‘LHA%‘FCGT%‘T;”

TTTTTACCTAMATMATWTMGMAGACl'TAI‘TAD\MTMTCC!’ATTTTTTTGMACGAGTIBMGGGATAGGTACTGTTACT GAAGAAGCTA GGGGA CAGG
FLPKI1NEYERLTITHKNPTIFULXRYE IGTVT:GAEEACIan:GI“;G’

CCTATGTTACGAGCTTCAGGAGTTCAATGGBAC CTTCGMAAGTAGATUTTATWTGT‘I ATGATGAGTTAGATTGGMAATT CAAMAAGAAGH
PHLRASGVO'HDLRKVD*I\'ECVDELDHIIgu\!i-scl]x!ﬁﬁsglnunmucmulr

TTAGT.MGAATTGGTGAMTWAGAA'ICTGTTAMATMTTCMCMGCTTTMMGCTATTCCGGUWCCTTTTGAMATT‘MGMGCAC CAAGGAAAAAA
L VRIGEHNKTIESVY KT 1T QQALEKATLIPG PFEHLEARGCEGGFT:ATOGKNT;“

Fig' 2, cont.
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mmm.ummwmcmrmmmmccnuccucmnwwrA&crmcm;hannarhmuwéacmmwrTm’.rmmm
EHNLFEYQFISKKPSPTFKLPKQEHYVEVEAPKGELGIFL

ATTGWTGATAGTGT YTTTCCTTGGAEACTTAMATTCGTTCACCTGGTTTTATMA: T‘I’ACAM‘FTCTTCCTWTTABTMAAGGAATGAMWAGCAGATATTATGACMTTTTA
lGDDSVFPHRLKIRSPGFINLQlLPQLVKGH)’.LADINT[L

éGTAGTATAGACATMTTATEBGGGGAGGTT'GATCGTTAMJ'\TGATT'ICMATATAMTTTAGMGACMATTTTTTTCCTTTTTTTTTACATTAGGHTTTCTAAMI’TTTTTMTTT
S T DI I MG E VY D R ==
s odhl>  GGAGG M1 S KINULEDKTFTFSFFFTLGEFSKETFTFNF

fTTATGGATTATTT‘I’TTCTATTTTMTTCTTATGTTAGGAG!'TACTATTGGAGTACTAG'IACTTGTATGGCTTGAAAGAMAATM’CI'GCTGCMTCCAGWCGGATTGGACU.GAATA
LWl P FS T L1 LMLGYTI!IGVY LY LY WLERIKTIISA 1 QR I GPEY

TGCTGGTCCTYTLGGAATM'ICCAAGCTTTAGCGGATGGAATTMACTTTTTTTMMGAAGATATTGTTCUGCAWGGAGATGTTTGGTTATTTMTATTGEACCTAI TTGGTTCT
A6 P LG 1 Q0 ALADGIXLFGLEEDIVY¥YP AODGDY WLFNKIGPI!I LVYL

T ATACCAGTCTTTTTAAGT TATTTAG T AATTCCTTTTGAATATAATGTTATTTTAGCTAATTTTAGT ATAGGEG T TT TTT TTGGATTGCTGT TTCTAGTGTIGTYCCTCTTGGACTTCT
1 ¢V FELSYLVYIPFETYNYILANFSIGYFFWI AVSSVYPLGLL

TA'FGECTGGTTATGGATCMATMTAAGTATTCTTTT'lTAGGTGGTTTMGAGCTGCTGCTCMTCTATTAGTTATGAMTTCCTTTAGCTTTMGTGTTTTATCI'ATAGCTCTACGTGT
M AG Y G S NNXY S FLGGLRAA QS I s Y ETIPL ALSYLS I AL Lougy

GATTCGTTMAGTACfTMMMATTTABTMTMATTTTTTMTTGTTTMTAMAMC TAMTAGTCATATGGGTGAGATTMACAGUTTTTMTTTGCAGTAMAM&TCA.IETCC

Genrenssanssnnararnasanansreasnnanesrorernesnnsses(IMEPOR) a i ieiieiivisterrrarasetatsesrssasiarisnsrsararecssttnansss

CATCCTCTTTGTACAAGASTGARAGE TATATACAATCART AMMAAAGTATAT TTECCAGGT AAMAGAGTAGCAATCTAGTCETGACAGCGAAAGARAAAAT CAATAATAT T TTTATT

et eErea At iesesaneenaan S 1.1 7. T, T e T I

ATATATATTGAATAAGCAAGAGT AGAAGGTAAGAMAACCCAAAATACACAAAAART TAGTRAAAMTATATT AMATATATT AAAATGAGAATAAGGAC TTAATATTAGTAGAGATTTTTA

AGTAGTACTTCCTTTGAATCTCAATTAMAGTATAAACCTATE TATTACAAAAATGAC TAT TAGGAACGARA TAATTTTTTTACAAT TCTTCAATT AAAAAMAATTGATATTGTTTTATT

R 1 T3 1Y e

TATARATAAMACAATATCAAT TTTTTTTAATGT AAAGT TAGCGCTAGC CARAATTGT AAARAT TAAGAT AGATTCATAAGCTTTTATTTTATAGCAAACAGAATCTCGTTGGTAAAKRAAC

terearaiserarraneennine temeeranraancenmesrntitseas KANEFON) . airiverrrarrrrrormneccnscacnsacnesitstassssarnensarsncncanns
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I-GT'I’TGTATGTATATMATTTMTTATATMAAMATAMTMMMAATAYATATATATHGTTTTATTTMYTTMGGTTTTTTCCAAATTAGGAGTTMTTMA'FGGCACATEU&VEl’ 98521
TTGATA> TATAMAS> 4= —— —t frxd>  AGGAS M A H
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QMG G6GT! G NS HP 1 TLF C S M ASLALPGMHMSGF I AELMIF L
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Fig. 2. Nucleotide sequences and deduced’ information of IRy (IR,) and SSC regioms.
Nucleotide sequences are shown in the direction of transcription except for tRNA
transcripts. RNA transcripts for ribosomal and transfer RNAs (unmodified) are given un-
der the DNA sequences. Genes (bold letters) with arrowhead (> or ¢ indicate the direc-
tion of transcription) are shown at the front of their coding sequences. Putative
promoter sequences (-35 and -10 sequence) together with SD sequences, if any, are indi-
cated by capitals with arrowheads. Dotted arrows indicate inverted repeated sequences.
Double underlining indicates termination codons. Deduced amino acid sequences are shown
by one-letter symbols. Transfer RNA genes are shown by the accepting amino acid in
three-letter-symbols with anti-ccdons in parentheses. The 5' and 3' consensus sequences
of introns are shown by small letters under the sequence with dotted lines., Gene ab-
breviations are the same as in the legend of Fig. 1, (a) Nucleotide sequence of the
large inverted repeat region (]J?B). The nucleotide sequence of the {-) DNA strand in
the IR, region was the same as that of the (+) DNA strand of IRy region. (b) Nucleotide
sequence of ndhS ((-) strand, on our file). (c) Nucleotide sequence from rpl2l to
ORF320. (d) Nucleotide sequence from frxC to ndh4 ((-) strand, on our map).

36



rDNA sequence were observed by comparison with rRNA genes of other
species, but the liverwort chloroplast rRNAs retain the characteristic
secondary structures described by Glotz et al. (1981). Putative promoters
for rrn operons {rrnA and rrnB} were located upstream from the 16S
rRNA gene. There are several reports on the transcriptional unit of the
chloroplast rrn operon. S1 mapping experiments were done to identify
the initiation site of rrn gene transcripts using a 5'-labelled probe that
contained genes for 16S rRNA and valine tRNAGAC. The results showed
only two signals. One of them was for the 5'-end of mature 165 rRNA
and the other was for the 5'-end of the primary transcript of the rrn
gene, at a position about 130 bases upstream from the 16S rRNA gene
(Umesono et al.,, unpublished result). This position is in very good
agreement with the transcription starting point in maize (Strittmatter et
al, 1985). No precursor RNA molecule that would have indicated co-
transcription of the trnV(GAC) and rRNA genes was detected; 16S rRNA
and valine tRNA(GAC) primary transcripts were different, although
transcription of the rrn operon in vitro by E. coli RNA polymerase was
reported to initiate at the promoter upstream from trnV(GAC) in tobacco
chloroplasts (Tohdoh et al., 1981). Our results support the idea that the
primary transcript of the rrn operon is synthesized from its own promoter
just upstream from the 16S rRNA gene, as in maize (Strittmatter et al.,
1985). ,

Five tRNA genes were detected in the IR region. None of the
tRNA genes encoded the mature CCA sequence at its 3'-terminus. The
trnl{GAU) and trnA{UGC) genes have 886-bp and 768-bp group II introns,
respectively (Michel & Dujon, 1983). Introns in these tRNA genes have
been reported in maize chloroplasts (Koch et al., 1981) and tobacco
chloroplasts (Takaiwa & Sugiura, 1982b), but the splice junctions were not
accurately identified.  The exon-intron junctions of the liverwort genes
were located from the deduced 5'- and 3'-consensus sequences of group II
introns in liverwort chloroplasts (Ozeki et al, 1987; Ohyama et al.,

1988a).  For trnl(GAU), the liverwort DNA sequence was compared with
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the isoleucine tRNA sequences of maize and spinach chloroplast
(Guillemaut & Weil, 1982). These tRNA genes are split in the anticodon-
loop and anticodon-stem junction; that is, at A38-G39 for trnA(UGC) and
Agy-Ggg for trnl(GAU). The trnA(UGC) gene is the only gene for
alanine tRNA in the chloroplast genome, and alanine tRNAyGe would
recognize four GCN-alanine codons by an expanded wobble mechanism.
The gene _tr_nB(ACG} contained two mismatched base pairings in its
aminoacyl stem with Tg-Tgg and Tg-Teas and had a highly conserved
sequence (80% identical) with respect to trnR(CCG) in the LSC region
(Fukuzawa et al,, 1988). The trnN(GUU) gene is the only gene for
asparagine tRNA in the chloroplast genome, and asparagine tRNA@qy
recognizes two codons (AAU and AAC) in the chloroplasts (Ohyama et
al., 1988a), The gene trnV(GAC), one of two chloroplast valine tRNA
genes, is located upstream from the rrn operon in the IR regions, and
the other trnV(UAC) has been mapped in the LSC region (Fukuzawa et
al., 1988),

Gene arrangement near the junction between inverted repeats (IR) and
large and small single copy (LSC and SSC) regions

In most chloroplast genomes, the IR regions contain both the
Ips'12-rps7 and trnL(CAA) gene cluster and the trnl{(CAU) and rpl2-rpsl9
gene cluster, although the site of the junction between the IR and single
copy regions varies somewhat in the plant species (Zurawski et al., 1984;
Sugita et al.,, 1984). However, the liverwort rps'l2 gene cluster and
trnl{CAU} gene cluster were located separately in the LSC region near
the junctions, and each gene was present as a single copy gene. The
promoter sequences of these genes were located in the IR region near
the junction JLA/LB (Fig. 2a). Stein et al. (1986) reported that the
chloroplast genome of a fern (Osmunda) has relatively short inverted

repeats similar to the liverwort chloroplast genome. This may be a fea-
ture of the gene organization of lower land plant chloroplast DNA, al-

though the location of the rps'l2, rps7, and trnL(CAA) genes is not
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iven.

: Genes ndh5 (Fig. 2b) and frxC (Fig. 2d) were located across the
junction sites Jgp and Jga, respectively. The characteristics of frxC and
ndh5 are described below. The junction (JSA) was located at the third
codon after the initiation codon of the frxC gene. The other junction
(JSB) was at the eighteenth codon from the termination codon of ndhS.
Although the transcribable DNA sequences for each gene are physically
separated, that portion of the IR next to the SSC region contained parts
of both genes on the opposite strands. Preliminary Northern hybridization
analysis indicated the expression of both frxC and ndh5 genes in liverwort

chloroplasts (data not shown),

Genes in the SSC region
In the SSC region, there were 19,813 bp that made up 17 ORFs,
the trnL(UAG) gene, and a trnP{GGG)-like sequence. The ORFs have

been identified by comparison with a protein database (NBRF release 8 -

10). These genes were classified into five categories of coding sequences
for iron-sulfur proteins, proteins homologous to mammalian mitochondrial
components of NADH dehydrogenase, ribosomal proteins, other ORFs, and
tRNAs. A schematic diagram of the gene organization in the SSC region
is given in Fig. 1b to d. The nucleotide sequence and deduced informa-
tion are shown in Fig. 2b to d. Promoter sequences can be seen
upstream from the individual genes fer,v rpsl5, frxA, ndh5, rpi2l, and
trnL(UAG).

(i) 4Fe-4S protein genes (frxA, frxB, and frxC)
The frxA (98543-98289} gene product would be a hydrophilic
polypeptide of 81 amino acid residues, rich in cysteine (9 residues, 11.1%

of the total amino acids). This protein can be aligned with bacterial
4Fe-4S-type ferredoxin. The amino acid sequence derived from the frxA
gene shows local homology with 4Fe-4S proteins found in several microor-
ganisms (Fig. 3a; Howard et al,, 1983; Minami et al., 1985b; Tanaka et
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Fig. 3. Comparison of aminoc acid sequences of ORFs identified as iron-sulfur proteins
(frxA, frxB, and frxC). (a) Homology of frxA and frxB gene products to bacterial 4Fe—4S
ferredoxin proteins (Sulfolobus in Minami et al., 1985b; Clostridium in Tanaka et al.,
1966; Chlorcbium in Tanaka et al., 1974; Azotobacter in Howard et al., 1983). (b)
Homology of the frxC gene product to ORF(F202) of R. capsulata (Hearst et al., 1985),
nifH of Az. vinelandii (Hausinger & Howard 1982), and nifH* of Az. chroococaum (Robson
et al., 1986).

al., 1966; Tanaka et al., 1974). The sequence Cys-X-X-Cys-X-X-Cys-X-X-
X-Cys-Pro, which is a characteristic repeating unit of 4Fe-4S ferredoxin,
was found in the amino acid sequence of the frxA gene product (Fig.
3a).

The frxB (100330-99779) product would be 183 amino acid residues
long. This product would also contain 9 cysteine residues, as seen in the
frxA product. This protein can also be aligned with bacterial 4Fe-4S-
type ferredoxin. The amino acid sequence of frxB also shows localized
homology to 4Fe-4S proteins in microorganisms {Fig. 3a) and also contains
two copies of the typical repeating sequence. To some extent, homology
in the amino acid sequences of frxA and frxB was seen, although the

frxB gene product had more amino acids residue at the N- and C-
termini.
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The frxC (110973-110104) gene product would be a polypeptide of
289 amino acid residues. Significant homology with the bacterial
nitrogenase component encoded by nifH, for example, in Az. vinelandii
(31.5%; Hausinger & Howard, 1982}, is observed. Much higher homology
(44.3%) was seen with a putative protein (F202) encoded in the R. cap-
sulata photosynthetic gene cluster (Youvan et al.,, 1984, Hearst et al.,
1985). The alignment of these sequences is shown in Fig. 3b. The frxC
gene product also had nine cysteine residues, four of which were located
in significantly homologous regions of the nifH product or the R. cap-
sulata F202 gene product. These cysteine residues may be important in
holding four iron atoms and four sulfur atoms. The sequence Gly-X-X-X-
X-Gly-Lys-Ser is located in the N-terminal region of these proteins. This
sequence contains amino acid residues conserved in the nucleotide binding

site of a variety of ATP-binding proteins (Higgins et al, 1386).

(ii) Liverwort chloroplast genes homologous to human mitochondrial NADH

dehydrogenase components encoded in the SSC region (ndhl, ndh4, ndh4l,
ndh5, and ndh6)

Human mitochondrial "URFs" have been identified as components of

NADH dehydrogenase and have been named "NDs" (Chomyn et al., 1985;
1986). There were five ORFs named ndhl, ndh4, ndh4l, ndh5, and ndh6é

homologous to human mitochondrial URFs in the SSC region of the liver-

wort chloroplast genome. Two related genes {(ndh2 and ndh3) encoded in
the LSC region are described in Umesono et al. {1988).

The product of ndhl (102200-100382, interrupted by a 712-bp group
II intron) would be a polypeptide .of 368 amino acid residues. The amino
acid sequence deduced from the ndhl gene had homology with the mam-
malian mitochondrial component of NADH dehydrogenase ND1 (URF1).
The alignment of liverwort ndhl and human ND1 (Chomyn et al., 1985) is
shown in Fig. 4a. In comparison with NDI, the liverwort ndh!l reading
frame may start at the second methionine codon (102089) to produce a

polypeptide of 331 amino acid residues of M, 36,997.3, which coincides to
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Fig. 4. Comparisons of amino acid sequences of ORFs identified as ndh subunits (ndhl,
ndhd, ndhdl, ndh5, and ndh6). (a) Homology of ndhl to NDL of human mitochondria. Ar-
rowheads indicate the presence of the introns in the genes, (b) Homology of ndhd4 to ND4
of human mitochondria. (c) Romology of ndhdl to NDAL of human mitochondria; (d) homol-
ogy of ndhS to ND5 of human mitochondria, (¢) Homology of ndh6 to ND6 of human
mitochondria (Chomyn et al., 1986) and URFC of As. nidulans (Netzker et al., 1986).
Invariant histidine residues required for heme-binding as reported for mitochomdrial ND4
and ND5 (de la Cruz et al,, 1984) are shown by bold letters.
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the size of the NDI1 product. The ndh4 (98164-96665) product would be
499 amino acid residues long. Homology with mammalian mitochondrial
component of NADH dehydrogenase ND4 (URF4) was seen. The alignment
of liverwort ndh4 and human mitochondrial ND4 is shown in Fig. 4b.
The ndh4L (99059-98757) product would be a polypeptide of 100 amino
acid residues. By a search of the protein data-base, homology with the
mammalian mitochondrial component of NADH dehydrogenase ND4L
(URF4L) was detected. The alignment of liverwort ndh4L and human
mitochondrial ND4L is shown in Fig. 4c. The ndh5 (93179-91101) product
would be a polypeptide of 692 amino acid residues. Amino acid sequence
homology with the mammalian mitochondrial component of NADH
dehydrogenase ND5 (URFS) was significant. The alignment of liverwort
ndh5 and human mitochondrial ND5S is shown in Fig. 4d. The ndh6
(99688-99113) product would be a polypeptide of 191 amino acid residues.
This gene was named URF6 (Ohyama et al., 1986) based on its homology
with human mitochondrial URF6, although greater homology can be
detected with the As. nidulans mitochondrial ORF C (Netzker et al.,
1982). I renamed this URF6 as ndh6 because the human URF6 gene has
been shown to encode a component (ND6) of respiratory chain NADH
dehydrogenase complex (Chomyn et al.,, 1986). This protein is aligned
with human mitochondrial ND6 (URF6) (6.8% identity; Chomyn et al,
1986) and As. nidulans mitochondrial ORF C (31.4% homology; Netzker et
al., 1982) as shown in Fig. 4e. As, nidulans mitochondrial ORF C is re-
lated to ND6 ("URF6") of animal mitochondria.

(iii) Ribosomal protein genes (rpsl5 and rpl2l1) encoded in the SSC region

The rpsl5 (103699-103433) product would be a hydrophilic polypep-
tide of 88 amino acid residues, with an arginine plus lysine content of
21.6%. This protein can be aligned with E. coli ribosomal protein S15
(Takata et al., 1984) as shown in Fig. Sa. The amino acid sequence of
the liverwort rpsl5 gene product shows 35.2% homology to that of E.

coli ribosomal protein S15.
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Fig. 5. Amino acid aligrments of liverwort chloroplast and E. coli
ribosomal proteins. (a) Ribosamal protein S15 (Takata et al., 1984). (b) Ribosomal
protein L21 (Heiland & Wittmann-Liebold, 1979).

The rpl2l (93469-93819) product would be a hydrophilic polypeptide
of 116 amino acid residues, with an arginine plus lysine content of
22.4%. This protein can be aligned with E. coli ribosomal protein L21
(Heiland & Wittmann-Liebold, 1979), as shown in Fig. 5b. The homology
between the amino acid sequence of the liverwort rpl2l gene product and
E. coll ribosomal protein L21 is 28.4%. This ribosomal protein gene has
not been detected in the tobacco chloroplast genome (Shinozaki et al.,
1986b).

(iv) Other ORFs in the SSC region

There were seven unidentified open reading frames, ORFI1068
(108535-105328), ORF465 (110064-108667), ORF464 (105267-103873), ORF392
(103380-102202), ORF320 (95482-96444), ORF288 (94183-95049), and ORF69
(93886-94059), in the SSC region. Two ORFs gave a significant homology

score in computer analysis with functionally unknown ORFs reported in
other organisms.

The ORF392 product would be a polypeptide of 392 amino acid
residues.  Significant homology with LtORF3 (46.2%) and LtORF4 (26.3%)

encoded in L. tarentolae kinetoplast maxicircle DNA (de la Cruz et al.,

1984) are shown in Fig. 6a. These two ORF genes can be converted to

one ORF gene by an RNA editing mechanism

(Simpson, L., personal
communication).
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Fig. 6. Amino acid sequence comparison of other ORFs. (a) ORF392 to
LtORF3 and LtORF4 of L. tarentolae kinetoplast maxicircle DNA (de la Cruz et al,, 1984).
(b) mbpY (ORF288) to hisQ in S. typhimurium (Higgins et al., 1982) and malF in E. coli

(Froshaver et al., 1984).

The amino acid sequence of ORF288 showed some homology to the
inner membrane permease component encoded by hisQ in S, typhimurium
(Higgins et al.,, 1982) or by malF in E. coli (Froshauer & Beckwith,
1984). The amino acid sequence homology between hisQ and malF was
not very high, but these components seemed to correspond to each other.
I tentatively renamed this ORF288 as the mbpY gene. Hydropathy
analysis of the mbpY gene product showed extensive similarity to that of
the malF gene product in E. coli and of the hisQ gene product in S.
typhimurium (Fig. 7), although the number of amino acid residues was
variable. In the liverwort chloroplast genome, there is the mbpX gene
that encodes a very similar protein to bacterial permease components en-
coded by hisP in S, typhimurium or by malK in E. coli (Ohyama et al.,
1986, Umesono et al., 1988). These observations may indicate an associa-

tion of the mbpX and mbpY gene products in a chloroplast membrane
complex,
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Fig. 7. Hydropathy of the mbpY (ORF288) gene product of the liverwort

chloroplast genome. (a) mbpY (ORF288) in liverwort chloroplast. (b) malF in E. coli
(Froshauer et al., 1984). (c) hisp in S. typhimurium (Higgins et al., 1982), ‘The
hydropathy is plotted from the N- to C-terminus by the averaging the hydropathy value
over a window of 11 residues using the Kyte-Doolittle assigmments (1982) and the program
DNASIS (HITACHI SK). M denotes the position of the first methionine residue in the
reading frames. The region of hamology is indicated by the stippled blocks,
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The protein of ORF69 was a hydrophilic polypeptide, with an ar-
ginine plus lysine content of 26.1%. This ORF could not be identified by
computer analysis using the protein database. Chloroplast ribosomal
proteins are hydrophilic polypeptides with relatively high levels (more than
20%) of basic amino acids {arginine plus lysine), and more species of
ribosomal proteins are reported to be present in chloroplasts than in E.
coli (Eneas-Filho et al., 1981). ORF69 was located downstream of rpl21
and can be expected to be co-transcribed with rpl2l.  Further study is
required before it can be concluded that ORF69 is the gene for a

chloroplast ribosomal protein.

(v} Transfer RNA genes encoded in the SSC region

There were two putative tRNA genes deduced from the DNA
sequence in the SSC region. The typical clover-leaf structure could be
deduced from the leucine tRNA(j4; gene (95274-95353). This was the
only tRNA for CUN-leucine codons and expanded wobble will be required
for the codon recognition as seen in mitochondria (Barrell et al., 1980).

A proline tRNAgGG-like sequence (95213-95145) was located on the
opposite DNA strand between the troL(UAG) and mbpY genes. The
secondary structure may be constructed except that both the aminoacyl
stem and D-loop are incomplete, although invariant or semi-invariant
nucleotides are conserved as shown in Fig. 8a and Table 5 in the preced-
ing chapter. The normal structure of the D-loop can be constructed as
shown in Fig. 8b without the formation of the aminoacy! stem. The
nucleotide sequence of the reconstructed molecule had homology to liver-
wort proline tRNA GG (Fukuzawa et al., 1988), especially the nucleotide
sequences in the loop portion, except for the first nucleotide in the an-
ticodon and a nucleotide in the Tyloop. However, sequence homology of
the proline tRNAGGG—like sequence was not detected with proline
tRNAGGG in Salmonella (Kuchino et al., 1984) or Halobacterium (Gupta,

1984),  Another possible structure in Fig. 8c would produce an abnormal

tRNA structure with no D-stem as seen in mitochondrial serine tRNAGCU
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Fig. B. Secondary structures for proline thmGGG-like gequence with 2-bp
D-stem (a), structure with normal D-loop (b), and structure with no D-loop, like animal
mitochondrial serine tRNA, .. {c).

(Arcari & Brownlee, 1982; de Bruijn et al, 1982). None of these three
structures is a complete tRNA molecule. No proline tRNAGGG molecules
could be detected by preliminary Northern blot hybridization of liverwort
chloroplast RNA, indicating the possibility of a pseudogene or very weak
expression (data not shown). In the chloroplast genome, the presence of
pseudogenes for tRNA has been reported (Howe, 1985; El-Gewely et al.,
1984). If the tRNAgsg-like sequence is a pseudogene, proline-specific
tRNA would be represented by only one species (tRNAUGG) in liverwort
chloroplasts and expanded wobble might operate to recognize the four
proline codons as in mammalian mitochondria (Barrell et al.,, 1980), and

as with the liverwort chloroplast CUN-leucine and GCN-alanine codons
described above.
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DISCUSSION

Chloroplast IR regions generally contain rrn operons. The liverwort
genome has two rrn operons in the IR region that is smallest (10,058 bp)
in plant chloroplasts. Chloroplast rrn operons of the fern Osmunda were
shown to be located in the IR region (10 kb) of similar size (Stein et
al., 1986). Eukaryotic genomes often have multiple rRNA genes (Long &
Dawid, 1980) and there are seven rrn operons in E. coli (Lindahl & Zen-
gel, 1982; Fournier & Ozeki, 1985), although some legume chloroplast
genomes contain only one rRNA operon. Genes encoded in the higher

plant chloroplast IR region such as rpl2, rps'l2, rps7, trnL(CAA), and

trnl(CAU) were located in the LSC region near the IR region of the
liverwort chloroplast genome. No gene located in the higher plant
chloroplast IR region had been lost from the liverwort chloroplast
genome,

Several interesting features caused by the inverted repeat
sequence were observed at the junctions of the inverted repeat and single
copy regions. The rps'l2 gene and the isoleucine tRNA(CAU) structural
gene could be seen in the LSC region immediately next to the IR
sequence. The 5' regions of these genes (each in IR, and IRg) had
common sequences although they are physically separated. The promoter

sequence in the IR region must be functional for gene expression both

for the rps'l12-rps7-ndh2-trnL(CAA) cluster near junction Jy » and for the
trnl(CAU)-rpl23-rps19-rps22-rps3-rpl16-rpll4-rps8-infA-secX-rpsll-rpoA

cluster near junction JLB It may be advantageous to regulate the
transcripts of these functionally related genes by the same promoter.

The gene locations at the other ends of the IR region near the
junctions USA and JSB) with the SSC region were also of interest. The
frxC gene may be transcribed from the IR 5 region through the junction
JSA into the SSC region by a promoter found in the IR, region. On
the other hand, the ndh5 gene may be transcribed from the SSC region
through the junction Jgp, and transcription may be terminated in the IRg

region by a stem-loop structure. If transcripts for both frxC and ndh5
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exist, the nucleotide sequence at the 5'end of the frxC mRNA molecules
would be complementary to that at the 3'-end of the ndh5 mRNA
molecules. Translational regulation by complementary RNA is known as
mic (mRNA-interfering complementary) RNA (Mizuno et al., 1984). This
suggests that frxC mRNA activity may be interfered with the ndhd
mRNA, although the actual gene products and the developmental stage
for the expression of each gene are unknown. The promoter sequence
for frxC in the IR, reglon was also present in the IRp region. There-
fore, anti-mRNA molecules for ndh5 mRNA could be synthesized from the
IRg region. Preliminary Northern hybridization analysis indicated the
presence of transcripts of both genes in chloroplasts of liverwort cultured
cells (data not shown).

The chloroplast genome encodes all of the ribosomal RNAs and
enough kinds of tRNAs to recognize any sense codon. If the chloroplast
genome codes for all required RNA species, it may also code for RNA
components of certaln enzymes such as RNase P for tRNA processing
(Stark et al.,, 1978) and DNA primase for DNA replication (Wong &
Clayton, 1986). In fact, RNase P activity has been detected in
chloroplasts (Gruissem et al, 1983). The yeast mitochondrial genome has
a locus encoding an RNA molecule necessary for tRNA biosynthesis
{Miller and Martin, 1983). It is difficult to identify such genes from the
nucleotide sequence of the liverwort chloroplast genome because the
primary structures of RNA necessary for tRNA synthesis may not be con-
served among species. However, a large G + C-rich spacer region was
in the IR reglons between the trnN(GUU) and the junctions Jg, and Jgp.
The IR region of the liverwort chloroplast genome contains only RNA
genes. These results suggest that other specific RNA molecules are en-

coded in the IR regions.

There were two genes (frxA and frxB) encoding proteins that have

features of bacterial 4Fe-4S-type ferredoxin. Ferredoxins generally
mediate electron transfer. Chloroplasts contain a 2Fe-25-type soluble fer-

redoxin, which is key in photosynthetic electron transport and NADP*-
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reduction (Neumann & Drechsler, 1984). This 2Fe-2S-type ferredoxin has
also been detected and well-characterized in M. polymorpha chloroplasts
(Minami et al.,, 1985a). The complete nucleotide sequence of liverwort
chloroplast DNA did not show a coding sequence for a 2Fe-2S-type of
ferredoxin protein. There have been a few reports on other iron-sulfur
proteins in chloroplasts. An iron-sulfur protein (Mr 8,000) that functions
as the primary electron acceptor in photosystem [ has been isolated from
photosynthetic membranes (Malkin et al., 1974). A spinach photosystem 1
particle contains an 8-kDa protein that has been tentatively identified as
the apoprotein of the iron-sulfur centers of photosystem I (Lagoutte et
al., 1984). There are slight differences in the amino acid composition of
the liverwort frxA product and the 8-kDa cysteine-rich protein in spinach
photosystem L Membrane spanning analysis of the frxA product (Mr
8,941.2) showed that it is a peripheral soluble protein {see Table 8 in the
preceding chapter). This result is not in agreement with the possibility
of the frxA protein being an apoprotein of the photosystem I membrane
complex., However, the surrounding proteins may provide a special en-
vironment so that a soluble protein could be a member of a membrane-
bound complex. The chloroplast frxA protein was recently found to be a
component in the iron-sulfur center of photosystem I, named psaC (Oh-
oka et al., 1987; Héj et al., 1987). The liverwort chloroplast frxB
protein probably has properties similar to those of the frxA protein ex-
cept for lts size. '

Our preliminary Northern hybridization experiments indicate that
there was active transcription of the frxC genes in liverwort chloroplasts.
A second sequence of nifH (nifH*, homologous to nifH} has been found in
Az. chroococcum (Robson et al, 1986). Surprisingly the nifH* gene was
in an operon coding for a bacterial 4Fe-4S-type of ferredoxin protein.
Bishop et al. (1980) have presented evidence that Az. vinelandii contains
two No-fixing systems, and Premakumar et al. {1984) also suggested that
a second Fe-protein is involved in the alternative pathway for No-

fixation. These comprehensive results imply that the liverwort chloroplast
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genome has retained a gene (frxC) of the alternative pathway for NZ'
fixation during chloroplast evolution. However, the R. capsulata F202
ORF homologous to the frxC is located in a photosynthetic gene cluster
and therefore frx genes may be involved in electron transfer in photosyn-
thesis.

The ndhl, ndh4, ndh4l, ndh5, and ndh6 genes were encoded in the
SSC reglon of the chloroplast genome. In the ndh4 and ndh5 gene
products, the protein domains contained invariant histidine residues

required for heme-binding as reported for chloroplast cytochrome b6
(Widger et al.,, 1984) and mitochondrial ND4 and ND5 (de la Cruz et al.,
1984). Although' human mitochondrial NADH dehydrogenase (complex I)
consists of more than 15 hydrophobic polypeptides, only seven components
are encoded in the human mitochondrial genome (Chomyn et al., 1985;
1986). Components of liverwort chloroplast complex are probably encoded
In either the chloroplast or the nuclear genome. So far only seven read-
ing frames could be predicted from the nucleotide sequence of the
chloroplast genome. A partial nucleotide sequence of a plant
mitochondrial NADH dehydrogenase component was reported for water-
melon mitochondria (Stern et al.,, 19886). Local homology of 38.4%,
36.8%, and 35.3% was seen between human mitochondrial ND1 and the
liverwort chloroplast ndh! genes, human mitochondrial NDI! and the
watermelon mitochondrial ND1 genes, and liverwort chloroplast ndhl and
the watermelon mitochondrial NDI genes, respectively (Fig. 9). The
divergence between the three species suggests that the chloroplasts ndh
genes are not pseudogenes of mitochondrial origin. There have been no
reports dealing with these gene products. However, NADPH-plastoquinone
oxidoreductase activity has been detected in C. reinhardtii (Neumann &
Drechsler, 1984) indicating the possibility that products of these ndh

genes are components of the NADH-PQ oxidoreductase in
chloroplasts.

liverwort
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Liverwort

Chloroplast
38.4% 35.3%
Human Watermelon
Mitochondria Mitochondria
36.8%
Fig. 9. Scheme of divergence in genes of mammalian mitochondrial ND1,

plant mitochondrial ND1, and liverwort chloroplast ndhl. The numbers indicate per—
centages of amino acid sequence homology between them in the region reported in water—
melon mitochondria (Stern et al., 1986).

The chloroplast genome shows some similarity to the human
mitochondria genome in the genes encoding components of the
transcription-translation system (rRNAs and tRNAs) and the electron-
transport system (H*-ATPase subunits, NADH dehydrogenase components,
and cytochrome complex). These results suggest some relationship be-
tween chloroplast genomes and mitochondrial genomes. However,
mitochondrial genomes contain genes for respiratory polypeptides {COIl to
I} as the specialized organelles for respiration, and chloroplast genomes
contains genes for photosynthetic polypeptides (rbcL, psaA to psaC, psbA
to psbG) as the specialized organelles for photosynthesis.

53



Chapter II Divergent mRNA transcription in the chloroplast psbB

operon

INTRODUCTION

Chloroplasts have their own genetic system (Whitfeld & Bottomley,
1983; Ohyama et al.,, 1986; 1988c; Shinozaki et al.,, 1986b; Umesono &
Ozeki, 1987; Ozeki et al., 1987). The entire gene organization of the
chloroplast genome has been elucidated for a liverwort, M. polymorpha
(Ohyama et al, 1986) and for a tobacco, N. tabacum (Shinozaki et al.,

1986b) by the determination of complete nucleotide sequences. Most
functionally related genes are clustered as seen in prokaryotic operons.

For instance, the clusters of chloroplast ribosomal protein genes have
similar orders to the S10- (Zurawski & Zurawski, 1985), spc- (Cerretti et
al., 1983), a- (Bedwell et al.,, 1985), and str- (Post & Nomura, 1980)
operons in E. coli. The H*-ATPase genes in chloroplasts are also
clustered as are the unc operon in E. coli and the gene clusters in
cyanobacteria {Cozens et al., 1986). The genes for the components of
photosystems and the photoelectron transfer complex, such as psaA-B,
psbD-C, and psbE-F in chloroplasts, are also clustered. One typical gene
cluster in spinach, psbB operon, has been well-characterized (Westhoff et
al., 1983), and the gene organization is well conserved in land-plant
chloroplasts (Courtice et al.,, 1985; Ohyama et al., 1986; Shinozaki et al.,
1986b; Rock et al.,, 1987). -
Genes on the same DNA strand have been found to overlap in
several genomes such as those of coliphages ¢X174 and G4 (Sanger et al.,
1977, Godson et al, 1978) and virus SV40 (Fiers et al., 1978). The

bovine mitochondrial genes A6L and ATPase-6 also overlap by 40

nucleotides (Fearnley & Walker, 1986). In chloroplasts, except for liver-

wort (Ohyama et al, 1986) and pea (Zurawski et al., 1986), the stop
codon of the gene encoding the B subunit of H*-ATPase, atpB, overlaps

the initiation codon for the ¢ subunit, atpE (Krebbers et al., 1982;

Zurawski et al., 1982). In these genes, the overlapping patterns can be
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seen either in a single transcript for multiple genes or within two
transcripts of the same DNA strand. On the other hand, few genomes
have been found to have divergently overlapped genes, which are encoded
on both DNA strands in the same regionn. RNA [ and RNA II involved
in ColEl plasmid replication have complementary sequences that control
the function of the other sequence (Tomizawa et al, 1981; Tomizawa &
Itoh, 1981). The O protein gene in the early transcripts from the right
promoter in bacteriophage A overlapped the 00pRNA coding sequence in
the complementary DNA strand {Schwarz et al, 1978). Schwarz et al.
(1981) have reported the presence of overlapping transcripts in the in
vitro transcription system of maize chloroplasts. The liverwort ORF43
gene was located on the complementary DNA strand between psbB and
psbH genes in the psbB operon. The genes in the psbB operon were co-
transcribed as a single transcription unit. Recently Tanaka et al. (1987)
observed a transcription initiation site upstream from psbB gene, but did
not detect a transcription initiation site in the spacer region between
psbB and psbH genes. However, the ORF43 gene on the complementary
DNA strand to the psbB operon was actively transcribed in the liverwort
chloroplasts in vivo. This is the first report to demonstrate divergently

overlapping transcription in chloroplasts.

MATERIALS AND METHODS
Isolation of chloroplast RNA

Chloroplast RNA was prepared and purlfled by repeated Sarkosyl-
phenol extraction, LiCl precipitation, and ethanol precipitation from a
suspension of cultured cells of a liverwort, M. polymorpha (Ohyama et
al, 1982; Yamano et al.,, 1984). Total RNA of the pea P. sativum var,
Alaska from the seedlmgs illuminated for a certain time was provided by
Dr. Y. Sasaki (Sasaki et al., 1985).
Preparation of DNA fragment

Plasmid pMP710 consisted of Pstl eleventh fragment of liverwort
chloroplast DNA and a cloning vector pUC18 (Ohyama et al.,, 1988a).
Restricted DNA fragments were run on 0.7-1.2% preparative agarose gels
or 3.5-8% polyacrylamide gels and eluted from the gels electrophoretically
(Maniatis et al., 1982).
Labeling of nuclelc acids

For probes of S1 nuclease protection %réalysis, the 5'-ends of
restricted DNA fragments were labelled with [y-°“P] ATP (5000 Ci/mM,
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Amersham) by polynucleotide kingge (Takara Shuzo). .The 3'-ends of DNA
fragments wef'eplagg[led with [a-gﬁP] dCTP (3000 Ci/mM, Amersham) by
Klenow fragment of DNA polymerase I (Takara Shuzo). The _labelled
double-stranded DNA fragments were digested with a restriction en-
donuclease. Either the 5'- or the 3'-end-labelled DNA frggme_nts g%re
separated electrophoretically. For the hybridization probe, in vitro “7F-
labelled transcripts from pSP64 vector (Melton et al., 1984) containing
appropriate chloroplast DNA fragments were used,
Filter hybridization _

Liverwort chloroplast RNA or total pea RNA (10 pg/lane) was dis-
solved in 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH
7.0) containing 1 mM EDTA, 2.2 M formaldehyde and 50% form‘amide,
heated at 65°C for 5 min and quenched on ice. Electrophoresis was
then done on 1% agarose gel in 20 mM MOPS buffer containing 1 mM
EDTA and 2.2 M formaldehyde. Fractionated RNA was blotted to
membrane filters (Zeta probe, Bio-Rad Laboratories) by capillary action
with 20 X SSC buffer, and fixed by being baked at 80°C for 2 hours in
vacuo. Prehybridization was done at 45°C for 4 hours in 6 x SSC buffer
containing 50% formamide, 0.5% SDS, 0.1% Ficoll, 0.1% polyvinylpyr-
rolidone, 0.1% BSA, and 200 ug/ml heat-denatured calf thymus DNA.
Hybridization was performed at 45°C overnight in the same buffer. The
membrane filters were then washed with 2 X SSC buffer containing 0.1%
SDS at room temperature, with 1 X SSC buffer containing 0.1% SDS at
65°C, and again at 65°C with 0.1 X SSC buffer containing 0.1% SDS.
Autoradiography was done with exposures of from 1 hour to 3 days on
X-ray films (RX, Fuji Photo Film Co., Ltd.).
S1 nuclease protection analysis

S1 nuclease protection analysis was involved the procedure of Berk
and Sharp (1977) with a slight modification. DNA probes were labelled
and purified as described above., For hybridization, 30 u g chloroplast
RNA preparations were incubated with labelled probes in 40 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) buffer (pH 6.4) containing
80% formamide, 0.4 M NaCl, and 1 mM EDTA for 30 min at 75°C and
then for 4 hours at 20°C. The mixture was diluted (1:10) with 30 mM
NaOAc buffer (pH 4.6} containing 250 mM NaCl and 4 mM ZnSO,, and
incubated with S1 nuclease (1000 units/ml, Takara Shuzo) at 20°C for 30
min. After repetitive phenol extraction and iso-propanol precipitation, the
samples were ele.ctrop}}oresed on 6%32po!yacrylamide gel containing 50%
urea together with size markers {(““P-labelled Hpall-generated pBR322
DNA fragments) and with chemically cleaved sequence ladders {Maxam &
Gilbert, 1977).
In vitro capping analysis of chloroplast RNA in vivo

The conditions of the in vitro capping reaction were generally as
described by .Monroy et al. {1978} and Strittmatter et al. (1985). First,
100 pg of liverwort chloroplast RNA was capped at the triphosphate-

bearing 5'-ends in 100 ul of reaction mixture containing 50mM Trisa— Cl,
P]

pH 7.9, L.25 mM MgCly, 6 mM KCl, 2.5 mM DTT, 200

z , y 2. , pCi of [a
GTP (400C1/mM,.Amers am), and 8 units guanylyltransferase (Bethesda Re-
search Laboratories} for 120 min at 37°C. The reaction was stopped by
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the addition of 5 ul of 10% SDS followed by repeated phenol/chloroform
extraction. The mixture was precipitated by ethanol with ammonium
acetate two times to remove free radioactive GTP.

The hybridization method "Southern Cross" (Potter & Dressler, 1986)
was modified. The labelled RNA was separated on agarose gel and
blotted on a nylon membrane (Gene Screen, New England Nuclear Corp.)
as described above. On the other hand, non-radioactive DNA fragments
containing the psbB, ORF43, psbH, and petB/D regions were generated by
Rsal digestion of the Pst-eleventh fragments of chloroplast DNA (see Fig.
4), separated on agarose gel and blotted onto Zete-probe membrane in

the usual way. The membrane was baked for 2 hours at 80°C and
prehybridized with hybridization buffer containing 50% formamide for 16
hours at 45°C. Then the radioactive membrane and non-radioactive

membrane sandwich was constructed, heated for 20 min at 80°C, and
hybridized for 16 hours at 42°C as described by Potter and Dressler
(1986). The recipient membrane was washed for 4 X 5 min at room
temperature in 2 X SSC, 0.1% SDS, and then for 2 X 40 min at 48°C
in 1 X SSC, 0.1% SDS, after which the membrane was dried and
autoradiographed.

RESULTS
Gene organization of the chloroplast psbB gene cluster and ORF43 loci.

The genes psbB, psbH, petB, and petD encode the 51-kDa

chlorophyll a binding protein (Morris & Herrmann, 1984), the 10 kDa
photosystem II phosphoprotein (Westhoff et al.,, 1986; Hird et al.,, 1986),
cytochrome b6, and subunit IV of the cytochrome b6/f complex {Westhoff
et al,, 1983), respectively. The order and orientation of these genes are
well-conserved among - chloroplast genomes in spinach (Westhoff et al.,
1983), pea (Courtice et al.,, 1985), tobacco (Shinozaki et al., 1986b},
majze (Rock et al.,, 1987), and liverwort (Ohyama et al.,, 1986; Fukuzawa
et al, 1988). These genes grouped together have been designated as the
j@ operon (Westhoff et al., 1986). No gene has been mapped in the
Spacer region between psbB and psbH genes; nevertheless, there is a
fairly large spacer region. The results of overall DNA sequence analyses
of liverwort chloroplasts, such as the G/C content, codon usage pattern
(eXtremely high A/U preference for the third letter in the codons), and
secondary structure of nucleotide sequence, suggest that there are two
possible reading frames between psbB and psbH (Fig. 1). They are desig-
hated as ORF35 and ORF43, and consist of 35 and 43 amino acid
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residues, respectively. Surprisingly, ORF43 was on the DNA strand op-
posite to that of the psbB operon. Thus, the nucleotide sequence be-
tween the psbB and psbH genes in the liverwort chloroplast genome is
efficiently filled with genetic information such as reading frames, stem-

loop structures, and promoter elements.

Transcription of the ORF43 gene and psbB operon in liverwort

chloroplasts
Systematic Northern hybridization has performed to detect the

transcripts of the ORF43 gene and psbB operon. Strand-specific
hybridization riboprobes were prepared for psbB (EcoRI-Pstl fragment),

anti-ORF43 (Rsal-Rsal fragment), and petB/D (Rsal-Rsal fragment) in the

psbB operon, and for ORF43 (Rsal-Rsal fragment) encoded on the com-
plementary DNA strand of the psbB operon (Fig. 2). A primary
transcript was detected (4.9 kb, lanes 1-3 in Fig. 2 and also see band a
in Fig. 4) for the psbB operon, The size of the primary transcript was
in good agreement with the results of our S1 protection analyses done to
identify the initiation and termination sites of the primary transcript in
the psbB operon (unpublished data). The presence of introns in the petB
and petD genes (Fukuzawa et al.,, 1987) and various processing sites gave
complicated hybridization patterns in the transcripts of the psbB operon
(see also Fig. 4), The hybridization patterns of psbB, petB, and petD in
liverwort were similar to those reported for other plant species (Westhoff
et al., 1983; Morris & Herrmann, 1984; Rock et al., 1987; Westhoff et
al,, 1986}, On the other hand, Northern hybridization with a strand-
specific probe for the ORF43 gene gave a simple hybridization pattern
consisting of two bands (230 and 350 nucleotides long; lane 4 in Fig, 2).
The DNA region containing ORF43 is unique in the chloroplast genome.
It was confirmed by the homology analysis of the entire chloroplast
sequence and excluded the possibility that the transcripts for ORF43 do
not originate from another loci of the chloroplast genome. These sizes

are long enough to encode a polypeptide with 43 amino acid residues.
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Fig. 2. Northern blot hybridization of the liverwort chloroplast RNA with specifiC
riboprobes. A. Gene organization of liverwort chloroplast psbB operon and ORF43 gene.
B. Northern hybridization analysis. Lane 1, psbB probe containing an internal portion
in the psbB coding sequence; lane 2, anti-RNA probe of ORF43 containing RsaI-generated
fragment (298 bp); lane 3, petB/D probe covering from the petB second exon to the petD
second exon; lane 4, ORF43 probe containing Rsal-generated fragment (298 bp) in the OP~
posite direction fraom the probe in lane 2. Numbers (kb) indicate the size of various
transcripts (see also Fig. 4).
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S1 protection analysis of ORF43 mRNA showed a single initiation site
and two termination sites (Fig. 3). The initiation site was 47 nt
upstream from the first AUG codon of ORF43 (panel A in Fig. 3). The
termination sites were 50 nt and 170 nt downstream of the termination
codon (arrows in panel B, Fig, 3). A signal 50 nt downstream was at
the root of a long stem-and-loop structure, and another signal 170 nt
downstream was within the ORF35 gene with the opposite orientation.
To locate the overlapping region of the ORF43 transcript in processed
mRNA for the psbH gene, SI nuclease protection analysis was done with
5'-end-labelled DNA fragment covering psbH and upstream {(panel C in
Fig. 3). There were four signals derived from the different lengths of
the 5'-leader sequences of the psbH gene. The major nearest signal from
the translational initiation codon was about 50 nt upstream (arrow in
panel C, Fig. 3) and overlapped divergently by a few nucleotides with the
5'-leader sequences of the ORF43 mRNA.

To locate the primary transcription initiation sites in the psbB
operon and ORF43 gene on the complementary DNA strand, in vitro
chloroplast RNA-capping and hybridization experiments were done (Fig. 4).
The primary transcript (4.9 kb: band a) was not observed in the
autoradiogram because probably of less efficient transfer of large capped
molecules from membrane to membrane, There were two slightly capped
molecules corresponding to precursor transcripts; the mRNA in which the
first intron in petB gene was spliced (4.4 kb: band b) and the mRNA in
which both introns in petB and petD genes were spliced out (3.9 kb: band
c). This observation also coincides with that of the ordered splicing of
the introns in the maize psbB operon (Rock et al., 1987). Major capped
molecules corresponded to the mRNA encoding for psbB to psbH (2.5 kb:
band d) and the mRNA encoding for psbB and ORF35 (2.0 kb: band e).
These results indicate that rapid processing of the primary transcript oc-
curred at both the 3'-flanking region of ORF35 gene and the 3'- flanking

region of psbH gene (Fukuzawa et al,, 1987), This fact coincides with
presence of monocistronic mRNA for psbH gene (Westhoff et al., 1986).
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Fig. 3. S1 nuclease protection analysis of ORF43 transcripts and the 5'-terminal of
psbH mRNA. (A) 5'-end of ORF43 transcript. The 5'-labeled Sau3AI-BstNI fragment (310
bp) covering ORF43 and psbH was used as a hybridization probe. Lanes G-A and T-C indi-
cate the chemical cleavage ladders specific to the respective bases; lane S1 is for S1
nuclease treatment with chloroplast RNA. The arrow shows the initiation site and the
direction of the transcript. (B) 3'-ends of ORF43 transcripts. The 3'-end labeled
HindIII-TagI fragment covering ORF 43 and psbB was used as a probe. Lane M, the size
standard of the pBR322-HpaIl digest; lane 1, S1 nuclease treatment without chloroplast
RNA; lane 2, S1 nuclease treatment with chloroplast RNA; lane 3, probe prepared without
S1 nuclease treatment. Arrows indicate major signals. (C) 5'-end of mRNA processed
for the psbH. The 5'-end-labeled BstNI-HinfI fragment was used as a probe. Lanes M, 1,
2, and 3 are the same as in panel B. Arrows indicate a signal for major processed psb
mRNA.
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Fig. 4. Southern-cross hybridization of in vitro capped transcripts for psbB operon
and ORF43. A. An autoradiogram. DNA fragments were run from left to right in agarose
gel and blotted onto membrane. The in vitro capped chloroplast RNA was run from top to
bottom and blotted on membrane. B. A schematic presentation of the autoradiogram. C.
Physical map, gene organization, and alignment of the detected transcripts. The PstI-
eleventh fragment of liverwort chloroplast DNA covering from the psbB gene to the petD
géne was digested by RsaI. The resulting fragments except the small fragments are
shown. 1, the DNA fragment from the ORF35 gene to psbH gene; 2, from psbH to petB; 3,
from petB to petD; 4, psbB; 5, from ORF35 to ORF43; 6, petD. See the text for the ex-
Planation of the bands (a to i).

63



A significant capped molecule (1.7 kb: band f) containing only psbB
coding region was also observed. It was not expected that a significant
capped molecule appeared in the intron and coding region for the petD
gene {1.0 kb: band h). There is no reason why it was capped although a
similar capped signal was also suggested in petD intron of maize psbB
operon (Rock et al., 1987). Shorter capped mRNA for psbB gene was
also detected (1.3 kb: band g) This may be due to the degraded
product of band d, e, and f. A wide band with 1.4 kb length is due to
the contaminated mRNA for psbA protein which is most abundant in
vitro-capped RNA in chloroplasts. Two different capped RNA molecules
were also observed in the ORF43 region (band i and j). These signals
were in good agreement in size to the two bands in ORF43 Northern
blot analysis {Fig. 2) and Sl protection analysis (Fig. 3). These capping
experiments, therefore, demonstrated two transcription initiation sites: one

for psbB operon and one for ORF43 gene.

Light induction of ORF43 transcripts

The RNA preparation from pea seedlings was used in Northern
hybridization to evaluate the light induction of ORF43 mRNA because of
the efficient light induction of mRNA in pea seedlings (Sasaki et al.,
1985) and the conserved organization of the psbB operon in pea (Courtice
et al, 1985), A single species of ORF43 mRNA was detected in pea by
Northern hybridization with a liverwort ORF43 probe, although liverwort
ORF43 mRNAs were composed of two heterogeneous RNAs in terms of
their 3'-termini. The amount of ORF43 mRNA that accumulated as the
period of illumination increased is shown in Fig. 5. There is no detec-
table mRNA for ORF43 in pea seedlings grown in the dark, The

transcript for ORF43 gene is accumulated under light
chloroplasts.

illumination in
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Fig. 5. Light induction of pea transcripts homologous to liverwort ORF43. Pea total
RNA was extracted from pea seedlings that had been illuminated different amount of time
after 7 days growth in the dark (Sasaki et al., 1985). Lane 1, O hr.; lane 2, 24 hr.;
lane 3, 48 hr.; lane 4, 72 hr.; lane 5, liverwort chloroplast RNA (0.5 x 10-3mg).
Liverwort ORF43 probe was used for Northern hybridization (see lane 4 in Fig. 3).

DISCUSSION

Comparison of the genes between psbB and psbH with those in other

plants
The nucleotide sequences between psbB and psbH have been deter-

mined in spinach (Morris & Herrmann, 1984; Westhoff et al., 1986), in
tobacco (Shinozaki et al., 1986b), in maize (Rock et al., 1987), and par-
tially in wheat (Hird et al., 1986). The genes homologous to liverwort
ORF43 and ORF35 could be deduced from their DNA sequences. The
amino acid sequences in liverwort ORF43 and ORF35 are compared to
those of the ORFs from other species in Fig. 6. The amino acid
sequence of liverwort ORF35 had high homology (85.7%) with that in
tobacco and maize, although the reading frame in tobacco is composed of
34 amino acid residues and that in maize is 33 amino acid residues.

The amino acid sequence of liverwort ORF43 showed 86.0%, 86.0%, and
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ORF43

Liverwort METATFVAIF]SCLLISFTGYALYTAFGOPSNELRDPFEEHED 43

Spinach :::::L::::::G::V:::::::::::::::QQ::::::::G: 43 ( 86.0Z )
Tobacco {(MIR):z::: ::::::G::V:::::::::::::::QO::::::::G: 43 or 46 ( 86.0Z )
Maize :::::L:::S::G::V:::::::::::::::QQ::::::::G: 43 83.7% )
ORF35

Liverwort MEALVYTFLLVGTLGI IFFAIFFREPPKVPSKGKK 35

Tobacco :::::::::::S::::::::::::::::::T:KN 34 ( 85.72 )

Maize :::::::::::S::::::::::::::::::T:K 33 ( 85.72 )

Fig. 6. Comparigon of amino acid sequences deduced froam the nucleotide sequence of
liverwort ORF43 and ORF35 with those of the corresponding ORFs from the following
species: spinach {Morris and Herxmann, 1984; Westhoff et al., 1986); tobacco (Shinozaki
et al,, 1986); maize (Rock et al., 1987). The mumbers of amino acid residues are shown

at the end of the sequences.

=35 -10
srars a2
iverwort -TATCAG-ATT-AG —TAT-~ _
Maize trzzni Tl AiTi-i—::-C: T‘é(;GTfTGTfAC;ImA
Tobacco  ::::::T-:C-:::T—:T:::C: :CCG:_:(;::--__'i'
Spinach  ::r:::T-::~G::T-AT:::C: :CCG:—:G::::——T
Wheat trrzresTi—12:T-TA::-C: CCG—G:. :

OR
MTATAC—AT—TAAMJ\TATA—CCA'I'I‘AT—T—'I'IEGM——CI‘ACC————EI:%;ACA:%gi:

====C::g::ag:'1'I'I‘C:::G:T:::::G:AA:C:::A::'I'I‘:::—-——--—----A .......
2:=3—316::CC::~TC:3:6:T22:2:G606:Cr 2 s As s—TTTTATAAATATGA: : G223 2 1
A «TT- thTiifg IEEHU SR EEE
11~ —TG::TT::-TC:::G:Te::::6:66:C::AA: s TTATC————————— ;1 :T232222:
::::C::6::-C:TTTCG: :G:T: 2 :: Berrer

Fig. 7. Comparison of nucleotide sequences of the 5'-flanking region of ORF43. Liver—
wort nucleotide sequence upstream ORF43 is compared with that of other plants (Shinozaki
et al., 1986; Rock et al., 1987; Westhoff et al., 1986; Hird et al., 1986). Promoter

sequences  (-10 and -35 regions) are boxed. The arrow . T ’
ORF43 mRMA in liverwort. indicates the initiation site of
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83.7% homology with the reading frames deduced from the DNA
sequences in spinach (Morris & Herrmann, 1984), tobacco (Shinozaki et al.,
1986b), and maize (Rock et al., 1987), although corresponding frame in
tobacco and an additional in-frame methionine codon in the upstream
region. The liverwort ORF43 locus had a high degree of sequence
homology with that of spinach, tobacco, and maize only when one of the
six reading frames was taken. The liverwort ORF35 locus gave similar
results. These observations suggest the high reliability of small open
reading frames.

The nucleotide sequences between ORF43 and psbH are compared in
Fig. 7. The transcription initiation site in liverwort ORF43 was iden-
tified by S1 nuclease protection analysis. In vitro capping experiments
for the ORF43 gene also showed that there was primary transcription in-
itiation site in the region of the opposite DNA strand of the psbB
operon. The promoter elements (-35 and -10 regions) for ORF43 gene
were well-conserved among green plants. The stem-and-loop structure
could be constructed on the mRNA for ORF43 as shown in Fig., 8A.
This structure may corresponding to the termination signal for ORF43
transcription. On the other hand, the precursor mRNA for the psbB
operon also form one stem-and-loop structure (-A G= 23.0 kcal) between
ORF35 and the psbB, two structures (- AG = 38.3 kcal; - AG = 9.24 kcal)
between ORF35 and psbH. These structures may correspond to the

processing signals for the primary transcripts.

Possible function of divergent transcripts in an operon

There have been reports describing that gene expression in plastids
of higher plants can be efficiently controlled by the RNA stability in
post-transcriptional level as a result of environmental changes and/or
developmental process (Mullet & Klein, 1987; Deng & Gruissem, 1987).
Our experimental results obtained from the liverwort cultured cells grown
photomixotrophically under continuous illumination (Katoh, 1983) imply that

gene expression in the psbB operon consisting of two deferentially
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Fig. 8. Possible secondary structures in the spacer regicons of ORF43 mRNA (A) and
precuarscr mRNA for pshB operon (B). Base pairings are shown by one dot for G-U pairing
and two dots for GC and A-U pairings., Computer analysis was done by IDEAS-SEQL program
(Kanehisa, 1982) with parameters (@MAX, -5.0; LWID, 80; LHMAX, 25; LIMAX, 15; LBMAX, 10;
LEN, 100). The stemand-loop structure with the highest free energy was shown when the
overlapped secondary structure can be formed. Numbers indicate free energy (- G).
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expressed groups of genes, for components of photosystem II and
cytochrome b6/f complex, is regulated by the divergently overlapped
transcription as well as developmental stages.

Divergently overlapping transcripts within an operon have several
effects on gene expression during either transcription or translation. The
complementary RNA is a highly specific inhibitor that helps to regulate
in plasmid replication (Tomizawa et al.,, 1981; Tomizawa & Itoh, 1981;
Rosen et al.,, 1981) and bacterial or phage gene expression (Mizuno et al.,
1984; Green et al.,, 1986). In chloroplasts, the expression of the psbB
gene has been said to be light inducible (Westhoff et al., 1983). In our
experiments, the pea chloroplast ORF43 gene was also found to be ac-
tively transcribed with the light. On the other hand, mRNA for the
psbH, petB, and petD genes has been reported to be present in etioplasts
in the dark (Westhoff et al.,, 1983; Westhoff et al., 1986). In vitro cap-
ping experiments showed that there was a single transcriptional initiation
site upstream from the psbB gene in the psbB operon (Fig. 4). These
observations suggest the presence of controlled mRNA processing or
premature transcription termination for gene expression in the psbB
operon,

There are several possible explanations of the regulation of mRNA
processing, RNA is generally transcribed unidirectional from double-
stranded DNA by RNA polymeirase. When different messages are encoded
on both strands in the same region, RNA polymerase molecules faces
each other in simultaneous transcription, resulting in the inhibition of
mRNA synthesis. However, this possibility is unlikely because of the high
copy number of the genome in chloroplasts. Another possibility is that
the ORF43 mRNA acts as a p -independent terminator (Yanofsky, 1981)
for premature termination in the psbB operon because light-inducible
transcripts for ORF43 form double-stranded RNA structure with the
primary transcripts of the psbB-operon. The transcription of the follow-
ing psbH, petB, and petD genes will be then repressed during illumination.

Consequently, this explanation coincides with the fact that amounts of
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transcripts for these genes (psbH, petB and petD) do not change under
Hght illumination. Finally, translational regulation by anti-sense RNA is
also one function of messenger RNA interfering complementary (mic) RNA
(Mizuno et al.,, 1984). The primary transcripts of psbB operon may have
the function of micRNA for ORF43 gene expression. The transcripts of
the psbB operon are processed to make a monocistronic mRNA for the
psbH gene and two dicistronic mRNA for the psbB-ORF35 and petB-petD
genes as translatable mRNA (Westhoff et al., 1986; Rock et al.,, 1987;
Fukuzawa et al.,, 1987; and this chapter). This fact suggests that the
ORF43 mRNA is present as a translatable mRNA, probably because of
rapld RNA degradation of antisense RNA. On the other hand, our ex-
perimental results that the 5'-end of mature mRNA for psbH overlapped
the 5'-end of ORF43 mRNA by only a few nucleotides indicate that the
ORF43 mRNA may not function as micRNA for monocistronic mRNA of
psbH. There is no evidence for micRNA regulation in chloroplasts.
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CHAPTER Il Ordered processing and splicing in a polycistronic

transcript in liverwort chloroplasts

INTRODUCTION

In the previous paper, reporting the first case of a trans-split gene
in chloroplasts (Fukuzawa et al, 1986), two ORFs, ORF47 and ORF80,
were described in the upstream region of rpsi2'. Later, however, we re-
interpreted these ORFs as exons of a split gene that, together with a
third ORF, form a gene designated ORF203 (Ohyama et al,, 1986). The
ORF203 was a unique gene with two cis-introns, 518 and 380 nucleotides
long. The second intron is the smallest group II intron in the liverwort
chloroplast genome.

In the case of "eukaryotic" (nuclear-encoded) split genes, the
processing order of transcripts has been characterized in detail (Padgett
et al, 1986}, The 5'-end of the precursor RNA is immediately modified
by a capping enzyme after the initiation of transcription and the 3'-end
of the RNA is generated by poly(A) addition after transcription is ter-
minated. These processing events commonly precede RNA splicing, al-
though poly(A) addition and RNA splicing are not mechanistically coupled
(Zeevi et al.,, 1981), On the other hand, nothing is known about the
processing and splicing of multiple introns in the chloroplast genes of
land plants. The order of processing of polycistronic precursor mRNA
molecules, 1ncluding the splicing of multi]jle introns, in the ORF203-
rps12'-rpl20 gene cluster transcripts of M. polymorpha chloroplasts.

MATERIALS AND METHODS
Preparation of recombinant plasmid DNA

Plasmid pMP727 consists of a DNA fragment (Pstl fragment 6 in
Fig. 1A) from liverwort chloroplast DNA and pBR322. Plasmid DNA was
prepared as described by Maniatis et al.,, (1982). DNA restriction frag-
ments were recovered by electrophoresw on an agarose gel with a low
melting point (BRL).
Preparation of liverwort chloroplast RNA

Liverwort chloroplasts were isolated either from a two-week-old
suspension of cultured cells or from one-day-old exponentially growing
cells in fresh medium (Ohyama et al., 1982). Chloroplast RNA was ex-
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tracted and purified by repetitive phenol extraction and et}_xanol precipita-
tion as described by Yamano et al, (1984). For primer extension
analysis, chloroplast DNA in the RNA preparation was removed byorepetl-
tive LiCl precipitation (final concentration of LiCl was 2 M, at 4°C) and
ethanol precipitation.
Northern blot hybridization analysis -

Oligodeoxyribonucleotides {15-mer) were used as specific probes to
each exon and intron. Splicing probe for spliced RNA molecules con-
sisted of 8 nucleotides complementary to the 3' end of an exon and 8
nucleotides complementary to the 5' end of the next exon. The probes
were synthesized , with a Shimadzu NS-1 DNA synthesis apparatus and
labelled with [ v-32PJATP (Amersham International, Inc., 5000 Ci/mmol)
using T4 polynucleotide kinase (Takara Shuzo Co., Ltd.). Each probe was
purified by 15% polyacrylamide gel electrophoresis. The locations and
nucleotide sequences of the probes are shown in Fig. 2. Liverwort
chloroplast RNA (about 10 ug/lane}) with chloroplast DNA was heat-
denatured, fractionated by electrophoresis in a 1% agarose gel containing
6% formaldehyde, and transferred to a nylon filter (Kohchi et al, 1988b},
Prehybridization was dene at 65°C for 4 hours in 6 X SSC buffer con-
talning 0.5% SDS, 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA, and
200 wg/ heat-denatured calf thymus DNA. Hybridization with in-
dividual °“P-labelled probes was performed at 42°C overnight in the same
buffer. The membrane fiiters were washed with 2 X S8SC buffer contain-
ing 0.1% SDS at room temperature and finally with 1 X SSC buffer con-
taining 0.1% SDS at 42°C for 30 min. Autoradiography was carried out
by 1- to 3-day expnsures of X-ray film (RX type, Fuji Photo Film Co.,
Led.).
S1 nuclease protection analysis

S! nuclease protection analysis was done by a slight modification
of the procedure of Berk & Sharp (1977). DNA probes were labelled and
purified as described :3.1:»0\/(-5.2 For hybridization, the chloroplast RNA (30
ug) was incubated with P-labelled probes and S! nuclease was added
(1000 units/ml) as described by Kohchi et al.,, {1988b). The samples were
electrophoréegsed on a 6% polyacrylamide gel containing 50% urea with size
markers (““P-labelled Hpall-digested pBR322 DNA fragments) and with
chemically cleaved sequence ladders (Maxam & Gilbert 1980).
Primer extension and cDNA sequencing

The primer ~extension and cDNA sequencing experiments were
carried out with 5'-end-labelled oligonucleotide as a primer for 30 u g of

chloroplast RNA by a procedure described before (Williams & Mason 1985,
Fukuzawa et al.,, 1987).

RESULTS AND DISCUSSION
Gene Organization

The gene organization and the nucleotide sequence in the ORF203

region are shown in Figs. 1 and 2, respectively. The coding sequence for
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Fig. 1. A, location of ORF203 gene on the PstI restriction map of a liverwort
chloroplast DNA. IR shows an inverted repeat. Genes psbA and xbcl are shown as
landmarks. A Pstl fragment (Ps6) contains the ORF203 gene. B, The organization of the
ORF203 gene cluster in liverwort chloroplast genome. The arrows indicate the direction
of transcription. The hatched boxes indicate the regions of introns. ORF203, open
reading frame consisting of 203 amino acid residues; rpsl2', ribosomal protein S12 first
exony rpl20, riboscmal protein L20; rpsl8, ribosomal protein S18; rpl33, ribosamal
Protein L33; pshB, S51-kDa chlorophyll a apoprotein in the photosystem IT,
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ORF203 is followed by the first exon of ribosomal protein S12 (rpsl2')
and the ribosomal protein L20 gene (rpl20). On the opposite DNA strand,
upstream from the gene cluster, there is a gene (psbB} for the photosys-
tem II 51-kDa polypeptide. Downstream from the ribosomal protein L20
gene (rpl20), a gene cluster of the ribosomal proteins L33 (rpl33) and S18
{rps18) is present, as on the opposite strand,

RNA processing

To examine the RNA processing and splicing of an ORF203
transcript, Northern blot hybridization was done with radioactively labelled
synthetic oligodeoxyribonucleotides as probes. All probes specific to
nucleotide sequences for ORF203 and rpsl2' (exon 1) hybridized to the
primary precursor RNA molecules (3.00 kb, Pl in Fig. 3), which were
long enough to cover the coding sequences from the ORF203 first exon
(exon 1) to the rpl20 genes. These results indicate that the ORF203
gene was co-transcribed with the genes downstream. An RNA band (1.55
kb, a in Fig. 3) was detected by the probes of the ORF203 exons {exons
1, 2, and 3) and by those of the introns (introns 1 and 2). A second
RNA band (1.05 kb, b in Fig. 3) was detected by the probes of each
exon (exons 1, 2, and 3) and by intron 2 of ORF203, but not intron 1.
A third RNA band (0.70 kb, m in Fig. 3) was detected only by the
probes of the exons {(exons 1, 2, and 3) of ORF203. These results indi-
cate that the ORF203 gene was interrupted 'by two introns and that the
RNA band (0.70 kb) was the mature mRNA for the ORF203 gene. The
hybridization pattern of the rpsi2' probe was quite different from the
patterns of ORF203 probes, indicating the processing between ORF203 and
Ipsl2'. The processing point between ORF203 and rpsl2' was detected by
S1 nuclease mapping (Kohchi et al., 1988d).

To detect spliced RNA molecules directly, Northern hybridization
was performed wusing ¢two kinds of probes made of
oligodeoxyribonucleotides complementary to the spliced RNA junction (Fig.
4), One splicing probe (exon 1 connected to exon 2) hybridized to both
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Fig. 3. Northern blot hybridization to chloroplast RNA with probes specific to each
region. A. lane 1, ORF203 first exon (exon 1); lane 2, ORF203 first intron (intron 1);
lane 3, ORF203 second exon (exon 2); lane 4, ORF203 second intron (intron 2); lane 5,
ORF203 third exon (exon 3); lane 6, rpsl2' (S12 first exon). Pl with an arrowhead indi-
cates precursor mRNA, m with an open arrowhead shows mature mRNA for ORF203. The posi—
tion and sequence of each probe are shown in Fig. 2. The sizes, in kilobases, are cal-
culated from the size markers (BRL RNA ladders) in gel stained with ethidium bromide.
B. Main scheme of ordered processing of ORF203 mRNA. The thick arrow indicates the in-
tercistronic processing site. Dotted boxes indicate the exons of ORF203 transcripts.
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Fig. 4. Northern blot hybridization to chloroplast RNA with specific probes (splicing
probes). A. Lane 1, oligodeoxyribonucleotide (16-mer) probe composed of 8 nucleotides
camplementary to the 5'-end of the ORF203 second exon and 8 nucleotides complementary to
the 3'-end of the ORF203 first exon; lane 2, oligodeoxyribonucleotide (16-mer) probe
composed of 8 nucleotides camplementary to the 5'-end of the ORF203 third exon and 8
nucleotides complementary to the 3'-end of the ORF203 second exon. B. Sequences of each

probe are shown.
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the 1.05-kb and 0.70-kb RNA molecules. A smaller RNA molecule than
the mature mRNA (0.7 kb) for ORF203 was also seen. This molecule
may be an artifact. The other splicing probe (exon 2 connected to exon
3) hybridized to the 0.70-kb RNA molecule only. Neither probe
hybridized to chloroplast DNA molecules. These results indicate the oc-
currence of accurate splicing at the sites predicted from the primary and
secondary structure of the nucleotide sequences. The splicing probe (exon
1 connected to exon 2) hybridized to the 1.05-kb RNA which contains in-
tron 2, but not intron 1, in addition to the 0.7-kb mature mRNA. On
the other hand, the splicing probe (exon 2 connected to exon 3) did not
hybridize to any 1.25-kb RNA that would correspond to a precursor RNA
with intron 1, but not intron 2. These observations indicate that the
splicing of the ORF203 transcript most likely occurred in sequence,
beginning with intron 1, followed by intron 2.

Genes in the Eu. gracilis chloroplast genome have multiple introns
in the coding sequences, and conserved secondary structures on introns
have been described {Montandon & Stutz 1983; Karabin et al.,, 1984; Kol-
ler et al, 1984; Keller & Michel 1985; Hallick et al.,, 1985). The gene
psbA of Eu, gracilis has four introns in the coding sequence, The North-
ern analysis shows that the most abundant transcript of the psbA gene in
RNA preparations from different developmental stages of Eu. gracilis is
mature mRNA, although multiple unspliced precursor mRNA transcripts
have been detected (Hollingsworth et al,, 1984), Koller et al., (1985)
detected the several species of the precursor RNA of Eu. gracilis psbA

by electron microscopic observation. They showed that the four introns

are neither spliced out in the strictly random way, nor in a 5'-3' or 3'-

5' direction. However, introns found in Eu, gracilis were often smaller
than group II introns of land-plants.

I have observed different ratios of mature RNA to precursor RNA
in different stages of cultured cells. For example, chloroplast RNA

prepared from the stationary stage of cultured cells accumulated higher
proportion of precursor mRNA than of the mature mRNA (data not
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shown). The major portion of chioroplast RNA was then mature mRNA
in chloroplasts prepared from 1 to 2-day-old cultured cells transferred
into fresh medium, Such changes indicate that the variety of RNA
species from stationary-stage cells are not degradation products but RNA
processing intermediates, This facilitates us to investigate both the
processing of the primary transcripts and the splicing of introns in the
ORF203 gene. The major scheme of RNA processing including the splic-
ing reaction was as follows (Fig. 3B), The ORF203 gene including its

two introns was first co-transcribed with the downstream rpsl2' and rpl20

genes as a primary transcript. RNA processing between ORF203 and
rpsl2' occurred before the splicing of the ORF203 introns was completed.
The monomeric ORF203 RNA, which included two introns, was spliced,
deleting the first intron and then the second intron. A trace of RNA
that was spliced before RNA processing between ORF203 and rpsl2' was
detected. However, no trace of RNA that contained the first intron but
not the second intron was detected. Our results indicate that the splic-
ing order of multiple introns is consecutive in the liverwort chloroplasts.
Our data, however, do not exclude the possibility that the introns are
spliced with different efficiencies rather than a fixed order. The petB
and petD genes have an intron in their coding region, and the mMRNA is
present as a dicistronic molecule (Fukuzawa et al,, 1987). This is also
an example of pre-mRNA splicing of multiple introns in one transcript of
chloroplast genes. Rock et al.,, (1987) have suggested that the splicing of
the petB intron precedes the splicing of the petD intron in maize
chloroplasts. QOur results showed that 3'-end cleavage of the ORF203
mRNA precedes before the RNA splicing of the ORF203 is completed, al-
though a small fraction of the primary transcripts was also spliced. The
5'-ends of multiple rpsl12' transcripts observed in the tobacco chloroplasts
(Koller et al.,, 1987, Hildebrand et al, 1988) may correspond to inter-

cistronic processing products as describes here.
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Transcription [Initiation
To identify the Initiation site of transcription for an ORF203 gene

cluster, S1 nuclease mapping was done in the region between the ORF203
and psbB genes. As a probe, 5'-end-labelled DNA fragments covering the
spacer reglon between the ORF203 and psbB genes were hybridized with
chloroplast RNA prepared from exponentially growing cultured cells. The
broad multiple signal (Pl1) was seen at about 52 nt upstream from the
first methlonine codon of ORF203 (Figs. 5A and 5B). A faint single
band (arrowhead, P0) was also seen at around 240 nt upstream from the
first codon (Fig. 5A). Primer extension experiments were done with a
32p_iabelled synthetic primer (AACTTTCGGAACACC, corresponding to
exon 1 of ORF203). There was one major signal (P1) from the 5'-end of
a transcript that exactly corresponded to 52 nt upstream from the first
methionine codon obtained by Sl1 nuclease protection analysis (arrowhead,
Fig. 5C). Therefore, the ORF203 gene cluster was co-transcribed
polycistronically with the genes rpsl2' {exon 1) and rpi20 by the promoter
found at around 240 or 52 nt upstream from the ORF203 coding region.
The 52-nt upstream band was probably a major initiation site of
transcription for the ORF203 gene cluster, although the 52-nt leader

sequences may have been the result of processing from the 240-nt leader
sequence,

Secondary structures of the introns

The consensus boundary sequences of liverwort chloroplast introns of
group II are 5'-GUGPyYG ..... CUAPyPyNPyAPy-3' (Ohyama et al., 1986).
However, the 5'-end sequence of the ORF203 first intron (intron 1) is
AUGCG, and that of the ORF203 second intron ({intron 2) is UUGUG.

The 3'-end sequences of ORF203 introns also differ from the 3'-consensus

sequences found in other introns. Group II introns generally have the

configuration of 6 major stem-and-loop structures (Michel & Dujon 1983).
Intron 2, especially the stem I portion, is rich in A + U and is the

smallest intron in the liverwort chloroplast genome, Nevertheless, the in-
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trons form secondary structures similar to those of group Il introns (Fig.
6). Jacquier and Michel (1987) reported multiple exon-binding sites {EBS,
exon-binding sites in intron; IBS, intron-binding sites in the 5'-exon) in
group Il self-splicing introns. They showed that the EBSs and IBSs are
essential in affecting 5'-splice site selection in vitro. The sequences of
exon-binding sites (Internal Guide Sequence, IGS) in group Il introns were
also detected (Ozeki et al,, 1987) which are in good agreement with EBS
and IBS sequence. The secondary structures of liverwort ORF203 introns
have exon-binding sites that have complementary sequences to the 5' ex-
onic sequence (Fig. 6), as seen in a Jacquier-Michel model (1987}, al-
though intron 2 has only one EBS sequence,

An especlally characteristic structure of 12- and 15-bp hairpins
with UU and UA bulges on their 3'-sides (stem V) can be seen in the 3'-
end regions of ORF203 introns 1 and 2, respectively (boxes in Fig. 6).
This feature is commonly observed as a conserved configuration in group
II introns found in the Eu. gracilis psbA gene (Keller & Michel 1985).

However, intron 2 of ORF203 has an extra hairpin structure at stem VI
that is different from that of intron 1 of ORF203 and those of the
reported group II introns. The conserved 3'-APy sequence and spatial ar-
rangements in stem VI are crucial for correct 3'-splice site selection
(Schmelzer & Muller 1987), To confirm the precise splice junction of the
second intron, the mRNAs for ORF203 were sequenced using an
oligodeoxyribonucleotide specific for the third exon as a sequencing primer
(Fig. 7). The splice junction was exactly coincided with the results of
Northern hybridization analysis and the alternative 3' splice site was not
seen. The secondary structure was unusual, but our results demonstrated
that the 3'-splicing junction was positioned at a distance of 2 to 3 nt
from the last stem-loop structure, and a mismatched adenosine residue

that is a possible branching point was observed in the last stem-loop
structure.
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deduced mRNA sequences.

A, T,

In lanes G,

no dideoxynucleotide was added.

added.

0,

84



. . . - . . 60
liverwort MPIGVPKVPFRLPGEEDAVWIDVYNRLYRERLLFLGQQVDDE IANQLIGIMMYLNGEDES

tobacco torzerrzizsSisrirsSiVersrrroorsrsrsraBrsSeaSenrssLeVesSIeneT
spinach ssrrrzzzzozSrrzizoSeVee
- . . E— - 120

Jiverwort KDMYLYINSPGGAVLAGISVYDAMQFVVPDVHTICMGLAASMGSFILTGGEITKRIALPH
tobacco celesFrecrzsWeIP:s VAT eTeessRezsszzezennzszzzzozVessesnzlob

9 . . ; . . 180
liverwort ARVMIHQPASSYYDGQAGECIMEAEEVLKLRDCITKVYVQRTGKPLWVISEDMERDVEMS
tobacco sorrrzzesssFrBEA:TzeFVLzrzslozesETL:RzszsssnrzosVneoooosois
tiverwort AKEAKLYGIVDLVATENNSTIKN
tobacco tT::QAz:z::z::V: 716.47
Fig. 8. Comparison of the amino acid sequence of liverwort ON203 to the arino agid -

sequence deduced from tobacco chloroplasts (Shinozaki et al. 1986, Databank-EMBU release
12.0, complementary strand of position 72,465 - 74,504) and spinach X-gene (Westhoff
1985). Amino acid residues are shown by one-letter symbols and identical amino acid
residues are replaced by colons. Sequence hamology (%) to liverwort gene product is
given at the end of the seguence, Arrows indicate the splicing junctions in their
sequences.

Characterization of the QRF203 gene product

The characteristics of the ORF203 gene product were analyzed by
a computer for hydropathy of the protein. A putative trans-membrane
domain (Klein et al.,, 1985) was found at positions 91-107 of the amino
acid sequence (thickbar in Fig. 8) indicating that ORF203 gene product
could be associated with a chloroplast membrane. Generally, functionally
related genes form a cluster in the chloroplast genome (Ohyama et al.,
1986). The ORF203 gene product is not likely to be a chloroplast
ribosomal protein, although it is located in a ribosomal protein gene
cluster (rpsl2' and rpl20). Cluster analysis in a computer by the method
of Ward (1963) showed that the ORF203 gene product was related into
photosynthetic genes on the basis of amino acid composition (Sano &
Ohyama, unpublished results). In chloroplasts, thylakoid polypeptides are
translated on thylakoid-bound “ribosomes and stromal polypeptides are
translated on stromal ribosomes (Minami & Watanabe 1984). This strongly

suggests that major RNA processing between ORF203 and rps12' would be
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responsible for the sorting of membrane-bound ORF203 mRNA from the
mRNA for stromal ribosomal proteins S12Z and L20.

The tobacco chloroplast genome has been sequenced (Shinozaki et
al., 1986b). The region containing two ORFs (ORF74B and ORF73) in the
tobacco chloroplast genome corresponds to liverwort ORF203 when our
consensus sequences for introns are introduced in the tobacco chloroplast
sequence. The derived amino acid sequence of the corresponding tobacco
frame showed high homology (76.4%) to the liverwort ORF203 gene
product (Fig. 8). Twenty out of the 23 amino acids in exon 1 of
ORF203 are identical to a reading frame from the spinach 'X-gene',
which gives an unidentified transcript and is also on the opposite DNA
strand of the psbB gene (Westhoff 1985). SI1 nuclease protection analysis
of the X-gene suggested that there is active expression of liverwort
ORF203 homologue in spinach chloroplasts, although the presence of in-
trons in the X-gene has not been described (Westhoff 1985). Northern
hybridization also shows an abundance of mature mRNA for the ORF203
gene in the liverwort chloroplasts, These results suggest that the product
of ORF203 in the liverwort chloroplast genome is functional in

chloroplasts, associating with a chloroplast membrane,
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CHAPTER IV A nicked group II intron and trans-splicing in liverwort,
Marchantia polymorpha, chloroplasts

INTRODUCTION

A number of chloroplast genes are interrupted by introns and thus
require post-transcriptional RNA splicing for the gene expression {Ohyama
et al., 1986; Ozeki et al., 1987; Umesono & Ozeki, 1987; Shinozaki et
al., 1986b). Chloroplast introns belong to either group I or group II
depending on their secondary structures, which was first elucidated in
mitochondria {Michel & Dujon, 1983). Both of these intron families are
accounted as self-splicing types, which suggests that catalytic activity
resides in the intron RNA itself even if some protein factors are
required for efficient splicing. Twenty different introns have been
detected in the chloroplast genome of a liverwort, M. polymorpha; only
one intron, in the trnL{UAA) gene, belongs to group I, and the other 19
In group II (Ohyama et al., 1986; Ozeki et al.,, 1987). Among these split
genes, there was an unusual organization for the rpsi2 gene that encodes
the 30S ribosomal protein S12; the gene consists of three exons and two
introns, and exon 1 is far {some 60 kb) from the other two exons on the
opposite  DNA strand (Fukuzawa et al,, 1986). Fig. 1 illustrates the
genes neighboring the two separated parts, designated as rpsl2' (A) and
rps'12 (B). Essentially the same gene organization as that of rpsl2 has
also been reported for the tobacco chloroplast genome, although the por-
tion of gene containing exons 2-3 (rps'i2) is duplicated in the inverted-
repeat reglons (Shinozaki et al.,, 1986b; Fromm et al., 1986; Torazawa et
al, 1986; Zaita et al., 1987; Hildebrand et al, 1988). This gene or-
ganization suggests that the two parts of rpsl2 are transcribed separately
and then spliced trans to assemble exons 1 and 2. Electron microscopic
analysis of RNA-DNA hybrids in tobacco showed that there are separate
transcripts of exon 1 and 2-3 of the rpsl2 gene in the chloroplast as
well as spliced RNA molecules in which exon 1 is joined to exon 2

(Koller et al., 1987). The gene pslAl for photosystem [ P700 protein in
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C. relnhardii chloroplasts has been reported to be a discontinuous gene
s_plit into three separated locations, suggesting the operation of trans-
splicing (Klick et al, 1987, Choquet et al.,, 1988).

Two separate RNA molecules can be joined by trans-splicing in
vitro in nuclear extracts of HelLa cells (Solnick, 1985; Konarska et al.,
E-S_S-). In yeast, efficient trans-splicing in vitro of the mitochondrial
group 1l intron suggests that interaction between the 3'-end of the 5'-
exon and intron Is needed (Jacquier & Rosbash, 1987). Recently several
cases of trans-splicing in vivo have been reported (see review: Sharp,
1987). Unlike these cases, however, the chloroplast gene for ribosomal
protein S12 involved the trans-splicing of the coding region for a single
protein.

There were various RNA molecules derived from the two regions of
the liverwort chloroplast genome shown in Fig. 1. Maturation pathways
were postulated for mRNAs from the primary RNA transcripts via RNA
processing and splicing cis and trans, and a bimolecular interaction model
was proposed for trans-splicing according to the folding model of group II
introns of Michel and Dujon (1983).

MATERIALS AND METHODS
Preparation of liverwort chloroplast RNA

Liverwort chloroplasts were isolated from the cells of two-week-old
suspension cultures grown under continuous illumination (Ohyama et al.,

}gggt) Chloroplast RNA was prepared as described before (Kohchi et al.,

Northern hybridization analysis

Oligodeoxyribonucleotide probes (16 nucleotides long) were syn-
thesized 3]‘gith a DNA synthesis apparatus (Shimadzu NS-1) and labelled
with [Y-"“PJATP (Amersham, 5000 Ci/mmol) and T4 polynucleotide kinase
(Takara Shuzo). RNA probes were prepared with in vitro transcription of
SP63¥ectors containing liverwort chloroplast DNA fragments by the use of
[a- (l;']UTP (Amersham, 800 Ci/mmol)., Northern hybridization was done
at 45°C for oligonucleotide probes and in the presence of 50% formamide
for riboprobes by a procedure described previously (Kohchi et al.,, 1988b).
Sl-nuclease protection analysis -

[?NA probes for Sl-nuclease protection analysis were obtained from
recombinant plasmids containing liverwort chloroplast DNA. The probes
?ivzere labelled at the 5'-end as described above and at the 3'-end with [«

PldCTP (Amersham, 3000 Ci/mmol) and Klenow fragment of DNA
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Fig. 1. Gene organization of the rpsl2 gene. (A) Gene organization in the region
coding for rpsl2'. Symbols are: psbB for the 47-kDa chlorophyll a apoprotein in
photosystem II; ORF203 for an open reading frame of 203 amino acids; and rpsl2, rpl20,
rpsl8, and rpl33 for ribosamal proteins S12, L20, S18, and L33, respectively. (B} Gene
organization of the region coding for rps'l2. Symbols: rps7 for ribosamal protein S57;
ndh2 for NADH dehydrogenase (ND2); and trnV(GAC) and trnL(CAA) for valine tRMA(GAC) and
leucine tRNR!CAA), respectively. Genes shown above the lines are transcribed to the

right, and those under the lines are transcribed to the left. Hatched boxes are in-
trons.

polymerase | (Takara Shuzo). Sl-nuclease protection analysis was done by
a published procedure (Berk & Sharp, 1977).

RESULTS

Primary RNA transcripts of rpsi2' and rps'l2 and the processing products

The 5'-portion of rpsl2 gene (rpsl2') was proceeded by an uniden-
tified ORF203 that carried two introns, and followed by the rpl20 gene
for the 50S ribosomal protein L20 (Fig. 1A). The remaining 3'-portion of
Ips12 (rps'l2) was followed by the rps7 gene for the 30S ribosomal

protein S7, ndh2 (a counterpart of human mitochondrial ND2), and

89



TS oA e 2% 3 &s b 7 |
P2 < <P2
1sisigimlr &)
Y PR T <P1 . e
! ' ciogit A
ob.' m

. tANA
dersesras N e

ORF203 rps12’rpl 20 rps’12 rps7 ndh2  troL

Fig. 2. Northern hybridization with a variety of probes. (A) Probes specific to exon 3
of ORF203 (lane 1), exon 1 of rpsl2' (lane 2), 5'-intron 1 of rpsl2' (lane 3), and the
coding region of rpl20 (lane 4). Pl with an arrowhead indicates primary transcripts in-
cluding ORF203 to rpl20; band a indicates processed mRNA containing rpsl2 (exon 1) and
rpl20 genes; band b indicates processed mRNA for ORF203 with introns, and band b' indi-
cates spliced mature mRNA of ORF203. Band m (open triangle) indicates mature mRNA for
rpsl2 gene products. (B) Probes specific to 5'-intron 1 (lane 1), exon 2 (lane 2) of
rps'l2 gene, exon 1 (lane 3) and intron (lane 4) of ndh2 gene, and for the coding region
(lane 5) of the trnL(CAA) gene. P2 and P2' with arrowheads indicate the two kinds of
transcripts described in the text. P3 with an arrowhead indicates an additional
transcript for ndh2. Band m with an open arrowhead indicates mature mRNA for the rpsl2
gene. (C) Praobes specific to coding regions for exon 3 of the rps'l2 and rps7 genes.
Lane 1, probe for exon 3 of the rpsl2 gene; lane 2, for the rps7 gene. Band m with an
open arrowhead indicates mature mRNA for the rpsl2 gene product.

(CAA) for the leucine tRNA(CAA) in this order (Fig. 1B). Chloroplast
RNAs were extracted from the cultured liverwort cells liverwort, and
Northern hybridization experiments were done with appropriate probes.

Two separate transcripts for rpsl2' and rps'l2 were detected (Fig. 2)
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The results obtained with the probes for the ORF203 (exon 3), the rpsi2
exon 1, the 5'-portion of rpsl2 intron 1, and the rpl20 gene are
presented in Fig. 2A. The rpsl2' was transcribed together with the
upstream ORF203 and the downstream rpl20 as a primary RNA of 3.0 kb
(band P1, Fig. 2A). I also detected a 1.55-kb RNA (band b) that was
hybridized only with the ORF203 probe and a 1.45-kb RNA (band a)
hybridized only with the rpsl2' and rpl20 probes (Fig. 2A). These two
RNA species may be cleaved products of the 3.0-kb primary RNA

transcript that was processed at a specific site between ORF203 and
rpsl2'.  Several bands were observed between bands Pl and a, which may
be partially spliced molecules of primary transcripts {lane 2, 3 and 4,
Fig. 2A). The size of band b' RNA corresponded to that of the mature
mRNA of ORF203 after the splicing of its introns (Kohchi et al.,, 1988c).
There was no unique band that was exclusively hybridized with the probe
of rpl20. However, Sl-nuclease protection analysis with a 5'—32P-labelled
DNA probe of the rpl20 coding region gave smeared bands, suggesting
that there was no particular fixed end for the 5'-leader of rpl20 mRNA
(data not shown).

Northern hybridization was done with a variety of probes for the
3'-portion of intron | (the 5'-leader sequence of exon 2), exon 2 of the
Ipsi2 gene, exon 1 of ndh2 gene, an intron of ndh2 gene, and the
trnL{CAA) gene (Fig. 2B). The results showed that: (i) the primary
transcripts (4.2 kb, band P2; 4.0 kb, band P2') correspond in their entire
region from rps'l2 {(exons 2 and 3) to the trnL(CAA) gene; {ii) the major
bands (1.9 kb, 1.4 kb, and 1.2 kb; bands ¢, d, and e, respectively; Fig.
2B) were mRNA molecules processed upstream from the ndh2 gene; and
(iii) there was an additional transcript for the ndh2 gene (band P3 in
lanes 3 and 4, Fig. 2B). A large amount of trnL(CAA) gene product was
found in the RNA preparation (lane 5, Fig. 2B). This may not reflect
only the stability of tRNA molecules but also the presence of additional
initiation sites for trnL{CAA) transcription alone. Northern hybridization
with probes specific to the coding region for rpsl2 exon 3 and Ips7 gave
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the same pattern, Indicating that there was no RNA processing between

them (lanes 1 and 2, Fig. 2C). The linkage of rpsl2 and rps7 was main-
tained on the mRNA, like that in E. coli (Post & Nomura, 1980).

Processing of two separate rpsl2 transcripts (exon 1 and exons 2-3)
Sl-nuclease protection analysis at the 5'-flanking region of the

rpsl2 exon 1 showed that the processing site was between the ORF203
and the rpsl2 exon ! (Fig. 3A).  This result coincided with Northern
hybridization analysis, which showed that there were major processed
mRNA molecules for the ORF203 gene (see band b, Fig. 2A) and for
rps12'-rpl20 (see band a, Fig. 2A). The major termination site was 45 nt
downstream from the rpl20 gene, although two minor signals (110 nt and
220 nt downstream) were also observed (Fig. 3B). To identify the initia-
tion site of transcripts in the gene cluster of rps'l2, Sl-nuclease protec-
tion analysis was done with a DNA probe containing the Hphl-EcoRV
fragment, giving four bands (Fig. 3C). One could correspond a spliced
RNA (band s, Fig. 3C). A minor band ¢ (Fig. 3C) corresponded to the
junction site {83 nt -upstream f{rom the 5'-terminal of exon 2) of inverted
repeat and large single copy regions, probably because of competitive
hybridization with transcripts in the other inverted repeat region. This
band, therefore, did not correspond to the initiation site of the transcrip-
tion. Two additional major bands were detected: one corresponded to the
RNA molecule that started 500 nt upstream from the 5'-terminal of exon
2 of rpsl2 (band a, Fig. 3C), and the other was 310 nt upstream from
exon 2 (band b, Fig. 3C). The former could be for the initiation of
transcripts of the gene cluster, because of the presence of promoter-like
sequences upstream ("TTGACC" and "TAAAAT" as "-35"- and "-10"

sequences, respectively). RNA molecules corresponding to these signals in
size were found in the Northern hybridization analysis (see bands P2 and
P2', Fig. 2B). Sl-nuclease protection analysis to detect the processing
site between the rps7 and ndh2 genes gave evidence of two major
processed RNA molecules (40 and 90 nt downstream from the termination
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Fig., 3. Sl-nuclease protection analysis of transcripts. () DNA probe (AluI-FokI
fragment) between the ORF203 (exon 3) and rpsl2' (exon 1) genes. (B) DNA probe (XhoI-
BglII fragment) between the rpl20 and rpsl8 genes. (C) DNA probe (HphI-EcoRV fragment)
covering the spacer region between the trnV(GAC) and rps'l2 genes. (D) DNA probe
(BamHT-TaqI fragment) covering the rps7 and ndh2 genes. Above each panel, signals from
Sl-nuclease protection analysis are shown with the gene organization. Numbers with ar-
rows indicate the site of signals from the following exons or the coding region of the
respective genes. Asterisks indicate the site of 32p_1abeled ends. Hatched boxes are

introns.
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Fig. 4. Northern hybridization for detection of spliced RNA molecules of the rpsl2
gene. (A) Northern hybridization analysis of spliced RNA transcripts. Lane 1, probe
for exon 1 to exon 2; lane 2, probe for exon 2 to exon 3. Band m indicates mature mRNA
for the rpsl2 gene. Band a with an arrow in lane 1 indicates trans-spliced RNA (exon 1
and exon 2) without cis-splicing. Band b in lane 2 indicates cis-splicing RNA (exon 2
and exon 3) without trans-splicing. (B) Synthetic oligodeoxyribonucleotide probes (exon
1 to exon 2, upper; exon 2 to exon 3, lower). (C) Intermediate spliced mRNA molecules
(bands a and b) and mature mRNA (band m) observed in A.

codon of the rps7 gene, bands d and e, Fig. 3D). Major processings be-
tween ORF203 and rpsl2', and between rps7 and ndh2 may be required

for the folding of the two separate transcripts described below.

Independent trans- and cis-splicing in the rpsl2 gene.

To confirm the presence of trans- and cis-spliced mRNA
molecules, synthetic oligodeoxyribonucleotides 16 nucleotides long consisting
of 8 nucleotides complementary to the 3'-end of a 5'-exon and 8
nucleotides complementary to the 5'-end of the following 3'-exon were

used as probes for Northern hybridization (Fig. 4B). Spliced RNAs of
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Fig., 5. Schematic pathways of mRNA maturation. Arrowheads indicate major processing
sites of transcripts. Asterisks indicate the 5"'-terminals of primary transcripts.
Dotted boxes indicate exons of the rpgl2 gene. In other genes, solid box are exons and
white boxes are cis introns. Lines indicate the processes of trans~ and cis-splicing.

exon 1 and exon 2 were seen as two bands: the major band m was ma-
ture mRNA for the rpsl2 gene, and the minor band a corresponded to
trans-spliced mRNA molecules, but it still carried intron 2 (lane 1, Fig.
4A}. A probe for spliced RNA of exon 2 and exon 3 also gave two
bands, with the major band b having the 3'-half of intron 1, and the
minor band m corresponding to the mature RNA for the rpsl2 gene (lane
2, Fig. 4A). These results indicate the independent occurrence of trans-
and cis-splicing in the transcripts of the rpsl2 gene (Fig. 4C), although
Cis-splicing was apparently more efficient than trans-splicing in the liver-
wort chloroplast.

DISCUSSION

The results obtained are summarized in Fig. 5, which is a probable
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Fig. 6. A model of secondary structure of trans-split introns in the rpsl2 gene, (A)
Liverwort; {B) Tobacco {dots indicate the same nucleotides as liverwort), Arrows indi-
cate splicing sites, Abhreviations IBS and EBS with arrows indicate the intron-binding
and exon-binding sites (Ozeki et al., 1987; Jaquier & Michel, 1987; Michel & Jaquier,

1987). The nomenclature of stem-loop structure follows that of the model of Jacquier
and Michel (1987).
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scheme for the mRNA maturation pathways in the chloroplasts. Note
that in this analysis there are a variety of precursor RNAs relatively
abundant compared to the amount of matured mRNAs. This is mainly
because the liverwort chloroplasts from the cell cultures in the late
growth stage were used (2 weeks old, and grown under continuous
illumination). If the cells were transferred to fresh medium, mature
mRNAs in the chloroplasts became predominant within a day or two, sug-
gesting the conversion of accumulated intermediate RNAs to mRNAs
(Kohchi et al., 1988c).

Fig. 6A illustrates a folding model of intron 1 of the rpsi2 gene
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for its trans-splicing. On the identified precursor RNAs of rpsi2' and
rps'l12, there are stretches of nucleotide sequences complementary with
each other as deduced from the DNA sequence, and the model was con-
structed by assuming base pairings between them., A simplified form of
this model has been published by elsewhere (Ozeki et al, 1987). The
overall structure has characteristics of group Il introns, with its six stem-
loop domains (5), but with an interruption in the third loop region. The
exon- and intron-binding sites (the EBS and IBS sequence elements) are
also indicated in Fig. 6; they are complementary with each other and es-
sential for the splicing (Jacquier & Michel, 1987; Michel & Jacquier,
1987). A structure comparable to the tobacco intron 1 of rpsl2 can be
deduced from the published sequence (Fig. 6B). Zaita et al. (1987) has
reported the presence of complementary sequences ("transon 1" and
"transon 2"). The sequence transon 1 corresponds to the regions from A
to C in stem-loop I, and transon 2 is in the loop portion of stem-loop IV
in our model. In the liverwort genome, a complementary structure could
not be formed in the regions corresponding to the tobacco transons.
Evidence for our model was the compensatory base substitutions observed
between liverwort and tobacco to keep base pairings at the stem regions.
Two mutations that disrupt the splicing of bI1 intron in yeast
mitochondria have been mapped in the stem portion of stem I
(Schmelzer et al.,, 1983), indicating the importance of the stem structure
for splicing. The intermolecular base pairings may participate in the
folding of group II intron as a "ribozyme" and in the selection of an
adequate partner molecule, There was no complementary sequence to the
stem portion of stem-loop Il of the trans-split intron in any other in-
trons of the liverwort chloroplasts (Ohyama et al., 1986). Thus, the exon
shuffling in chloroplast RNA splicing could not be taken into account.
Self-splicing of chloroplast group Il intron has not yet reported, but
catalytic activity would essentially reside in the introns, depending on the

tertiary folding structure. The resultant RNA complex may be essential
for the removal of trans-split intron.
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SUMMARY

CHAPTER 1 Gene organization of the liverwort chloroplast genome

I-1 Structure and organization of Marchantia polymorpha

chloroplast genome --- Cloning and gene identification

The complete nucleotide sequence of chloroplast DNA from a
liverwort, M. polymorpha, was determined using a clone bank of
chloroplast DNA fragments. The circular genome consisted of 121,025
base pairs (bp} and includes two large inverted repeats (IRA and IRg,
each 10,058 bp), a large single-copy region (LSC, 81,096 bp), and a small
single-copy region (SSC, 19,813 bp). The nucleotide sequence was
analyzed with a computer to deduce the entire gene organization, assum-
ing the universal genetic code and the presence of introns in the coding
sequences. 136 possible genes were detected, 103 gene products of which
are related to known stable RNA or protein molecules, as reported in
brief earlier (Ohyama et al,, 1986). Stable RNA genes for four species
of ribosomal RNA and 32 species of transfer RNA (tRNA) were located,
although one of the tRNA genes may be defective. Twenty genes encod-
ing polypeptides involved in photosynthesis and electron transport were
identified by comparison with known chloroplast genes. Twenty-five open
reading frames (ORFs) showed structural similarities to E. c¢oli RNA
polymerase subunits, 19 ribosomal proteins and two related ones. Seven
ORFs were comparable with human mitochondrial NADH dehydrogenase
genes. A computer-aided homology search predicted possible chloroplast
homologues of bacterial proteins; two ORFs for bacterial 4Fe-4S-type fer-
redoxin, two for distinct subunits of a protein-dependent transport system,
one ORF for a component of nitrogenase, and one for an antenna protein
of a light harvesting complex. The other 33 ORFs consisting of 29 to
2,136 codons remain to be identifled, but some of them seem to be con-
served in evolution. There were 22 introns in 20 genes (8 tRNA genes

and 12 ORFs), which may be classified into the groups I and II found in
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fungal mitochondrial genes. The structural gene for ribosomal protein S12
is trans-split on the opposite DNA strand (Fukuzawa et al., 1986). The
universal genetic code was confirmed by the substitution pattern of simul-
taneous codons and also by possible codon recognition of the chloroplast-
encoded tRNA molecules, assuming no importation of tRNA molecules
from the cytoplasm. The nucleotide residue A or T was preferred at the
third position of the codons (G + C, 11.9%) and in intergenic spacers (G
+ C, 19.5%), resulting in an overall G + C content that was low (28.8%)
throughout the liverwort chloroplast genome. Possible gene expression
signals such as promoters and terminators for transcription, and predicted

locations of gene products were discussed.

I-2 Structure and organization of Marchantia polymorpha

chloroplast genome --- Inverted repeat and small single

copy regions
The genes in the regions of large inverted repeats (IRA and I[Rp,
10,058 base pairs each) and a small single copy (SSC, 81,095 bp) of
chloroplast DNA from M. polymorpha were characterized. The IR regions
contained genes for four ribosomal RNAs (16S, 23S, 4.5S, and 5S rRNAs)
and five transfer RNAs (valine tRNAGAC, isoleucine tRNAGAU, alanine
tRNAyGc, arginine tRNA, -, and asparagine tRNAgypy) The gene or-
ganization of the IR regions in the liverwort chloroplast genome was con-
served, although the IR regions were smaller (10,058 bp) than any
reported in higher plant chloroplasts. The SSC region (19,813 bp) encoded
genes for 17 open reading frames (ORFs), a leucine tRNAUAG, and a
proline tRNAGGG-like sequence. Twelve ORFs were identified by homol-
ogy of their coding sequences with a 4Fe-4S-type ferredoxin protein, a
bacterial nitrogenase reductase component (Fe-protein), five human
mitochondrial components of NADH dehydrogenase (NDI1, ND4, ND4L,
NDS, and ND6), two E. coli ribosomal proteins (S15 and L21), two puta-
tive proteins encoded in the kinetoplast maxicircle DNA of L. tarentolae

(LteORF 3 and LtORF 4), and a bacterial permease inner membrane com-
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ponent (encoded by malF in E. coli or hisQ in S. typhimurium).

CHAPTER I Divergent mRNA transcription in the chloroplast psbB
operon

The genes psbB, psbH, petB, and petD for the components in
photosystem II and the cytochrome b6/f complex are clustered and co-
transcribed in liverwort M. polymorpha chloroplasts. On the opposite
DNA strand in the spacer region between the genes psbB and psbH, an
open reading frame consisting of 43 sense codons was deduced and desig-
nated as the ORF43 gene. The ORF43 gene was actively transcribed in
liverwort chloroplasts,. The ORF43 transcripts were entirely complemen-
tary to a part of the primary transcripts of the psbB operon.
Heterogeneous Northern hybridization showed that the mRNA transcripts
for the ORF43 gene increased with the greening in pea seedlings. This
is the first demonstration of a divergent overlapping transcription in

chloroplasts.

CHAPTER Il Ordered processing and splicing in a polycistronic
transcript in liverwort chloroplast

From the complete sequence of the chloroplast DNA in a liverwort,

M. polymorpha, an unidentified open reading frame, ORF203, was found

between the psbB and rpsl2' (trans-split} genes. ORF203 was a split

gene consisting of three exons and two group Il intronms, Multiple
transcripts for ORF203 were detected on Northern blots of the
chloroplast RNA preparation. The ORF203 locus was primarily co-
transcribed with the downstream genes rpsl2' and rpl20, and then
processed into a monomeric precursor, S1 nuclease mapping gave the
transcription initiation site 52 nucleotides upstream from the coding
sequence of ORF203. The spliced RNA molecules were identified, as
predicted, by the use of synthetic oligodeoxyribonucleotide probes specific
to ligated exon sequences, The splicing reaction proceeded successively

from the 5' to 3' direction. These results indicate that ordered RNA
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processing occurs in the chloroplasts of land plants. Trans-membrane
analysis by a computer indicated that ORF203 gene product could be as-

sociated with a chloroplast membrane.

CHAPTER 1V Nicked group II intron and its trans-splicing in the
liverwott chloroplasts

The chloroplast gene rps12 for ribosomal protein S12 in a liverwort,
M. polymorpha, is split into three exons by two introns, one of which
(intron 1) 1s discontinuous. Exon 1 of rpsi2 for the N-terminal portion
of the S12 protein is far from exons 2 and 3 for the C-terminal portion
on the opposite DNA strand. Sl-nuclease protection analysis and North-
ern hybridization with RNA isolated from the liverwort chloroplasts
showed that: (i) the exons 1 and 2-3 of the rpsl2 gene with the neigh-
boring genes were transcribed separately, (ii) the trans-splicing of intron !
occurred after the processing of two primary transcripts to two pre-
mRNAs, and (iil) there was no particular order for the splicing of intron
I (trans) and Intron 2 (cis) in the rpsi2 gene. A bimolecular interaction
model was proposed for trams-splicing by assuming that intermolecular
base pairings between two pre-mRNAs result in the formation of the
structure typical of group II introns except for disruption in the loop III

region. This structure could be constructed in intron 1 of tobacco rpsl2
gene,
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