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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. 

molecules, 

Chloroplast genomes 

ranging 120-160 kb 

are double-stranded, circular DNA 

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 at, 1985; Palmer, 1985). 

The author has focused on the chloroplast gene organization of a 

liverwort, M. polymorpha, a bryophyte, for several reasons. 0) Estab

lished cell cultures are available that are highly active in photosynthesis 

(Ohta et al., 1977). (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 ~ al., 1983; Yamano ~ al., 1984, 

1985). (iv) Chloroplast DNA is about 120 kb long (Ohyama ~ al., 1983), 

one of the smallest chloroplast genomes so far examined (Palmer, 1985). 

A liverwort, M. polymorpha, is a model organism to study chloroplast 

genetic system. 

Considerable progress has been made in understanding molecular 
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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 (4.55 rRNA, 5S rRNA, and tRNA(5er) 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 I). 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 II). The processing order of polyclstronic transcript containing 

two introns is analyzed for ORf203-rps121 region as an example (Chapter 

lIn. 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 512 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. 
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CHAPTER I 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-I, the author focuses genetic system of chloroplasts 

for their gene expression. 

DNA in a liverwort, M. 

The nucleotide sequences of the chloroplast 

polymorpha, was determined to clarify the 

genetic contribution of chloroplast genome in plant cells. 

In chapter 1-2, the author describes genes and their characteristics 

deduced from the complete nucleotide sequence of the inverted repeat 

OR) and small single copy (SSC) regions in the liverwort M. polymorpha 

chloroplast genome. The large inverted repeat sequences are identical by 

mutation analysis of ~. reinhardii chloroplast DNA (Myers et al., 1982). 

In the SSC region, the leucine tRNA gene only has been mapped in land 

plants (Bergmann ~ al., 1984; Kato ~ a!., 1985). 

1-1 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 ~ al., 1968) on a gyratory shaker (150 rpm) 
under continuous illumination (3,000 lux). Cells from 7- to IO-day-old 
cultures were used for preparation of chloroplasts and its DNA (Ohyama 
et al., 1982). 
Phages, plasm ids, bacterial strains, and biochemicals 

The fragments of liverwort chloroplast DNA were cloned into E. 
coli vectors of plasmids pBR322, pKC7, pUCt3, pUel8, and pUCl9. 
Phages M13mp8, M13mp9, M13mplO, MP13mpll, M13mpl8, and M13mp19 
were used for the cloning and sequencing of fragments with their 
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Table 1 
Clones and chloroplast DNA fragments used for DNA sequencing 

Clo"~8 ChloroplosL YecLors 

pMl'J89 

pHI'5S9 

pMp'i94 

pMP561 

pMI'59 I 

pHI'JI" 

pHI'593 

pH1'4'i2 

pMP7I 3 

pMP310 

pHP376 

pHP32 I 

pHP316 

pMP)2J 

pHP2J8 

pHP222 

pH1'209 

pMI'217 

pMI'220 

pMI'227 

pHI'228 

pHP206 

pHP055 

pMP768 

pMI'773 

pMf'79'i 

pMI'10B 

pMI'127 

pHI'710 

pHI'703 

DNA rrog.cnt8 

Btl 4 
Bgl6 

BRI8 
8g17 

8g9 

!\g14 

BRIO 

8g8 

BRI) 

Dg5 

1\g3 

Bg21b 

Bg7 

Dg6 

Boll 
Bo9 

Dol2 

Bol3 

Bo8 

807 

805 

Bo6 

Bo4 

I's 8 

I'll 7 
1',,10 

Pi! 9 

1'8 6 

1'811 

I'sl1 

prC7 

pre? 

pre7 

pre7 

prC7 

pKe7 

pre7 

pre7 

pUC18-

pKe7 

prC7 

pre7 

pKe7 

pKe7 

pllR322 

pRR322 

pBR322 

pBR322 

pRR322 

pBR)22 

pBR322 

pBR322 

pRR322 

pRRJ22 

pRR)22 

pRRJ22 

plll1322 

pBR322 

pBR322 

pllR322 

l'o81llon 

fru. 

117691 

6')109 

B773 

34137 

3'i918 

44526 

51612 

55381 

61570 

65514 

to 

6')1oS 

6772 

I(MO') 

35861 

40988 

47291, 

')5)80 

61569 

64471, 

73011 

73012 8Iol,2'i 

S5138 65860 

65861 92236 

10935) 116255 

1199)1, 

2%33 

J2'i67 
)1,1,90 

3'i71,1 

39779 

113'; 

32%6 

Jl.I,89 

3571,0 

39778 

4461,8 

47156 57496 

76398 82182 

6218J 96252 

12190 181{)(, 

ISI07 21631 
23812 28(,26 

'i7087 62172 

62373 69319 

69809 73'i2'i 

97653 98117 

Clon~s Chloroplnst Y~clors 

DNA fragments 

Position 

from to 

pHPJ02 

pHPlOI 

pMPI03 

pHPI,)1 

pHPI'i2 

pHPX520 

pHPX';01 

pMP603 

pHP699 

pHPB02 

pHP781 

pHPX601 

pHPBOI 

pHP721 

pMI'171 

pHPI72 

pHPI73 

pMPml79 

pHJ>.120 

pMi'm 46 

Be22 

Be27 

Be I ~ 

ellS 
Clll 

Xh 7 

Xh 8 

pUCI6-

pUCIS

pUCI8-

pUC1S

pUCI6-

pUCX8 

pUCX8 

lid 16b( IR II ) pRIIJ22 

lid 9 pUC1S

lid 16o(JR,,) pBR322 

Bg I-P8 I pUCI3-

Xh 2-Kp 3 pUCXS 

Po 4-80 I pUCI3-

RK 2-1'0 2 pBR322 

Po l-iJR 2 

1'0 'j-1Ic2r. pUCI8 

CI 3-Po" pUC18 

BcI8-Xb 4 pUCIS 

98780 99915 

99916 100470 

100471 1(M291 

103976 105049 

105050 107462 

129 6196 

6197 12217 

63711, 86627 

106416 110391 

I 15489 I 18382 

10624 12389 

12217 17178 

28629 29632 

91,522 97652 

106989 109352 

98118 98779 

1071,63 106988 

1010292 105104 

"1179 

"1120 
Al I,fl 

HIJmplS 9761,8 97866 

HIJmpl8 981077 98815 

HIJmpl8 99693 100278 

The clooes fi'iP };i'IPm iIrlicate recanbinant plasmid and Ml.3 phage, respectively. The 
restricted fragrrents obtained with ~II, BamHI, PstI, BelI, ClaI, XhoI, XbaI, and AluI 
restricticn endonucleases are shown as Bg, Ba, Ps, Cl, Xh, Xb and Al, respectively. 
Transforma.tion has been done with ~. coli strain HB10l. Single and double asterisks in
dicate host strain of E. coli JMl.09 and JMl.05, respectively. The 1st position number 
was given to the 1st nucleotide of the LSC region in the junction (J

LA
, see Fig. 2) and 

the nunbering proceeds counterclockwise to the last nucleotide of Il\ region. 
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bacterial hosts, E. coIl strains 1MI05 and JMI09. 
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 M 13mp 18 and M 13mp 19 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 PI 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 
M13mp18 or M13mp19 vectors. cut at the HincH 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 M13 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. (to Selected chloroplast DNA fragments 
were directly cloned into appropriate cloning sites of the pUC18 or 
pUC19 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 M13mp18 or M13mp19 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. ORrs with 
homology to fe-proteins as frx. inner membrane permease protein found 
in ~. 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 
50S subunit (Wada & Sako, 1987). The symbol IhcA 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 a1., 1982). Physical 
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Uverwort 

Fig. 1. Physical map of liverwort chloroplast DNA. 

27 
30 

13 

~ and IRa indicate a set of large inverted repeats. The genes rbcL and ~ are given 

as landmarks on the liverwort chloroplast genome. Restriction fragments are numbered in 

decreasing size; symbols a, b, and c are given to fragments of the same size. 
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maps of the DNA previously constructed with the restriction en

donucleases SamHI, SmaI, KpnI, and Xhol showed it to be a circular 

molecule of about 121.0 kb (Ohyama ~ al., 1983; Umesono ~ a!., 1984). 

Physical maps constructed for DNA cloning and sequencing coincided well 

with those obtained from the complete nucleotide sequence {Fig. O. 
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 PstI, which does 

not cleave within the large inverted repeat OR) regions. The nucleotide 

sequence was determined using independent clones from each IRA and IRB 

region. Nucleotide sequences were identical in the IRA and IRS 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 lntrons if there are a 51-consensus sequence (GTGPyG) 

and 31-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 F ACOM 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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'PoS 

LIVERWORT 
rpoC1° 

CHLOROPLAST DNA 

rPoC2 

Fig. 2o Gene organization of the liven.urt chloroplast genorreo 

petO° 
petSO 
psbH 
0Rf35 
psb8 

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 
refeats (~ and IRa)' sse: and LSC indicate the srrall single copy region and large 
single copy region, respectively. Asterisks indicate genes having introns in their 
ceding sequences. The tRNA genes are shown by the one-letter code for amino acids with 
their antio:Jdons in parentheses. Abbreviations for genes foHCM the nomenclature of 
Crouse et al. (1985). We designate chloroplast ORFs that have hcm::>logy to those found 
in human mitochondria as ndh, ORFs hc;mologous to Fe-proteins as frx, and ORFs hc;mologous 
to inner membrane pennease protein found in E. coli as~. ORFs that shCM hc;mology to 
genes for initiation factor 1 and a functionally llIlkn<:Mn protein expressed in E. coli 
are designated infA and secX, respectively. The genetic symbol lheA is given to the ORF 
that has hc;mology to antenna proteins in bacterial light harvesting canplexes (IRe). 

8 



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

DIll. 

slnmd 

PosH 100 

Froa To 

u,nath Prc.otcr R_rIta 

(bp) (-35, -10) 

(8) 1I1~J I1JIA r:r-
165 rR~A 

1lS rRIM 

4.~ rUA 

~ rRMI. 

~ rRMA 

4.~ rRNI. 

1lS riMA 

16.5 rUA 

+ 

+ 

+ 

82109 83604 1,496 

85912 

888)(1 

89159 

88722 2,811 

88932 103 

89277 119 

112961 112843 119 

1132W 113188 103 

116208 113198 2,811 

120011 118516 1,496 

(b) Tr_fflr II:ItA .--

trnL.(CAA). 3679 3158 80 

71 

72 

trnC(CCA) 

trnR(UQI) 

"tmC(UCC) 

(c.on I) 

( ... on 2) 

trnS(cx:tJ) + 

trnO{UUC) + 

°trnC(UUIJ) + 

( ... on 1) 

(e."" 2) 

trnH(CUC) + 
trnD(CUC) 

trnY(CUI.) 

trnE(UUC) 

U .. T(CCU) + 

trnS(IK:A) 

(rnG'(CCC) + 

tml1l(CAU) -

trnS(CCA) + 

traT(IK:U) 

5720 5650 

21J21 21250 

22047 21385 663 

22047 

21431 

22892 

23804 

26040 

22025 23 

21385 47 

m79 88 

23875 72 

28222 2,183 

26040 26076 37 

35 

15 

74 

81 

13 

72 

88 

71 

14 

88 

13 

28188 28222 

29595 29669 

l6484 J6411 

36643 

36781 

38J67 

4[494 

420)5 

42129 

48845 

503]3 

16562 

161i5 

J8438 

4(407 

42105 

42156 

48932 

50261 

+ 

+ 

+ 

• 

+ 
+ 
+ 

+ 

+ 
+ 

inlrOft 593 .1' 

introo 2111 .1' 

Gene. DIll. 

slrand 

"trn1.(UU) + 

(".on I) 

(".on 2) 

UnF{CAA) + 

°U"V{UAC) 

(.,.on I) 

(e."" 2) 

trnlf(CAU) + 

trnR(ca;) + 

t",lf( OCA) 

trnP(UCC) 

tm/(CAU) 

trnr'(CAC) 

"tmJ(CAU) 

(0""" I) 

(".on 2) 

oU'nA(UCC) 

(".on I) 

("."" 2) 

+ 

+ 

trnR(ACC) + 

trno'l'(CW) 

trnP(!ZX;) 

tn>l.(UAC) + 

Position 

Fro. To 

"""8th P".olDr R~rk. 

(bp) (-35, -10) 

!IOS22 S092I 400 

50521 505~ 

50872 

S0998 

53652 

53652 

5)08~ 

~J801 

57871 

bli626 

bli188 

810'j7 

81814 

83818 

50921 SO 

51010 73 

sml 602 
'3616 

sml 
53814 

57950 

bli5S3 

64715 

8Q98A. 

37 

J5 

14 

74 

74 

74 

74 

81885 12 

84835 958 

83878 8~14 

84801 

84912 

84912 

85718 

89482 

84835 

85752 

84949 

85752 

89555 

90332 90261 

95213 95145 

95274 9S1S3 

37 

35 

+ Intron 31S .1' 

lalron SJO lop 

+ 

+ 

+ 
+ 

Intron 886 lop 

lntron 768 bp 

+ 

+ 
trno'l'(CUU) + 111788 1118S9 

841 

38 

35 

14 

72 

69 

80 

72 
.. ""'(1.(1;) 

"trnA(UCC) 

(~x"" I) 

(~.on 2) 

"tn./(CAU) 

(~.on I) 

(".on 2) 

tmr(CAC) 

112638 112565 14 

117208 116368 841 

111208 117111 38 

116402 116368 35 

118242 117285 958 

118242 118206 37 

117319 11128s 35 

l20n 120235 12 

(ntron 768 bp 

( .. Uon 886 bp 

DNA stranj (+/-) shO;lS nonna! and reverse !:WI. strands, respectively, in our file. 
Pratoter (+) in::licates the presence of typical prcrooter sequences (-35 am -10) upstream 
fran the ccrling sequences. Asterisks indicate the presence of :i.ntrons in coding 
sequences. Posi tion numbers are the same as in Table 1. 
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Table 3 
Genes for coding proteins on the liverwort chloroplast genome 

Gc"~tI DIM )l'ro. To l..cnsLh "-ino uchl ""1",,ulor Pr-o-olcr SO Al..nrka 

Blrund (bp) fr-alduc8 ""18hl (-J~, -10) IK. .... ucncC! 

(0) IlItxwr-I prote'n _ 

-rptt ' 12 • 842 12J (lJ,l'll.0) L rBnll-apl i l Bcne 

(eo"n 2) III 116 IJ2 71 (~"" 'rpIJ/2') 

(CO"" J) 817 1142 26 II Inlron 2,5DO bp 
rptll .. 892 lJ59 468 I~S 11,821.9 

rptl2 + 160~5 16162 7011 235 26,776.8 double 8lop TAA 
rpIJU 42635 42ll) JOJ 100 11,819.8 .. 
rptll 'iDO)] 49425 609 202 21,639.6 .. + 
rplJ3 .. 65273 6~70 198 65 7,782.1 
rpIJ 18 .. 6~98 65725 228 75 8,879.5 
rpI20 66157 6'>1101 351 116 12,77).0 

"rptl'/2 67051 12] (11.797.0) Lrona-llp l' t. gene 
(<'I.on I) 67051 66944 114 JII (ace "rpIJ'12) 

rpIJlI 15249 748';7 )91 1)0 14,172.5 
rpIJ8 76171 15173 399 1)2 14,921.4 .. 
rpll' 16621 16n3 369 122 13,496.6 

'rpIl6 71685 76719 961 143 16,149.8 Inlron 535 bp 
(ex"n I) 17685 77611 9 
(cEon 2) 71IU 16119 '13 

rpIJl 18396 7776) 6~ 217 25.055.0 
rpl22 78804 111445 J60 119 1l,~.11 • 
rpIJ/9 19100 78822 279 92 10,553.3 .. 

'rp12 80514 791)7 1,318 217 31,162.9 InLron ')44 bp 
(t:-Ion I) 80SU 80118 397 
(t'.{1Q 2) 79';7) 19137 437 

rpI2l 80825 80550 276 91 10,768.5 .. 
rplll .. ,)JI,6'J 9J1119 3'j1 116 1J.626.1 
rp"15 - lOW),) 103433 161 88 10,428.2 + .. 

(b) RNA poIr-r __ 8Ubunlt SO""" 

rpoE! :;a59 9056 3,198 1,065 120,445.6 .. + 
·rpoCI .. 'lIl67 IInl 2,6~1 684 78,959.6 .. inLron 596 bp 

(clton I) 9081 9518 432 
(cion 2) 10115 11737 1,623 

rpoCZ .. 11811 1~911 4,16\ 1.J8b 160,153.4 
rpoA 1~824 7J8Q2 1,02l 340 39,240.2 

(c) c;."m". (or plio'''''". .... I and 11 

plJM .. 28368 29429 1,062 J"i] JII.lr.4 ,II ,. 
ptlbP + J88~5 J99lb 1,062 l.,l 39,J88.b + psbC 39<164 41211., 1,422 413 ".~ t 184.R ooerlnp La p"bO p8lIE! 44928 42724 2,20'> 7J.1o H2,41l.7 
p"&4 47207 449'i~ 2.2"11 1';0 IIl,212.4 .. + p.obC 52~24 5\793 7JZ 243 27,6O'l.r. 
psbf' 63293 63174 120 19 4 ,4b8. 3 .. 
p"b/\ 6J5~ 63303 2SI 83 9,493.5 TAC "Lop p.ob/l r,902b 105n I, ~I7 'j()8 >6,191.5 • .. 
I"'bIJ 11092 71316 22'> 14 1,928.3 double "Lop TM 
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Table 3 (continued) 

(d) c"nc$ [or ,I' -ATPIL"", sub'InJ[" 
double alup TM 

176)6 141 148 27,142.0 + 
alp! 11.a90 

111014 182"~ 246 81 1l,(l)Ij ,4 .. .. 
lI(pI' + 

I <J(,(l') 1.142 184 21.0lI0.8 .. lnlrufl Tl87 bp 
-DIp/'- .. 18101>11 

(["1UII I) 11141>11 181012 ]'''1 

(P.UI1 2) 19200 1'Ib{),) 410 

a'pol + 1%'>4 21171 I, ',24 ',07 ">".311.7 

a'pK '>4362 F1J.1r,o; 4011 13', 1';.0';4.) + 

a.pIJ .,'>1146 '>4368 1,&79 492 ">],1J1.2 .. 

(dC<on<o" ror protcoins In the photoelectron transport 

pctA .. "1f041 62603 963 320 JJ,482.6 

·".,l8 71424 72%" 1,143 21~ 24,:J06.S + i nLron '9"; bp 

(Cion I) 71424 71429 b 

(elon 2) 7192" 72';66 642 

'pc<D .. 7271" 7]""'0 976 .160 17,413."> + 1 nl,,,n 493 bp 

(cIon I) 7271., 72722 8 

(~.un 2) 73216 1J690 475 

(C) Qonc for rlb"l""" b /lJpI>o<tpi>a'" ""rboxy''''''' l"rBe subunit 

rbcl. .. ";6JSS ')7782 1,428 6r, ~,2190.0 .. 

(8) c.",.". for NADlI-PO o .. Jdorcduc-tOSC' :robunitfl 

"lIdh2 .. 1">14 )'j')"} 2,042 '>01 ">,61119.) i nlron "'']6 bp 

(ot"lun I) I r,14 2239 726 HG atop 

(cJl:on 2) 2776 )'j'j~) 780 

IIdh3 ~2877 '"J2ijl"'J J6J 120 1,4188.7 .. uv~dDp lu p"bC 

ndhS 'IJI79 91101 2,079 692 79,277.9 .. 
ndh' 98164 96(,6', 1,500 499 '>6,66".9 

ndh'l. 99059 98757 JIlJ 100 11,197.3 duuble Slop TAA.TAC 

"dh6 991>811 9911) ,76 191 21,[,()6.7 UII~u, UUt;, TeA "tup 

"n4hl 102200 100382 1,81'1 J6II 41, '.09.6 + jhLrun 712 bp 

(c.lon I) 102200 101104', S',c, 

(eJlon 2) 10Il'132 100382 "i~l 

(h) Gene. (or ferredoxin prolcJn..., and others 

frxA '111',)4 ')8269 l46 HI 11,941.2 

(uB 1003JO 'l'l719 'i'i2 183 21,1%.2 • 
[n,C 110973 110104 870 2119 )1.944.~ + TAC .. top 

IhcA 2J(,o~ 2J438 lUll 'j"j 6 t "I. r
) L I"hl h.nrttt"l inR l"n.plt·. 

epX .. )1012 JIll 24 1,113 170 42,7'111.11 t.lul.ibl~ I'Il~JP TAA 

*bpY 941111 rYi04~1 867 ~116 12,',(,'.1> + 
BC>d 7'041) 7~JOO 114 17 4."i:i1 .... 

infA 7'>C>1lCJ 1'0410 2)7 711 8 ,'J18.4 

Asterisks irdicate the presence of introns in the coding sequences. Gene symbols are 
the SCIJIE as in Fig. 2. Marks (+/-) in the col\DltnS of praooter and SD sequences indicate 
the presence and absence of typical prokaryotic praooter and SD sequences as seen in E. 
~ IIp!3tream fran the coding sequences. The posi tioo number are the same as in Table 
1. 
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Table 4 

Unidentified open reading frames in the liverwort chloroplast genome 

Lcoglb Mlno .. dd Molecular Pr~ler SD I ..... r •• 
c., ..... DIIA Fr_ To 

.tr.nd (bp) rr-aid_ ...,lgM (-35, -10) ""'Iucnc" 

ORFJ4 + 4001 ./0105 105 34 3,740.5 

42)6 5128 893 135 16,043.9 + inLron 485 bp 
ORt"l3~ + 

42)6 4341 106 
TAG alop 

( .. ,on I) 

(",on 2) 4827 5128 J02 

U57 5168 90 29 ),225.0 + 
ORF29 

OIn) 22263 22162 102 II 3,)86.2 + 

01 no 22425 2233) 9) JO 3,841.7 

ORFJ2 t 22516 22614 99 32 3,566.3 + + 

ORF36a 23107 22997 III 36 4,152.9 + 

0IF'i13 + 2(,()53 2559./0 1,542 511 :>11,326,9 + 

011"50 + 25769 25921 151 50 6,)82.5 + 

ORFJ701 26976 28088 1,113 ]7'0 45,407.0 I n trill 1 nlron 

0IF21J6 + 29909 36319 6,411 2,136 259,908.8 

0IF'62 + 41647 41835 189 62 6,538.8 t + 

ORFI67 48599 47488 1,112 161 19,509.5 + I.U .... 608 bp 

(",on I) 48599 48416 124 

(,,"on 2) 41867 47488 380 

OIFI69 51742 51233 510 169 20,084.8 

OIIFJI6 + 5110M 59015 951 ]16 35,826.3 + 

OItFJ6b + 59193 59)03 III 36 4,017 .8 + 

ORFI84 + 59525 60079 5SS 184 21,533.1 t 

ORF434 + 60151 61455 I,J05 434 51,866.2 

OIIF40 62916 62794 123 40 4,101.8 + 

0IIFJ8 61152 6)0]6 117 38 4,479.1 

OIIF42a flJ684 63556 129 42 5,101.9 + 

OIIFJI 64152 64247 96 31 3,466.4 + + 

OItFJ7 + 64370 644113 114 37 4,015,9 

ORF42b + 65027 65155 129 42 4,146,6 + + TAG .top 

ORF2D3 68640 (11)0 1,51l 203 22,6115.0 + + 

(", .... I) 68640 68510 71 Intra.. I: 518 bp 

(".Da 2) 611051 67760 292 l.trOll 2: 380 bp 

(c ..... ]) 67318 671JO 249 

OItFJ5 + 106fI9 10776 108 n 3,958.8 

OIIF4) 10994 701163 112 43 4,875,0 + + 

ORF69 + 93886 910095 210 69 1,838.1 + rl_1 prot .. ln 

OIFJ20 + 95482 96444 963 320 37,169.7 

0IF392 103380 102202 1,119 392 45,371.4 + 
OIF464 105261 103813 1,395 464 51,164.9 

ORFI068 108535 105329 3,201 1,068 127,654,8 + 

ORF4fl5 110064 108661 1,398 465 51,097.0 + 

DNA straIXl (+/-) indicates the coding se:;plences on either the rX>rTnal or reverse strand 
in cur file, The presence of typical prokaryotic prcmoter and SD sequences are shown as 
(+) when it can be seen upstream fran the ceding se:;plences. 'n'le p::>sition 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 

1. Ah(UGC) 

2. Arg(ACG) 

3. Arg(CCG) 

4. Arg(UCU) 

S. Asn(GuU) 

6. A.p(GuC) 

I. (y.(GCA) 

B. Gly(GCC) 

9. Gly(UCC) 

10. Gln(UUG) 

11. Glu(UUC) 

12. His(GUG) 

13. 11.(CAU) 

14. Ile(liAU) 

15. Leu(CM) 

16. Leu(UM) 

17. Leu(lJAG ) 

18. Lys(UUU) 

19. Het(CAU) 

20. fHet(CAU) 

21. Ph.(GM) 

22. Pro(GGGl t 

23. Pro(UGG) 

24. Ser(GCU) 

25. Ser{GGA) 

26. Ser(UGA) 

27. Thr(GeU) 

28. Thr(UGU) 

29. Trp(CCA) 

30. Tyr(GUA) 

31. VAl (GAel 

3Z. VAl (UAC) 

Al4INOACYl- D- D-lOOP 
STEM STEM 

D- AlIT. - AlIT. - ANT. -
STEM STEM lOOP STEM 

~ lA ~~!~ ACrT GeT A GAGe G ceGCe CTTGCM .... GGCGG ATGT 

~TTV TA ~~!~ AGA GGATTA GAGe A CGTGG CTACGM CCACG GTG1 

muTv TA ~r~ ACT GGAnA GAGC T CATGG meGM TCATC MGT 

~ TC ~!~! AM GGAT A GGAC A GAGGT mCTM ACCTC CAli 

TcenAC TA GCTe ACT GeT A GAGe G GTCGG CTGTTM CCGAl TGeT ................ 
GGGATTG TA Gnc MTT GeTT A GAGT A eCGCc CTGTCM GACGG MGT ............. 
~ TG ~~? ACT GeT A AGGC A GAGGA CTGCAM TCCH TAT 

~ TA ~TH MT GeT A AMT T CCTCC TTGCCM GGAGA AlA 

~ TA ~!TT ACT GeT A:;t C TrAGC cncCM GCTM CGA 

~ lC ~~? ACT GeT A AGeC T CCAGG TTHGeT CCTGl TArT 

~ TC ~m ACT GGCCTA GGAe A CCTCT CTnCM GGAGG eGA 

~ TA ~~? ACT eGAnA AGee A GTGGA TlCTGGA leeTe TACG 

¥p,.l~a TG ~!G Ml GeTT A MGt A ttCM crCATM TTGGC GMTT 

~ TA ~T~ ACT GGT A ~~ G ~ CTGAT""'GGGCC AGeT 

~ TG ~!~ MT GGTA G ~f G ~ TTCMM ~ TGCTTAMGCA 

~ IG I}~ MTT GeTA G ~ T GCGGA Cri""MM TeCGr TGGC1TTMAGACCG 

mim TG ~T~ MTT GeTA G ~f G eTGCT CTTAGGA ~ TGelAAGGCT 

~ TA ~E~ MT GGT A~! A C1CGG CTTn~CGAC GAGT 

mrm TA ~~!~ ACT GemA GAGT A TCGCT nCAlAC GGCGA GAGT 

C~ TA ~ ACTCTGGT A ~!~ G CAAGG ClCATM eenG AGel 

~ TA ~!~ ACTT GGT A ~ A GAGGA CTGMM leCTC GTGT 

~ TA ~! nGGI A GTn A TCATC TTGGGGT GATGA MGT 

~ TA ~ ACTTTGeT A GeGC G TTTGT TTTGGGT ACAAJ. ATGT 

T t>- T t>- T t>- AM IIIOACYl-
STEM LOOP SHM STEM 

C AGCGG ne(;AGT CCGeT TATeTce A -- ---
e ~ nCGMT ~ ~TT~ A 

C ~ neGMT ~ p~~~~ T 

T~ TTCGMT ~~A 

C ~ TTCAMT ~ H~ G 

T ~ TTCGAGC ~ ~ G 

C ~ TTCAMT ~ I¥lOO T 

T ~ TTCGATT ~ ~ C 

T ~ TTCGATT ~ ~ T 

C~ncGMT~~G 

e~ TTCGMT ~~A 

C~TTCMn~~c 

e~ TTCMTT~~A 

C ~ TTCMGT ~ W2ru A 

I ~ TTCGAGT ~ ~ A 

T ~ nCMGT ~~ Imru A 

T~nCGMT~~A 

T~mGAGC~emA 

e ~ TTCAMT ~ ~ A 

e ~ TTCAMT ~ ~c A 

C~TTCAMT~~A 

C ~ TTCAMT ~ 14m"" A 

c~ mGMT~WOOA 

~ TG ~CC ACT GGACGA ~~ G GeGGA TTGCTM TCCGT TGTACMGCTmTGTACe ~ TTeGMT ~ IUUll G 

~ TG ~!!G ACT GGTTTA ~ G TAGCA TTGGMA TGeTA TGTAGGCTTTTGGTCTATC ~ TTCGMT ~ IUlm G 

~ TG ~~~ ACT GGTTTA !~~ G ~ CTTGAM AeCGA TATACTTmMGATTATC ~ ITCAMl ~ Imm T 

ruuu TA ~~!~ ACT GGT A GAGT A ACGCe ATGeTAC GGCGT MGT e ~ lTCAMT ~ ~ T 

~ TA ~!~ AGA GGTC A ~ G TCGCA CHGTM TGCGA TGGT 

~ TA ~!T~ ACTTCGGT A ~~ G TAGeT CTCCAM ACCTA ATGT 

~I~ TG ~!~~ ACT GGTrM!~ G ACGGA eTGTAM Tecce TGGCMTGCCTA 

~ TA ~E~ AGe GeT A~! A TCACC TTGACCT GGTGG MGT 

~ TA ~!~ /IGC GGT. A ~~ G ceTCC TTTACAC .... ~ AiGT 

e~nCGACT~ ~ T 

e~ TTCAMT~~G 

C ~ TTCAMT ~~" 

C ~ TTCGMC ~ wru.I A 

C ~TTCAMT ~~A 

The narks :Ir. •• I --, and = show the position of stem-loop structure confonnation. 
Pro(GGG)+ has an incanplete aminoacyl stem structure, which was not detected by Northern 

hybridization. Arra.meads indicate the splicing sites of introns. 
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complete liverwort nucleotide sequence starts at the first nucleotide of 

the large single-copy (L5C) region in the junction (J LA)' The numbering 

proceeds counterclockwise around the chloroplast genome and ends at the 

last nucleotide in the IRA region (fig. 2). 

Identification of coding sequences for RNA and protein genes 

The coding sequences for four kinds of rRNA genes (165, 235, 4.55, 

and 55), 31 species of tRNA genes, and a proline tRNAGGG-like sequence 

in which the amino-acyl stem structure is incomplete were identified 

(Table 2). Coding sequences for tRNAs were searched for using the T tjJ 

loop sequence (GTTCRA) 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. 5ix 

species, alanine tRNAUGC' isoleucine tRNAGAU' glycine tRNAUCO lysine 

tRNAUUU' leucine tRNAUAA' and valine tRNAUAO had introns in their 

coding sequences. Their codon-anticodon table is shown in Table 6. The 

tRNAs encoded by the chloroplast genome were sufficient 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, Ll4, Ll6, L22, L2, L23, and 

L21, and small subunit proteins 57, 52, 514, 54, 518, 512, 511, 58, 53, 

519, and 515; Post & Nomura, 1980; Zurawski & Zurawski, 1985; Posno ~ 

al., 1986). In addition, the genes infA (Pon ~ al., 1979) and secX (X 

gene, Cerretti et al., 1983) and the !QQ. genes for (l. S, and S ' 
subunits of RNA polymerase were Identified by correspondence to E. coli 

genes (Bedwell .tl. al., 1985). Two ORFs (mbpX and mbpY) showed 

homology to inner membrane permease proteIns found in S. typhimurium 

(Higgins ~ 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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Codun 

UUU 

UUC 

UUA 

UUG 

CUU 

CUC 

CUA 

CUG 

AUU 

AUC 

AUA 

AUG 

GUU 

GUC 

GUA 

GUG 

Table 6 
Codon table and unmodified Bnticidons of tRNAs 

coded by liverwort chloroplast 

Anlicodon Codon Anli("odon Codon AnLicodon Codon 

UCU UAU UGU 
Phe Tyr 

GAA uce GGA UAC GUA UGC 

UAA 1 Ser 
UCA UGA UAA Ter UGA 

Leu 
CAA UeG UAG Ter UGG 

CCU CAU eGU 
His 

eee GGG CAe GUG CGC 
Leu Pro 

UAG CCA UGG CAA UUG CGA 
Gln 

CCG GAG CGG 

ACU AAU AGU 
GAUl! AS'l 

[ le ACC GGU AAC GUU AGC 
Thr 

UUU I CAU ACA UGU AAA AGA 
Het CAU Lys 

fMet CAU ACG AAG AGG 

GCU GAU GGU 
Asp 

GAC GCC . GAC G!JC GGC Val 
UACI! 

Ala 
UGe GCA GAA UUC GGA 

GCG GAG 
Glu 

GGG 

Anlicodon 

Cys 
GCA 

Ter 

Trp CCA 

ACG 

Arg 

GGG 

Ser 
GeU 

UCU 
Arg 

GCC 
Gly 

UCCl! 

The Am codon is an initiation codon. Termination codon (UAA, {JAG am. tJ3A) are inii
cated by Ter. Asterisks indicate ·the tRNA genes with introoa in their ceding sequences. 
Amino acids are shown by 3-1ett~ symOOls. 
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various sources as reported previously (Crouse et al., 1985; Hird ~ al., 

1986; Westhoff ~ al'
J 

1986). Seven of the identified ORFs had high 

homology to NADH dehydrogenase genes (N01, N02, N03, N04, N04L, 

NOS, and ND6) found in human mitochondria (Chomyn et al., 1985, 1986), 

and two ORFs (frxA and frxB) had high homology to bacterial 4Fe-4S

type ferredoxin proteins (Yasunobu & Tanaka, 1980). The frxA gene 

product has been Identified as a component of the photosystem I particles 

(Oh-oka ~ al., 1987). An ORF (frxC) consisting of 289 amino acids 

showed extensive homology to the nlfH gene of Az. vinelandii (Howard et 

al., 1983) and OR.f202 of B. capsulata (Hearst ~ al.! 1985). The ORF55 

(lhcA) had homology to antenna proteins of LHC of photosynthetic bac

teria (Youvan et al., 1984). 

Physicochemical characteristics 

Liverwort chloroplast ONA 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, ~G, 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 genare. 
The G + C content in every 25 nucleotides (1 to 121025) are shown as percentages. Major 
genes are drawn as landmarks. The abbreviations IR, LSC, sse are the same in Fig. 2. 

J IA, J LB, J SA, and J SB iIrlicate junctions between ~ and LSC, ~ and LSC, ~ and sse, 
and. IRa and sse, respectively. Open regions in the b::>ttan line indicate the spacer 
(non-coding) regions. ArrcJr...rs indicate coding regions for transfer RNA genes, which in 
most cases have higher G + C content. 

17 



Table 7 
stem-loop structures at the end of convergent transcriptional units 

Location 

ORFI36-0RF29 
olpA-tmR(VCV) 
Im.'IIGCV)-ORF36a 
ORF2136-lmD(OUC) 
".,bC'-It'ft8(VOA) 
IrnG(OCC)-tmIM(CA V) 
ImS(GGA )-ryMl 

IrnF'(OAA)-ORFI60 
IrnM(CAU)-alpB 
prIA-ORF40 
ORF37-'m W(CCA) 
ryMJ8-rpl20 
ORFM-ORF43 
ptlD-rpoA 
IrnR(ACO)-tmN(OUU) 
ORF32()..-,.Q1tI 
'mN(GVU)-tmR(ACO) 

Number of 
.tem-loop etructUre8 

(no. bue-palrll) 

1 (17) 
1 (12) 
1 (7) 
1(23) 
1(43) 
1 (II) 
5 (42, 7, 
20, 17,7) 
2135,10) 
1(18) 
3 (12, 20, Il) 
1(10) 
I (13) 
2 (13, 26) 
2 (7, 38) 
I (36) 
1 (30) 
I (36) 

Free energy (dG) 

-20·6 
-5,0 

-11·4 
-35·4 
-50'4 
-8-0 

-66·3, -6-3 
-20·0, -16·8, -6-3 

-45-8, -6·9 
-28·0 

-7,2. -30-1. -3·3 
-13-2 
-23·6 

-7'0, -3()'!) 

-goO, -55·4 
-21·7 
-36,6 
-21·7 

Free energy ccnserved in the stem-loop structure was calculated as descri.be:J by Tinoco 
~ al. (1973) and. Salser (l977) and. expressed as G (kcal:lkca1=4.184kJ). 

Table 8 
Membrane-spanning analysis of all 1i verl!l'ort chloroplast genes 

Peripheral location Integral location 

Confirmed Predicted Confirmed Predicted 

alpA rpl2 Ird alpF InB ORF36a 
alpB rplU p8bO olpll 1r.rC ORFllO 
alpE rplJ6 rpoA alp/ mhpX ORF2136 
rbcL rpl20 rpoCl ptlA mbpY ORF62 
~2 rpl21 rpoC2 ptlB nJld ORF36b 
rp4J rpl22 ORF513 ptlD nJA2 ORFI84 
ryul rpl23 ORF3701 pmrA nJlaJ ORF434 
ryu7 rplJ3 ORFI67 p808 nJh4L ORF40 
~11 /It.CX ORFI60 p~bA ndM ORF38 
rpdJ irr./A ORF316 TMbB ndM ORF3J 
ryMJ2 ORF42a TMbC ndh6 ORF37 
~u ORF61l TMbD I1u:A ORF42b 
ryMJ5 ORF302 TMbE rpoB ORF203 
~J8 ORF464 p6bF ORF29 ORF35 
ryu19 p6bll ORF34 ORF43 

ORFI35 ORF320 
ORF33 ORFI068 
ORF30 ORF465 
ORF32 

CompJter analysis was done with the program of Klein et al. (1985). PeriI=heral and in

tegral in the colUIlU'lS Confirmed irdicate th0 lor..ation of stranal proteins and. proteins 
boUIXl 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 IRS' 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 ~ al., 1986b). Palmer & Stein (I 986) 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 

(1978). The leucine tRNAUAA gene had a group I intron that forms the 

secondary structure typical of group I introns (Bonnard .ll al., 1984). In

trons in coding sequences were predicted using the 51-consensus sequence 

(GTGPyG) and 31-consensus secondary structures (PuAGCCGNATGAANNGA 

AANNTTCA TGTNCGGTTPy and CT APyPyNYNAPy) that are characteristic 
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of group II introns found in fungal mitochondrial genes (Michel & Dujon, 

1983). There were 22 introns in the chloroplast genome (Table 9; genes 

for alanine tRNAUGC and isoleucine tRNAGAU with introns were dupli

cated in IR regions). Ribosomal protein S12 gene ~ has two introns, 

one of which Is far away on the opposite DNA strand (Fukuzawa ~ al., 

1986). The ORF203 also had two introns in its coding sequence just 

upstream from the rps12' gene. The 5'-exon boundary sequences in the 

ORF203 introns (ATGCG in the first and ITGTG in the second) were dif

ferent from the typical 51-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 tRNAGAU' alanine tRNAUGO glycine tRNAUCC' lysine 

tRNAUUU' and valine tRNAUAC)' Introns in alanine tRNAUGC and 

isoleucine tRNAGAU had different 5'-exon boundary sequences (TTGGG 

and TTGCG, respectively); however, the introns belonged to the category 

of group II 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, although genes for a subunit of H+ -ATPase (atpF) and for 

proteins in the photoelectron transport system (petB and pet D) had introrn; 

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 lin lTon 
/ 5' intron 3' inlron / 

leu(UAA) ACTT/AATTTAATTGAGCTTTAGTTGAGAAATTTACTAAATGATT •••.... TACAAGTTAA\lTTAACAACAATGCAAATTGTAGTAAAATG/AAAA 115 

Group II ,ntrans 

Gly(lICC) 
lys{UW) 
V~ I{UAC) 
J le{GAU) 
Ala(UGC) 
ndh2 
ORF135 
rpcCl 
atpF 
ORF167 
petS 
peW 
rplll> 
rpl2 
ndhJ 
rpsJ2-J 
rps12-2 
ORF201-1 
ORFlO3-2 

COHSEN5US 

I 5' intron 3' intra" / 
AAAA/GTGCGAT-TCGT •••••• AAGGAGCCGAATGAAAG-AAAACTTTCACGTTCGGTTTTGAATTAGACCC •• (20) •• GTCGACTATAAC/CCTT 593 
TTAA/GTGCGAC-TTGG •••••• AGAAAGCOGTATGCAGT-AAAAATTGCAAGTACGGTTTGGGAAGAGATGA •• (29) •• ATCTACT-TCAT/CeCA 2.111 
ACAC/GTGeGCCAATGC ...... AACGAGCCCAATGCATA-AAAACATGCATGTTGGGTTCTTAAAGCAGTTC •• (12) •• AAeTGTT-TTAC/CGAG 530 
ATAA/TTGCGTCGTTGT ...... GGAGAGCGCAGTACAACGGAAAGTTGTATGCTGCGTTCGGGAAGGATGAA •• (64) •• ATTTACT-TCAC/GGGC 886 
GCAA/TTGGGTCGTTGC ..••.. GGAGAGCACAGTACGAT-GAAAGTTGTAAGCTGTGTTTGGGGGGGAGTTA .. (55) .. GCTTACC-CTGT/GGCG 768 
AGGA/GTGCGAT-TCGT •••... TAGGAGCCGTGTGAATT-GAAAATCTCATGCACGGTTTTGAATGAGAGAA .. (16) •• TTCGACTCTAAC/TCAC 536 
AGAG/GTGTGAT-TTAA •••... TTTAAGCCATACAGAGTTGAAAATATCATATATGGTTTTCAAGGGGGGAA .. (lO) •• ACCTATCCTAAT/ATTA 485 
CGAT/GTGTGAC-TTGA .••..• TTTGAGCCGGATGACGG-AAAACTTTCATGTCCGATTCTTAGGGGGGGAA •• (ll) .• ACCTATCCCAAT/CTCT 596 
GTGT/GTGCGG-GTTGA ...... AGAAAGCCGAATGAATT-GAAAAGTTCATGTTCGGTTTGGGAAGAGATTA •• (15) •• ATCTACTTTCAT/TAAG 587 
GATG/GTGTGAT-TTGA •..... GAGGAGCCGTATGAAGT-TTAAACTTCATGTACGGTTTTGAAACGGAGTT •• (15) •• AACAACCGTAAC/GAAT 608 
GGGT/GTGCGTC-TTGT ...... TTTAAGCTGTAAGATTA-TAAATAATCATTTACGGTTTTTCGAGGGGGAA .. ( 8) .. ACCTATCTCAAT/AAAG 495 
GAGT/GTGTGACTTTAT ...•.• TTGGAGCCGGATGATAT-TAAATTATCATGTCCGATTCTTTGGGGGGACT .. { 6) .. ATCTACCTTAAT/AACA 491 
TAGT/GTGTGAC-TCGT .....• GAGGAGCCGGATGAATC-AAAA-TTTCATGTCCGGTTTTGAAGTAGCGAT .. ( J) •• ATCGACTATAAC/CCTA 535 
TTGA/GTGCGGT-TTGA ...... GAAAAGCTGTATGC-TT-GAAAAAAGCTTGTACAGTTTGGGAAGAGATTT •• (18) •• ATCTACT-TCAA/CCAA 544 
CTAC/GTGTGAT-TCGT ...... GAGGAGCCGTATGAAAT-GAAAATTTCATGTACGGTTTTGCAATAGAGAT •• (18) •. ATCGACTATAAT/TATC 712 
GTAT/GTGCGAC-TTGT •• // •• GAGAAGCCGTATGAAAT-GAAAATATCAAGTACGGTTTTGTAAAGTGACA .. (17) •• GTCAACT1TTCC/ACTA ?11 

TCTA/GTGCG---TTGT •••••• AAAAAGCCGTATTCGTT-GAAAATCGGATGTACGGTTTGGAGGGAGATAA .. ( 4) .• ATCCACC-CTAC/AATA 500 
TATA/ATGCGCC-TTAT ...... CTTAAGCTGTATGCGCTTAAAAAGTGCTTGTACAGTTTTATAAGAAAAAA .. (l) •. AATTATCTTAAT/CAAT 518 
CGCT/TTGTGCCAATGA ...... ATAGAGCTGTATGCAAC-TAAAAATGCATGTACAGTTCGTTTCATTTATT .. (27) .• ATATTTATTAAT/AGGG 380 

/GTGYG RAGCCGNATGAAHN-GAAANHTTCATGTNCGGTTY CTAYYNYNAY 

Numbers in the right col\lllU1 show the length of the introns. The letters Y and R i.ndi
cate pyrimidine and purine nucleotide, respectively. Numbers in the paretheses indicate 
the length of nucleotides deleted in this Table. The abbreviations Leu(UAA), Gly(UCX::), 
Lys(UUU), Val(UAC), Ile(GAU) and Ala(OOC) are used for genes of leucine ~, glycine 

~, lysine tRNAuuu, valine ~C' isoleucine ~U' and alanine tRN1U;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 T AA 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 ~ a1., 

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 ~ 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, !!!PL 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, ~ 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 II be

cause of their transmembrane characteristics and their location in the 

identified ~ gene cluster (psbE and psbF) of C. paradoxa cyanelle 

(Cantrell & Bryant, 1988). 

Among the unidentified ORfs, two large ORfs (ORfl068 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 Tulal Codon Tulul 

UUU 1,547 UCU 628 UAU 826 UGU 219 
Phe Tyr Cys 

UUC 97 uee 71 UAC 95 UGC 41 
Ser 

UUA 1,867 ueA 359 UAA B4 Ter UGA 2 
Leu Ter 

UUG 203 UCG 48 UAG 5 Trp UGG 441 

CUU 524 CCU 477 CAU 38B CGU 357 
His 

cue 25 eec 39 CAC 62 eGC 47 
Leu Pro Arg 

eUA 143 CCA 367 CAA BB7 CGA 25B 
Gln 

eUG 25 CCG 49 CAG 53 CGG 22 

AW 1.519 ACU 616 AAU 1,256 AGU 414 
Asn Ser 

Ile AUC 101 ACC 57 MC 175 AGC 46 
Thr 

AUA 70B ACA 499 AAA 1,764 AGA 382 
Lys Arg 

Met AUG 521 ACG 42 MG 78 AGG 24 

GUU 64B GCU 779 GAU 735 GGU 627 
Asp 

GUC 47 GCC 66 GAC 72 GGC 82 
Val Ala Gly 

GUA 450 GCA 452 GAA 1,133 GGA 67B 
Glu 

GUG 4B GCG SO GAG 85 GGG BB 

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 a!., 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 upstream 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 (rlf, unc, str, ~ 510, a, and rrn operon 

(Umesono ~ al., 1988; fukuzawa ~ ai., 1988; Kohchi ~ 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 516 of tobacco (Shinozaki ~ 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 (Shinozakl 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 on 

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 ~ 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 

{.I) Rj.r.-:-, l"RA JrI"HI'"t'I 

rrllA/rrnlJ m:.u:J.---( IH)- -TATM:T 

Ct.) Tr-lInnlcr (lNA .,II'NW'." 

tn"(GCA) rrr.AAT --(I/l---n.nAT 

rrrl.'i(r.cu) TffiAAA---( IH)---TArUT 

crnO(lf.ll(;) m: .. n·--( lH}--. TiTA.ti 

lro'l.f(mlll) TICACl· .~( J 1)-. -nnn 

lrn ... :(m~Cl --rn;.u.: .... - L _( 11)---lA.ACAT 

UnT(GCH) m: ... u---( 1 H)---CACAAT 

lrI'lS(OC.t. ) rrr:T"U---( 11;1)--TATUT 

lr-nC(OCC) nlUT---( 11)---TATUr 

un''''-CCAU) m;nT---( IfI)---TATACf 

lrnS(cr. ... ) nt:CTI,---( IS)---TACAH 

UnT(IGI) TTUTT ---( ~ 1)---TATAAT 

Unl.(UU) "l'lT.C".AT -~-( 1"1) --UnH 

trnV(U,Ir,f.l liCTAT - _.( L ',}---TATUC 

U""'(CAII) TTCCJ.T---( 18)---TATUT 

! rnP«(n;) TAOC.C ..... ---( 17)---TACAAT 

lrnl(CA1J) rrr .. ..u:---( IH)---TATUT 

rrnV(r.AC) 1il.TTT -~_( I H) ___ TATUT-

1"'n:.AAT---( Ib)-L-TATTAT-

rr,l),lt(GUll) rrr.cr ... ---( 11)---TATAAT 

!rnL(UAG) ,"""""---(11.1) --TATUT 

(il "~I p,.o'rjn~ 4I'rdolhc-r"1i" 

,,..8 
rpl22 

rpllQ 

rp121 

rp121 

rpll"j 

in(A 

.~. 

TTT .... M:---( I M)-- -UTAIIT 

l"JU.;U---(J l)---TTTAAT 

rn.;AlT - --( jfJ}---TATA.lr.f"1I 

m:rrr---( lib) --TATA{.'-" 

·m:,u,~---(I(,)---1't.,..At."l 

'TT'r.TA.T---( IH)---nT~cr 

Tn:A,Ir,C-- 111)---T.lTAAC 

"..-r_I(.-rrl 

su M:-qurm rl. ~·I"'.·l'O SoD fU-qU{"'f1":-{'!'O 

(IN~ oll1d lIil A) 

(Ik" "l1d liM) 

"xL 

-, 
""., 
""h> 

ndfiAI. 

",,01 

t,.. 
(r1l8 

tr.r. 

Jhc.A 

rn;c.IT---( 18)-- -T.u:.<Al 

11'C.lCA---( 10)- - ·ntTAT 

TTr'.J..AA---( 1"'1)-~-"'''CAAl' 

TlClTf---( IH)---TATAIIT 

rn:.c;r ---I ro)--- rTCA.T 

=---( 11)---=A4T 

TI'C11T---{ 11)---1TT'AAT 

rrclr.a::---{ 11 )---TATAAA 

ITATAA---( L 1 )---TATAAA 

Ttr.lr.TA---( I '1 )---T .... 1"UA 

Tn'J.n:---( I;M)-- -TACACf' 

Tn7I'J,G---( Iq)---T.\TACT 

Cd Un,f'*"n( IflNI 0fIF'.ff 

OM .. ~ 

OIWIY, 

OInl 

oM.,] 

"".",. 
OIIt .... ,11 

ott''',o 

OIt'62' 

OKH61 

OtWllb 

OrU-'Jbb 

CWflK4 

O'U'40 

OIt'4.2.1J 

~'" 
Ok~'4Lb 

OIH"20) 

OII.fo'4' 

lJIrl>'bQ 

UIU""'}ljIl 

[W"'IOf~ 

ll.n-41,·, 

nr ....... "--( IH)---T,,"ATl'" 

TT"CGAT ---( 10)---TAUTf 

TTC-ATA---( 11)---TT7C,n 

Tn'.""T---( 11) ---TT'(",J,AT 

Tl'GAAC--( 11I)---TAl'A1T 

1TG1"\..A---C 11)---TA-"TAT 

rn;TIT---(" )---CJ.TUT 

nr.tU- --~n,---n.TUT 
Tf{;AGA __ ( 1~.)---TAeTAT 

.. O:: .... G 

I.GGI. 

"a:: ... r. 
AocAC 

AC4:; ... t:': 

ceAC 

Io("~: 

.M:r; ... 

.... £:1:" 

Genes have either praroter or -SO sequences are listed. 
the nucleotide base-pairs between -35 and -10 sequences. 
li 

Numbers in parentheses indicate 
The sequence of the 3' end of 

\1el:Wort 168 rRNA, ~, is canp1ementary to SO sequences listed above. Asterisks 
indicate 2 p:lssib1e pratDter sequences. 
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1-2 d I tl of Marchantia polymorpha chloroplast Structure an organ za on 

genome - Inverted repeat and small sIngle copy regions 

MATERIALS AND METHODS . and 
Procedures for chloroplast DNA preparation andThclonm g d 

d described in the chapter I-I. e open rea -sequencing metho s were as IDEAS with the protein 
ing frames (ORf) were identified by the program 
database NBRF (release 8 to 10). 
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Fig. 1. Gene organization in the ~, sse, and ~ regions. 

The coding region of genes are shown as boldface boxes. Introns are in:licated 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 sho.m by the arrows corres.(X)nd 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 IRA and IRB 

regions were identical (10,058 bPi 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-Iabelled 

rRNAs (23S, 16S, 4.55, and 5S; Ohyama ~~, 1983). The 5'- and 3'

termini of 16S and 23S rONA were determined by comparison with the 

16S and 23S rONA sequences of maize (Schwarz & K&sel, 1980; Edwards 

& KBssel, 1981) and tobacco (Tohdoh & Sugiura, 1982; Takaiwa & Sugiura, 

1982b). The 16S rRNA (1496 bases) of liverwort chloroplasts shows high 

homology with that in £. coli (78.7%, Brosius ~~, 1978), A. nidulans 

(84.8%, Tomioka & Sugiura, 1983), maize chloroplasts (94.2%, Schwarz & 

K8sseI, 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 SO sequences 

(Shine & Oalgarno, 1974). The existence of a sequence complementary to 

the SO sequence in 165 rRNA is a feature of prokaryote, and this may 

influence the translation efficiency of mRNA. The 23S rRNA (2811 

bases) of liverwort chloroplasts also shows high homology with that in E. 

coli (67.9%, Brosius ~ al., 1980), A. nidulans (81.4%, Kumano et al., 

1983), maize chloroplasts (92.5%, Edwards & K8ssel, 1981), and tobacco 

chloroplasts (94.5%, Takaiwa & Sugiura, 1982a), although the 3'- terminal 

regions of the E;. coli and A. nidulans 235 rRNAs include the coding 

sequence for the 4.55 rRNA found in land plant chloroplasts. The RNA 

sequences of 55 rRNA (Yamano et al., 1984) and 4.5S rRNA (Yamano et -- -
al., 1985) have been reported, and these are confirmed by the DNA 

sequence. Replacements, insertions, and deletions of nucleotides in the 
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(a) ~rnV(~AC) ~ trn~GUl:J) . . . n·.tt ATGATTAH.GTTTATMCATTnAT 81110 
;ucctgtglOttcgccuthlglg ttgggtgctttuCClttcavcclt1l9.t9cttt tt.l.t.ttattl.ttutuUg.t. • gg <TMTAT (111000) 

• • • • • • • • UTCTGTGTGATTATAC.UTTTAGTGG.u.TTTTTTAT 81240 
TTCTTAMTTCMICMTTATTTTrCTTTTTTTCTTCTATATGTAmTTTTMCATMAMTTTGACGGGTTAGCGTGAGCT +- __ > (110as0) 

(GMTTT +--> (--+ 
• • • • • • • • CG Tw.....u.CTMMi.rATAGGTATMAACAMTAT 81360 

nTTTMAMTTTTTGCTTTCGTTCTGTGAGTTTATGTCTTTTTnTCTATTTTTGMTATAGTGTT~!TTACCTA :~ __ -+ (120760) 
c-- -. 

+-- -- --- -. (---- ---
GT WAM TTGTe TA TTTT M TGTTA ••• i~ ..... i:GTATAT McTTTTTGMG TT MGGTGTAGCTTTTm AcMACTGTTTGCA TA ..... •• TTGM TTTcM TTTATGA ri: (1 ~6:~) 

+-- ....----)0 <-- 4 +---)- 0(---+ +-----> <- ~Jo -c------+ 

- ---+ 

GTAGATT~T.u.cTATTTATTT~WTTTTATCAT~CATTTcAGAGGTCMcTMTTmHTATTATMMTATAMTTTTTCTTTATATTTTTTTGTc.uG 81600 
+--> (_-+ +--. (11051Q) --. <--

TMACAAMilTATATTAMTACTAMTAGTATTTTTTGrTTGCATTGGTMGGTGGTMTATAATTATATGAMTMTTMTGGTlGCATMGTTTCTTWTTTTTGAGATTTMGTTT sIno 
.-+ _. <____+ TrGTTl. TATMT> +---> (--+ (110400) 

WAMTTTGMTGAAMT~TATATTATCTATWTMTATArTTTTTAGMi;TCAGATTTTiAGTTCTCTThTTTTCTGAiw.TAGGGATATMCTCAGCGGTAGAGTATt 81840 
TTGMh TATTAT. V.I-GAt. S'-AGGGAUAUAACUCAGCGGUAGAGlIAUC (110180) 

..... ----. .-------+ 
ACCTTClACGTGGTGGAAGTCA TCAGTTCGMCCTGATTATCCCT MMA TAGTTAMGcA TlTTGATTTGTTGTTTleriGTT ATTGAAi.GAGGCTTGT~TTGACAT MT AGGGT AG 81960 
ACCVUClACGUGGUGClAAGIJUUCAGUIICGMCCUGAVUAUCCCUA-3' TTClACA. (110160) 

GTATGGGTATACTAGAMTGAUCTTcMIlCTMTATGMGTGMTGMAMTAMCATMGTTATCTATCrCTTGGGATGGAAGACGATTTGAMTCTGCTTTGTTTAC~GAJ.G 82080 
TATACT. (110040) 

CTATMGTMMGTMTATMTTATGMTCrCATGGAGAGTTTGATCCTGGCTCAGCATGMCGCTGGCGGCATGCTTMCACATGCAAi;TCGTACGGGMGGATCCTAGTGGTGTTTCC 82200 
16S rAIIA> 5' _UCUCAUGGAGAGUUUClAUCCUGGCUCAGGAuGMCGCUGGCGGCAUGtUUMCACAUGCMGUCGUACGGGAAGClAUCCUACUGGUGUUUCC (1199<0) 

AGTGGCGGACGGGTGAGTMCGCGTAAGAAcCTGCCCTT~CAGCTGGiAACGGTTGcTAATAcctCATAGGCTGAGcAuCMMGGAGGMTCCGCCTMGGAGGGGC 82320 
AG\lGGCGGACGGGI..IGAGUAACGCGUMGMCCUGtCCUUGGGAGGGGGACMCAGCUGCAMCGGUUGCUMUACCCCAUAGGCUGAGGAGCMAAGCAGGMUCCGCCUMGGAGGGGC (1 1 9Boo) 

TTGCGTCTcA TT AGCl AGrTGGTGAGGT M T AGCTT ACcMGGCCACGA TtAGT AGCTGCncTGAGAGGA TCA TCAGCcACACTGGGAc1GAGACACGGCtCAGACTCn ACGGGAGGC4 81440 
UVGCGUCUGAUUAGClJAGUVGGUGAGGUMUAGCUUACCAAGGCCACGAUCAGUAGCUGGUCUGAGAGGAlJGAUCAGCCACACUGGGACuGAGACACGGCCCAGACutUUACGGGAGGUo (119680) 

GCAGTGGGGM TTTTCCOcM TGGGCGMACG TGACGGAGtM TGCCGcGTGGAGGT AGMooCTCACGGGTCGT AMcTCtTTTTC T~ TGW TClACGGTATCTGAGGM T 8Z 550 
GCAGl.IGGGGMUUUUCCGCMVGGGtGAMCGUGACGGAGCMVGCCGCGuGGAGGUAGMGGCUCACGGGUCGUAMCUCCVWUCUCAGAGAAGAUGCMUClACGGlIAUCUGAGGMU (119560) 

MGCATCGGCrMCTCTGTGCCAGCAGCCGCGGTMGACAGAGCATGcMGCGTTATCCGGAA1GATTGGGCGTMAGCG1CTGTAGGTGGCmTTAAGTCCGCCGTcA.uTCCCAGGG 82680 
MGtAUCGGCUMCUCVGUGCCAGCAGCCGCGGUMClACAGAGGAuGCMGCGUUAUCCGGM\.IGAiIOOGGCGUAAAGCGUCUGUAGGuGGCUUWUMGUCCGCCGUtAMUCCtAGGG (119440) 

tTCAAtCCTGGACAGGCGGTGGAMCTACCAAGCTGGAGT4CGGTAGGGGCAGAGGGMmCtGGTGGAGtGGTGMATGCGTAGAGATCGGMAGMtACCAATGGcG.w.c;UoCTcT 82800 
CUCAACCCUGGACAGGCGGlJGGMACUACCMGtUGCAGUACGGUAGGGGCAGAGGG4AUUUCCGGUGGAGCGGuGAMUGCGUAGAGAUCGGAMGMCACCMUGGCGAAAGCACUCU (119310) 

TCTGGGCCcACACTGAC4cTGAGAGACGA.MGCTAGGGGAcCAMTGGGATTAGATACCCCAGTAGTCcTAGCCGTAMCGATGGATACTMGCGCTGTGCTATCClACCCGTGCAGTGcT 82920 
UCUGGGttGACACUGACAClIGAGAGAtClAMGCIlAGGGGAGCAMUGGIlAUUAGAUACCCtAGUAGUCCUAGCCGUAMCGAUGGAUACUMGCGCUGUGCUAuCGACCtGUGtAGUGCU (1 19100 ) 

GTAGCTMCGtGTTMGTAiCCCGCCTGGGGAGTACGTTCGCMGMTGWtTCAMGGAATTGACGGGGGCCCGCAcAAGCGGTGGAGCATGTGGTrTMTTtClATGWcGCGAAGA 830-10 
GUAGCUMCGCGUIIMGUAUCCCGCCUGGGGAGUACGUUeGCAAGMUGAMtUCAMGGMUUGACGGGGGCCCGCAtMGCGGUGGAGCAUGuGGUUUAAUutGAUGCAACGtGAAGA (119080) 

ACCTTACCAioGGCTTGACATGCtGTGMTtTTTTT~GTGi:CTTCGGGMi:GCGCACACAGGTGGTGCATGGCTGTtGTCAGCTCGTGCCGTMGGTGTTGGGTTMGTCC 83160 
ACCUUACCAGGGCUUClACAUGCCGUGAAUCWlJllVGAAAGAAMGAUGCCWCGGClAACGCGClACACAGGuGGUGCAUGGCUGUCGUCAGCUCGUGCCGUAAGGUGUUGGGuUAAGuCC (118960) 

CGCAAtGAGCGCMCCCTCTTGmAGTTGCCATCATTWTTTGGMCCCTAMCAGACTGCCGGTGATAAGCtGCAGGMGGTGAGGATGACGTCAAGTCAGCATGCCtCTTACGCCC 83280 
CGCMCGAGCGCMCCCUCUUGUUUAGUVGCCAUtAUUMGU1JIJGGMCGCUAMCAGACUGCCGGUGAUMGCCGGAGGMGGUGAGGAVGACGUCMGUCAGCAUGCCCCUUACGtCC (118840) 

TGGGCGACACACGTGCTlcMTGGCCGGGACAMGGGTCGCGACCTCGCi:AGAcA6AGCTMCCTCMAMCCCGGCCTCAGTTCGCATTGCAGGCTGcMCTCGCCTGCATGMGCCGG 83400 
VGGGCClACACACGUGCUACMuGGCCGGGACAMGGGUCGCGACCUCGCGAGAGA"GCUMCCVCMAMCCCGGtCUCAGUUCGCAUUGCAGGCUGCMCUCGCCUGCAVGMGCCGG (118720) 

MTCGCTAGTMTCGCtGGTCAGCCATACGGCGGTGMTCCGTTCCCGGGCCTTGTACACACCGCCCGTCACAClATGGGAGCTGGCCATGCCCGAAG1CGTlACTCTMcCGTAAGGAG 83520 
MUCGCUAGUMUCGCCGGUCAGCtAU4CGGCGGuGMUCCGUVtCCGGGCCWCiUACACACCGCCCGUCACACUAUGGGAGtVGGCCAUGCCCGAAGUCGUUACUCUMCCGUMGGAG (118600) 

GGGGGTGCCGMCAGGGGCT AGTGACTGGAcTGMGTCGT MCAAGGT AGCCGTACTGGMGGTGCGGcTGGA TCACCTCCTTTTT AGG6Ar.AGeT M TGCTTGTTGMCTTTTTCA Tn 83640 
GGGGGUGCCGMtAGGGGCUAGUClACuGGAGUGAAGUCGIJAACMGGUAGCCGUACUGGAAGGUGCGGCUGGAUCACCUCCUlJU-3' ( 118480) 

MtGTmTTCGCAAAAMAGTGAGTTArTTCATlTGAAMw.GTCAmTTCACGTTTmTCTTClA TACTTAMTAi.».TTMGTTCA TMGCTlA TTATCCTAGGTtGGMCAAGT 83760 
+--. c--+ _. ,_ (118360) 

TGATMMACCCATTAMrTATCCTTAGcATGGCAG1MtGTCATCAGGTAMTATGCWTGw,TToomnnCGCCCTTGGTArTGCAGGTCTCCrAGGAGACCTGCACClACGGG SJa80 
11.-.6AU. S'-GGG (118240) 

..-... -- --_ .. - - -,. 0(-- --- ~ 

CTATTAGCTCAGTGGTAGAGCGeGCCcCTi:ATMTTGeGTCGTTGTGtrTGGGCTGTGAi.GGTTTTCAGCCACATAMTAGTTCMTGTGCTCATCAGtGTCTGACCTGMGATGTTMT 84000 
ClIAUUAGCVCAGUGGUAGAGCGCGCCCCUGAUAAlI.Q)"9, •••••••••••••••• (Intnn) ......... ,."., ......................................... (118120) 

CAmMGGtACCTTAGCATGGCGTmci:TTTTtmcMm~TAGATGGGtGATTCAGGTAGATc.w.TGGAGA11CMTTGCACTCACTtGTGGCATCTGGGtCGTCC 84120 
........................................................ (lnt'O.) .......... , ............................................. (118000) 

~GAGGACCCATTGAGCTi:CTCTCTTCT~TcMTACATGCcTTATCAGTGTATGGATGACTATCTTTCGAGCACAGGTTGMGTTCMCtTAGATGTGAA.WTG;;AGCACC 84240 
• .... • .... • .... •• .. • .. • ................................. (Intro.) ............................................ , ........... (117880) 

TMTMCGcATCTTCACAGAcCAAGMCT~TCACi:1ATAGAGArTmmCTA6GGTGAcGGAi:cGATCATArTATTCGAGCciTTTTCTGCnTTCTTGGAGinTCGGAGAAi. 84360 
.. , ............................. ,., ....... , ............. (Intrgn) ........................................................ (117760) 
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GCAGCAA TeM T 4 TnTnTT AGGTT AGTIr AGGA n /l.GAcAAGGA TGTCAAI>. HunT i..v.AAAGA Ten AGGTCCTAAM TA TTAGA TrCAGTCA T MAM TACTTGGT It, T MGT Me 1 ~~:!g 
........................................................ (lntron) ........................................................ ( ) 

GCT ACGAennTT AGTCA TT /l.CAGGCCGAGGGTCACAA TGAA TGTTTnTTTCTCT 4 Ti-ClCT M TGA TGGA TGCAGGTreGAMMGGA TeTT AGAGTGTTTAGTTcAGn ~ 1 ~~~~) 
........................................................ (lnt r on) ...................................................... • ( 

TGGATTTTcTAATGTTTTCTTTTCTCTTnCATCAAA/l.TTTTCTTCCAAA.u.CTTGTT'uTGGCAAGMA.a.TMATIt,CACTTGGAGAGCGCAGTACMC~fTGTA;CCTGCGTTC 84720 
.•.•••••••••...••..•...••...•...•.•.•.•.•...•.•..••.•••• (intron) •••••••••••••••.•.•.• r.gceg-.ugU-1j.u-uucaugu-cgguuy (117400) 

GGGAAGGArGAATCGTTCCT~nTATAuATTTTTTTTAhGAMnGTAcGTGCGATcATTTACnCACGGGCGAGGTi:TCTGGTTcMGTCCAGGATAGCCCAGCTGC 84~0 
........................................................ {Intron) ...... cUI)'Y-Y-IyGGGCGAGGUCUCLKlGWCAAGTCCAGGAUAGCCCA-J' (1 I 7260) 

+- - ---

GCCAAG4 T';"" TA.U.MAAi;CA T AA TG4 TTT ATTTTTGcA TGCn TCCTTGCTTTCCTTGGCCTGGGTA T AGGGGA T ATAGCTCAGTTGGTAGAGCGCCGCCCTTGCMnGGGTCGTTG 8~960 
Alo-OGC. 5'-<OGGGAUAUAGCUCAG\lUGGUAGAGCGCCGCCCULKl(;.V.gug)'g ...... (117160) 

<-- -- - ------

tGcn ACGGimGGA TGCTT M TTGTCTAGGCGGT AA TuA T AGTATCTcTTACCT MACCGGTGGCTMCmTTCTT Ai:.GM TGAGA.A.AGAGGACTGGMCATGCCAcTGA.V.AGTTrT 85080 
........................................................ (Intron) ........................................................ (117C1'O) 

ACTAAGAcMAG,..TG4GTTGTTA.AMGT~GGT4GGATGGGT.a.GrTGGTTAGATCTMTATGGATCGTACATGiw:GATAGnGGAGTCGGCGGCTCTCCTAGGGTTACCTCAT 85200 
........................................................ (Intron) ........................................................ (116920) 

C T /II;M TCCCTGGGGMGAG.v.. T CMGT TGGCCC TTGCWCAGC TTGA TGCACT A T C TC TC TTT MCCCTTCAAGCcW TGTGGc.uAAooMCGJ.AAAGCCA TGGACTGACCCCA Ti: 85320 
........................................................ (tntro.) ........................................................ (116800) 

GTTTCCACCCCGTAGGAACTACGAGATCGCCCCCMGAATGTCGAATAAGGCATCAAGaGGTCACAGACCGACCATMACTTMTTCMTAAGGCGMCGGATTMCCTCrTTTGTTCTT 8S440 
........................................................ (t.tro.) ........................................................ (116680) 

ATTGGTAJ.Gi.AGGGTCGiiAWGGGTMeMCTCMTATTMGACTMTTAGTCAGGTGGA •••••• .v.i.G.v.rmw,TTCTTGTGTAGTTAGATIt,TTTTCAMTT~TTCcT 85560 
........................................................ (Intron) ........................................................ (116S~O) 

ATCAmTTWTTCGACGi:CTTTTGAGrTAAGTAGCTCTTTGGAGAGO'CAGTACGATG.v.AGnt;r.a.AGCTGTGTTT~riATTGTCTATCAMGGCCTCTATGGlMAAT 85680 
............................................. rogccg-.ug .. -1j ... -uucougu-cgguV1 .......................................... (116440) 

AM TCAA T A.i.AGrcT AAGAG.o.CG4 TGGCn ACCCTGTGGCGGA TG T CAGCGGTTCGAG TCCGCTT II TCTCCAGTTGA TcA TCGGAA TGAAGACM TAT Ai;TTGCCTTGGA TA T M T MiA 85800 
........ , •••••••••••••••••• cUOYY-1"I)'<iGCGGAUGUCAGCGGUUCGAGUCCGCUUAUCUCCA-3' (116320) 

AMATTTTMTCmATMCCMGTTGACCTMmrrcAnATTTAToo,.tGTTGAT'uGATCTTTTTTnAGCACTnATMTGGCATAGCcnTMnMTG~CGAGGnCAMCuA 85920 
2lS rIIJIA>. 5' -UUCAMCGA (116200) 

AMAGGGCTTACGGTGG4TACCTAGGCACCCAGAGACGAGGAAGGGCGTAGCAAGCGACi:A.v.TGCTTCGGGGAGCTGMMTMGTATAGATCCGGAGATTCCCGMTAGGTTMCCTT 860.0 
MAAGGGCUUACGGLKlG4UACCUAGGCACCCAGAGACGAGGAAGGGCGUAGCAAGCGACGAMUGCUUCGGGGAGCUGMMUMGUAUAGAUCCGGAGAUUCCCGM\JAGGUUMCCUU (116080) 

TGAMCTGcTGCTGM TTo. T AGGCAGAcAAGAGACAACCTGGCGAACTi:A.v.CA TCTTAGTAGC~CAMAGCGATTCTCGT AGT.t.GCGGCGAGCGw TGGGMC 86160 
UGMACUGCUGC\JGMUUCAUAGGCAGACAAGAGACMCCLKlGCGAACUGAMCAUCUUAGUAGCCItGAGGMJ,N;MN;.CMAAGCGAUUCUCGUAGUAGCGGCGAG CGAMIlGGGAAC (11 5960 ) 

AGCCTAMCCGTGAMACGGGTTGTGGGGGAGCTAMT,W;TGTTGTGrTCCTAGGCGAAaCAGTTG4GTCCTGCACCcTAGATGGTaMAGTCCAGTMCCGAMGc.a.GCACTAGCTTA 86280 
AGCCUAMCCGUGMA.\CGGGUUGUGGGGGAGCUAMUAAGUGUUGUGUUGCUAGGCGAAGCAGUUGAGUCCUGCACCCUAGAUGGUGAAAGUCCAG\JMCCGMAGCAGCACUAGCUUA (115840) 

GGCTCl MCCCGAGT AGCA TGGGGCACGTGGM TCCtG TGTGM TCAGc.UooACCACcTTGT AAGGCT AM TAClCCTGGGTGACCGA T AGCGMG T .a.GTACCGTGA~GTc.u 86400 
GGCUCUMCCCGAGUAoGCAUGGGGCACGUGGAAUCCCGLKlUGMUCAGCAAGG4CCACCUUGUMGGCUAMUACUCClJGGGI,JGACCGAlIAGCGMGUAGUACCGuGAGGGAMGGUGM (115720) 

AAGMCCCCCA TCGGGGAGTGAM T ACMCA TGAMCCGT AAGCrC Cc,W;CAG TGGGAGGAw TrW TCTCTGACcGcGTGCCTG TTGAAGM rlOAGCCGGCGACTTA T AGGCAGTG 86520 
AAGMCCCCCAUCGGGGAGUGAMUAGMCAUGAAACCGUAAGCUCCCAAGCAGLKlGGAGGAGMlIUGMUCuCUGACCGCGLKlCCUGUUGMGAAUGAGCCGGCGACUUAUAGGCAGUG (1156oo) 

GCCTGGTTMGGGAGCCCACCGGAGCCGTAcCGMAGCcAGTCTTCTTAGGGCMTTGTCAtTGtTTATGGACCCGMCCrGGGTGATcTATCCATGACCAGGATGMGCTTGGGTGMA 86640 
GCCLKlGUUMGGGAGCCCACCGGAGCCGUAGCGAMGCGAGUCUUCUUAGGGCMULKlUCACUGCUUAuGGACCCGMCCUGGGUGAUCUAUCCl.UGACCAGilAUGMGCULKlGGUGAM (' I S(80) 

CT MGTGGAGGTCCGAACcGACTGA TGT rG.a..a.A.a..a. TCAGCGGA TGAGTTGTGGTT AGGGG TGAM TGCci.CTCGMCCcAGAaCT AGCTGGT TCTCCCCGAM TGCGTTGAGGCGCAGcA 86 760 
CUMGUGGAGGUCCGAACCGACUGAUGUUGAMMUCAGCGGAUGAGUUGUGGUUAGGGGUGAMUGCCACUCGMCCCAGAGCUAGCUGGlJUCUCCCCGAMLKlCGUUGAGGCGCAGCA (115360) 

GTTGACrGGACTATCTAGGimAMGCACTGTTTCGGTGCGGGCTGCGAG.a.GCGGTACc.W.TCGAGGcWCTCTGMTACTAGGTAGG.a.CTTCCTATTMTAGGMGTMGGGTCAGC: 86880 
GUUGACUGG4CUAUCUAGGGGUMAGCACLKlUUUCGGUGCGGGCLKlCGAGAGCGGUACCAMUCGAGGCAMCUCUGMIJACUAGGUAGGAC1./UCCUAUUMUAGGMGUMGGGuCAGC (115240) 

CAGTGAGAcAGTGGGGGA T MGCHCA TTGTCGAGAGGGGMCAGCCc.a.GA lCACCAGCT AAGGCCCCT AM TGACCGcTCAGTGGT MAGGAGGT AGcAGTGCMAGACAGCCAGGAGG 87000 
CAm.KlAGACAGLKlGGGGAUMGCUUCAULKlUCGAG4GGGGAACAGCCCAGAUCACCAGCUAAGGCCCCUAMUGACCGCUCAGLKlGUAMGGAGGUAGGAGLKlCAMGACAGCtAGGAGG (115120) 

TTTGCCTAGMGCAGCCACCCTTGAMGAGTGCGTMTAGCTCACTG4TCMGCGCTCTTGCGCCGAAGATGMTGGGACTMGCGGTcTGCCGMGCTiHGGGATGTcMMTACATCG 87120 
UUUGCCUAGAAGCAGCCACCCUUGMAGAGUGCGUMUAGCUCACUGAUCAAGCGCUCUUGCGCCGAAGAUGMuGGGACUAAGCGGUCUGCCGAAGCLKlUGGGAUGUCA.l.MUACAUCG (115000) 

GTAGGGGAGCGTTCCGCCrTAGGGAGAAGCATCACGTGAGCAGGTGTGaACGMGCGcMGCGAGMTGTCGGCTTGAGTAACGCMAo.TTGGTGAGAi.rcCMTGCCCCGAAMCCTA 87240 
GUAGGGGAGCGUUCCGCCUUAGGGAGMGCAUCACGUGAGCAGGUGUGGACGAAGCGGAAGCGAGAAUGUCGGCUUGAGUAACGCMACAUUGGUGAGMUCCAALKlCCCCGMMC~UA (114880) 

~GTTCCTCCGCAAGGTTi:GTCCACGGAioGGTGAGT C.a.GccCCT AAGA TCAGGCCc;.v..t.GGCGT AG reG,.. TGGACMcAGGCAM T A nCCTGTACT "CCCClTGTTGGTCCCGAGGcA 8 7 360 
... GGUUCCUCCGCAAGGWCGUCCACGGAGGGUGAGUCAGGGCCUAAGAUCAGGCCGAMGGCGUAGUCGAUGGACMCAGGCAMUAUUCCLKlUACUACCCCULKlULKlGUCCCGAGGGA (114760) 

CC~GAGGcTAGGTTAGCC~TGGTTATCGGTTCAi.GGATGCAAOOTGMTTCCchGAMTmWGGGT.w.A.uGAGGTAGTGAMATGCTTCCAGCCMTGTCCGAGTACC 87480 
-GAGGCUAGGUUAGCCGAMGAUGGUUAUCGGUUCMGGALKlCAAGGUGMUUCCCUUGAMUUUUCMGGGllAMAMG4GGUAGUGAAMLKlCUUCCAGCCMUGUCCG4GUACC (114640) 

~~cTAcilGTCTGMGTMTTMTGCCACACTCCCMGA.w.GmGMCGAccn';""CAAGTGGGTACCTGTACCCaAMCCGACACAGGTAGGTAGGTAGAGAATACCTAGGGGC 87600 
CUACGGUCUGMGUMUUMUGCCACACUCCCMGMMGCUCGMCGACCUUMACAAGUGGGUACCUGUACCCGAMCCGACACAGGUAGGUAGGUAGAGMUACCUAGGGGC (114SZ0) 

~g~~~~~CTCTCTCT~CTCGGc.WJ.TAGCccCarMcTTC~GGGTGCCTCCTCrMMGGAGGTCGCAGTGACcAGGCCCAGGCGACTGTTTACCM...u.CACAG 877Ze 
""""""",CUCUCUCUMGGMCUCGGCMMUAGCCCCGUAACUUCGGGAGMGGGGLKlCCUCCUCUMAAGGAGGUCGCAGUGACCAGGCCCAGGCGACUGUUUIICtAMAACACAG (114400) 

~~~~~~~~CGTAAGACCATGTATliGGcTGACGci:TGCCCAGTGCCGGAAGGTTMGG.WlTTOOTGACCTGATGACAGGGAAGCCAGCGACTaMGCCCCGGTAMCGGCGGCC 87840 
........... CGUMGACCAUGUAUGGG/iCUGACGCCLKlCCCAGUGCCGGAAGGUUMGGMGULKlGUGACCuGAuGAcAGGGAAGCCAGCGACUGMGCCCCGGIJAMCGGCGGCC (114280) 
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GTMCTATMCGGTCCT.v.GGTAGCGMATTCCTTGTCGGGTMGTTCCGACCCGCACc.W.GGCGTMCGATCTGGGci.CTGTCTCGiiAGAGAGACTCGGTGMATAGACATGTCTGTG 87960 
GUMCUAUMCGGUCCUMGGUAGCGAMUUCCUUGUCGGGUMGUUCCGACCCGCACGMAGGCGuMtGAUCUGGGCACUGUClSCGGAGAGAGACUCGGl.IGAMIJA,GAtUCUGUG (114160) 

AN.A TGCGGAC TACCTGCACCTGGACAGAMGACCCTATGMGC T n AclGTTCCCTGGGA TTGGCmGGGTTTTTCnGCGCAGCTT AcGTGGAAGGC.uAa.v.aGC CCCTTCTGGGC 88080 
AN.AUG~CUACCUGCACCUGGAC-'GAMGACCClJAUGMGCUIIlJACUG\JUCCCUGGGAUUGGCUUUGGGUUUUUCUUGCGtAGCUUAGGIJGGMGGCMAGMGGCCCCUUCUGGGC (114040) 

GGTGGGAGci.TCAGTGMATACCACTCT~CTAGMTTCTMCChGTGTc.uMmACGGGCC.uaGGACATTCTCAGGTAGACAGmCTATGGGGCGTAaGCCTCCc.w.A 88200 
GGUGGGAGCAl.lCAGUGMAUACCACUCUAllMGAGCUAGMUUCUMCCUlJGijGUCMMU\l1lACGGGCCAAGGGACAUUCUCAGGUAGACAGUUUCIJAlJGGGGCGICUCCCMM (113920) 

GGTMCGGAGcTGTGCAMilGTTTCCTCAGGCTGGACGGA.uTCAGCCnCGAGTGCAMaGCAGMGGGAGCTIGACTGCA.lGACATACCCGTCGAGcAaGGACa.w.GTCGGCCTIN. 68320 
GGUMCOOAGG\JGUGCMAGGUUUCCUCAGGCUGGACGGAMuCAGCCUUCGAGUGCMAGGCAGA _GGGAGCUUGACUGCMG4CAUACCCGUCGAGCAGGGACGAMGUCGGCCUUAG (11 3800) 

TGA TCC/lAtGGT ACc.v.GTGG.uGGGCCGTCGCTCMCaGA T MMGTT At TeT AGGGA T MCAGGCTa4 TCTTCCCcMGAGTTCACA TCGAC~GmGGCAcCrCGA TGTcaG 88UO 
UGAUCCGACaGUACCMGIIGGMGGGCCGUCGCUCMCGGAUAlUG/JUACUCUAGGGAUMCAGGCUGAUCUUCCCCMGAGUUCACAUCGACGGGAAGGUUUGGCACOJCfiAUGlJCGG (113680) 

CTCTTCaccACCTGGGGcaGTAGTACGTTtCMGGGTTGGGCTGTTCGCCCATTMAGCGGTACGTGAGCrGGGTTcAGMcGTCGTGAGACAGTTCGGTCCATATCcaGrGTGGGCGTT 88560 
CUCUUCGCCACCUGGGGCGGUAGUACGWCCAAGGG\J1JGGGCUGUUCGCCCAUUMAGCGG\JACGUGAGCUGGGUUCAGMI;GUCGUGAGACAGUUCGGUCCAUAUCCGGUGUGGGCGUU (', 3560) 

AGAGCATTCiAaAGGACCTrTCCCTAGTAC~CCGOO.uaGACGci.CCTCTGGGTTACCAGTTATCGTGCCCAcaGTMACGCTGGGTAGCc.v.GTGCGGACGGATMCTGCTaM 88680 
AGAGCAlJUGAGAGGACCUUUCCCUAGUACGAGAGGACCGGGAAGGACGCACCUCUGGGUUACCAGUUAUCGUGCCCACGGlJMACGQJGGGUACCMGUGCGGACGGAUMCUGCUGAA (113440) 

AGCATCTAN.TAGGMGCCCACCTCAN.ATGAGTGCTCTtCTATTCTTChCTCTTGAAGCAIlTCTTTGGGTMTwcATACTCMG4CACTGATAGATrTTCTGTCGhGCMGAMT 88800 
AGCAUClJAAGi.J.I,GGMCCACCuCAlG.luc;AG'IGCUCUCCU-l' _ - --. ( 113320) 

GMAtG,6.C,V .. WlTCTTaN..u TCCAN.A T MGGTCAtaGCMGACT AGCCGTTT A TTTTI ACGA TAGGTGCc.v.GTooMaTGCAGT.v. TGT ATG T AGCTGAGGCA Tcer MCAGACCG 88920 
4.5S rMf.> 5' -uMGGIJCACGGCMG4CUAGCCGUUUAUUU\lUACGAUAGGUGCCMGUGGMGUGCAGUMUGUAUGUAGCuc;AGGCAUCCUMCAGACCG (113200) 

:--- --+ 

AGAGAmaMCCTTGTTCCGtCATG.lCcTGATMMGTMTCAGGTATAaCCACCMcTTTCATTGTTWTTGTTTGACMCATMACCTMCMcmACCCTGeTCnATTTT~ 89040 
AGAGAUUUGMC~l ' ( , 13080) - - ----. c--- - - - ---+ 

CAIlGGm~TTThnccT~CACTTCrAGTGCCCrTTCCAGMTcM.w.CTCAcMTIACTTGGhmnnATIATACTTTTCmGTTCATGGI;TTGATATT 89160 
+-- ----- -. c--- -- -- --+ 5S rfIIIA> S'-UU (112960) 

eTGGTGTCTTAGGCGTAGAGGMCCACACW,TCCATCCCGAACTTGGTGaTGAMCTcTATTGCGGTGACMTACmAcGGGAAGCCCTATGc.u.v.ATAGCTCGACGcCAGGATa.V. 89280 
CUGGUGUCUUAGGCGUAGAGGMCCACACCMUCCAUCeCGMCUUGGUGGUGMACUCUAUUGCGGUGACMUACUlllJAGGGGAAGCCCUAUGGMAMUAGCUCGACGCCAGGAU-J' (1128-40) 

AMATTMTGTCTCCTATTATTAGTTc.uMTACCATAcATACCMTTrTGACCTCCTTTAmCCTAcTCCACACTTcM.v.TGCATATATTlTTTTrTGMTMCMTTCTTMATTT 89400 
+--. c__ +- -- (112720) 

CCGCGCA TehCTT AGTC rTOAA TGGCT A.~.w. TIGCmrGG.w.AGGCTTCT AGMCAGA IT AGTGGAGGCciGGGTTTG T AaCTCAGAGcA TT AGAGCACGrGGCT AtaM 89520 
-- ----. (-- - - - - ---+ ~ 5'-GGGWUGUAGCUtAGAGGAUUAGAGCACGUGGCUACGAA (112600) 

CCACGGTGTCGGGGGTTCaM TCCCTCCTTGCCCACMcMeCTTtAGAGaTTTm AcA TGGTT AGGAGaTICCMCGA TT A TTGGIoAiw:CCMCGGCaGGACTT A TGa TA TTTTm 89640 
CCACGGUGUCGGGGGU1.ICGMJJCCCUCCUUGCCCA-3' __ - -. (--~ (112480) 

TMGCAG&TCTTTTACTc.W.ATIACTAMMTMTACAhACCTACTCTrrATGTATN.TACACTTMTATTMTCAMCMCTTTTTGTTTTCCCTChGCAACTTTGATTTACCA6 89760 
0------. c--+ (112360) 

GTCAGGATT~CMAGTTiTAGTMTMTMACTTCGcATMTTMGT;'GGTTTGTTTAGATMGGcMTGMATTGniGTMTMTATnTACTWTrrTATGACTGCATTCTTGAT 89880 
r - - (112240) 

MATTGCTaGTMATTATTTGAGTMGTTATCTATTAGrTAGTTG.WoAG.v.CTMTTN..uCATTCMTnATAGccMAmATAGTGGTACATCtGi.GTAATTCTAhATCMTGcT 90000 
--- --- -- - ---. (-- (112120) 

TTTT~CTTAcATTGTTACTAGTTAGTCAcMGTC1CMAci.MTAGAAGCCTTCACTCAMTMGTCTMTACmCATCAG.a"u ••• TMTCCATTTGcTTTTCTIAG 90120 
(112000) 

TTTTTCAIlTi.cTCCACATAGATCATIGTrTCCATTTTTrTAGATTACooATMTCATCAGTACATTmi-rrnlmGcMmGACArTAGTATwc.V.TGAUI~WCCTAGTT 90240 
+-- - -. <-- --+ (111880) 

CTMMGTCA.wc.w.~jCTCCTCAGGTAGGAmaMCCTACGACWTCGGTTMCAGCCG.ICCGCrCTACCACTGAGCTACTAN.GAACMTGAGTTTMTTCTMw.CATTcA 90360 
3 -GAGIlAGUCCAlJCCUMACUUGGAUGCUGGUUAGCCMUUGUCGGCUGGC4AGAUGGUGAtUCGAUGAIJUCCIJ-5' .A.~ (111760) 

AMACTTTTWCCT AMA h AGCCCA T MACTGTTCAAAaMCCAMMA TTCTTGGA IT AJ,GAJ, TGGW T MCTTTCAGTACACTCTACCTTCTTTTA TT A TAGGGT MMAGA T M 90460 
• , , • (TMTAT (111 &010) 

CGATAGCMTCCCCTMACTCTACATCGAMAATTTTTAGAW,GGGGGAaGCGGTCAACCATCACTATGATCTTCTCcAGTGTCCTCCCCGAGATGCTT' ATT"11 ' • .... TCGTT + __ ><_ -+ _. .... AAGCMGTTCMT 9~00 
, • , , , (- TTGATT. (111520) 

GATG~~~~TTAACGATTTGCTMGTCMtTCAnCTCCCGMGGGCTACMATMCTCTTCTACAi""'AGTAhcmTATcCr~TGAGCAGATCATc;GTGAMCGGri 90120 

· . . . +--. <--+ __ - -. (111400) 
TTMCCGACTTTACCTATTTTTCCG.ITTCCTTTCTmMTAMAc.w.GCAGATTTTATAGCACTTGGWTTAmTwT ...... : • , • c- -_ -+ ___ • c_ _ _TCTcmCMMTCCCTTTTCCTGTTTGTC 90840 

• • • • • (111280) 
CTTTGACCTCTTTGCTTACTTCATGTTTAGAGTCTTTGGCTTATAGACTMATGTTAGAGTACGTMCATrCTATCT~'TCT C1' • • • 

nCATG. TAGACh "" A CCGGTTTTTTGTTMTCAAGTAGTMGGTTGTGGA 90960 
• • • • • (111160) 

MGTAGCGAAGTCAGAMMCTCCATATTCACGATTGTATCCTTATTCTTGAMGAAnTI.MAIJMTThMATTTAchMTMATTMTTr ••• "c· • • 
t---. <--+ """""" TCATMTMCATAMATATG 91080 

• • • • + • c- (1110'0) 
T1ATCATWTMATATTATTTMATIoATATAGCT"TATMMAMA~TA~TTAT • • • , • • 
- -+ _><----. ~t.Uh.g .. g ... ttct.ectccttctlhtlttth .. ctctc. 91200 
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(b) ndh5 . . . . . . . . . 
AMCA TATCTilT AGTTCAAMCT A,AAAJ,AA(.;A TAT AT AA TA TT A fA TT ACTTTA TAT TAT MGT A Te TTTTTTAGTTTTTTTT A TT ACT T AAAAA~~~!~T ~~~ATA 

+---__________ - -- --to c;~ ~- --- I 

93141 

+--- ---. (---- -...---.-+ 

TTTTTGAA fTATAAACGAAAATTTAT AAA.AA TAT AAAG nTTATTTT AA T~ TCTTT!A TGGAACTT ATA TTTc.v.M TGTTTGGTTfGT ACCA nGiTTCCA TTTTTAGCTTCT AT 93121 
TlATAA. T ... TAAA. ndb5> II ELI F Q N Y 1/ F Y P l F P F LAS I 

TTl A TT AGW TCGGA TT A TTrTTTTTCCcAM TTCTA f ~ TTTCGTCGTCT "TcTTCTTTT A TTAGTA TT A TGrTTTTAAACA T AGCTATGTT "CleTCA TTTcA TTTTTTTTG 93001 
lLGIGlFFFPN51KKFRRLS5 F ISIMFlNIAHllSFHFFW 

GCAACAAATTACAGGTAGTCWTTCATAGi.TATTTATGGTCTTGGGTTCTTTATAAAAAi-TTTGTTTT~TAGGCTATTTACTTGATCCACTTACTTCAATTATCnAGTTTTAGT 92881 
OQITGSPI~RYLWSWVLYKNFYlEIGYllOPlrSllIIlYlY 

McTAeAGT AGCAGTT ATGGTrATGA T TT A i-AGTGA TAGTTATATGTTTT.i. TGA TGAAGcA T ATA T AAAAnTTTTlGTT.i. m AAGTCTTTTTACTGCA TCAATGTT AGGGTT AGTTC T 92761 
TTVAVMYHIYSOSYHFYOEGYI~FFCVlSlFTASMlGLYl 

fAGTeCTMTfTAAT ... CAAGTTTATATTTTfTGGGAATT ... GTTGGAATGTGTTCATATTTATTMTTGGTTnrGGmACTAGACCAAGTGCAGCTAATGCGTGTc.v.MAcCTTTTGT nUl 
SPHlIOVY1FWELYGHCSYllIGFWfTRPSAAH ... CQKAFV 

TACAAATeGcATTGGTGATTTTGGATTATT.i.TTAGGCATTTTAGGATTTT.i.nGGATMCAGGTAGHTTGATTTTc..ucMTTATc.v.MCGATTTTTTG.urr ... CTAAGCTATAATCA 92521 
TNRIGDFGLlLGllGFYWITGSFOFQQlSKAFFELlSYNQ 

MTTAATTT...r.TTTTTGCTACrTTGTGTGcTCTATTTTTGTTTTTAGGTCe...GTAGCTWTCTGCACAATTTCCATT.tcATATATGGTTACCAGATGCTATGGAAGGAcCrACAceCAT 92401 
INlVFATLtALFLFLGPVAKSAQFPLHIIILPDAHEGPTPI 

TTCAGCCCTTATTCATGCTGWCTATGGTTGCAGCTGGTATTTTTCTAGTTGCTCWTGTlTCCTCTTTTTCAAATGrTACCATTTGTC ... TGAGTATcAmCTTGGACAGGTGCCAT 9ZZ81 
SALIHAATHVA"'GIFLVAAHFPLFQMlPTVMSIISIITGAI 

TACAGCTTTATTAGGAGtTACTATTGCTTTAuCTc.u.w.G...TcTT.a.M.A.i.AGGmAGCTTATTCAAtAATGTCACAATTAGGATATATG...TGTTAGCATTAGGCATCGGATCTlACAA 92161 
TAlLGATIAlAQKOlKKGLAYSTHSQLGYHHLAlGIGSY~ 

AGCTGGTTTATTTCATCTT A TrACAC ... TGeTTA TTCAMAGCTn ACT ... TTTe TTGGTTcTGGTTCAGTT A TTCA TlCAA TGGAACCTATTGT AGGTTATe... TCCGAA T M.w;TCAAAA 92041 
AGlFHLITHAYSKAllFLGSGSVIHSHEPIVGVHPNKSQN 

f ... TGA TTTT!;' TGGGTGGm AAGACAA TO\TATGCCAA T AACTGCAA T AACTTTTTTGTTTGGT ACACTTi-eTn ATGTcGAAnCCAccrTTTGCTTGTTrTTGGTCCAMGATGAMT 91921 
MIFHGGLRQVHPITAITFLFGTLSlCGIPPFACTIISKDEl 

TTTAGTAAATAGTTGGTTAcATTTTCCTATnTAGGGTCTAnGCTmnrACAGCTGGTTTMCTGCrrnTATATGTTTCGTATATATTTTTTAACThTGAGGGAGATTTTCGTGG 91801 
lYNSIILHFPILGSIAFFTO\GLTAFYHFRIYfLTFEGOFRG 

lCA TITTInG... TGACGT.v..i.AAAA TT A TC hc T A TTlCAA T A TGGGGAAGTTT AGAA TTl MCAAAGAACu TTl AAAcT AGACAAAAAA TC T ACA TT A fA reCT AAAGi.AGCT AA T AA 91681 
HFFODYKKlSSISIWGSLEfNKEQFKLOKKSTlYPKEANN 

TATMTGTTATrTCCTTTAATMTATTAAcAATACCTACTiOTATTTATAcGTTTTATAGGAAmTATTTGATGAAAATAAAATGAATGTlGATTCTTTATccr ... TTGGcTTACTTTATt 91561 
IHlfPlllLTIPTVFIGFIGILFOENKHNVDSlSYWlTLS 

c...TAAATTCrTnAAnACAGTAATTCTGAAMGTTTTTAGMTTTTT ... TTTMTGCAATTCCTTCTGTTAGTATAGCmTTTTGGAATATTAATTGCrTTTTATTT ... TArGGTCCTAA 91441 
INSFNYSN5EKFlEFlFNAIPSYSI",FFGllIAfVlYGPN 

TTTTTCTTlTTTI .... U W ...... u .j. TT ACAA TTG.i.AA TCTGAM TAGA TA TTGrTTT AAAAAGTfTTTCAAA TT Tr AnTI. T M TrGGTC Tl A TT A TCGAoGCTT AT AT AGA. TGG 91 3Z 1 
FSFLtKE(~KlOlKSEIOIVlKsrSNfIYNIISVYA"YIOG 

GTTTT ... TTCTTCTTTTTTTATrAAAGGmMGGTTTTTAATTAAAATAGTTTCTTTTArTGATCGATGcATT ... TTGATcGAATTATAAAIGGAATTGGcATTTTTAGTTfTTTTGGAGG 91201 
F Y S S F F I K G L A f l I K I V S FlO R II I lOG I I He GIG I F S F F G G 

TGAGAGTTTAAAA TATAT~GTAGM mCTTCTT ... m ... Tt t t teau a t tt t t t9ttt9t t tit9tt t t t tt tl tata9c tat. t t. t th.~ toot. tt t.t t tot9" t.. 91081 
ESLKYIEGGR[SSVLrFIJrCMFlFrLYSYII~ 

+----)0(---+ 

(c) rpl21 - ORF320 
TATAAAAATMTTMTAmTTTCTTTTTMcTAATw.AA.v.ACTAAAi.J.AGA.TAcTTATAATATAAAGTAATATAATATTATATATCTrTTTHAGnTTGAACTMA...GATAT'>Tn 93360 

+---- --. 0(----- ~ 
+--->oC--", +--,---- --> -- -------. 

TTTTTTAT.a.i..v....uCTMTTGA.MAAATAnTTGTTCTATTCTAGTTTAAAAATTTMTrAAATTTTTATTTMAACAATTAATMAATTMAACATTTATAACATAATGAGTAAATAt 
TTGAAA. TCTAG1> , H-----+ ,.p.l1J. M SKY 

GCMTMTTG.v..a.CCGGAGGGCAGCAACTCCG.lGTAWCCTGGAAGATTrTATAATArTCGTCATTTTGTCTCATTAAC:...cCAAATWTT~CAAAAAlATTAATTTAT 
AIIETGGQQlRVEPGAFVIIIRHFVSLTPNElEQNT~llIY 

CGAGTATTAATGATTCGTciAGAGrcTAcTATAAAAATGGGACATCenOOTTMAAGcAGCGATAGTTWGGTAGAATrnACATTCTrGTCTTGA'i.A .... TTACUTTTATW 
RYLMIRQESTIKHGHPWlKGAIVKGRllHSClEKKITIYK 

ATGAmCAi •••• uwc...CGACGTWTTAGGACATCGACAAAAATWCTCGAmATAGTTGATTCT ... TTTTTTTAAAT~TTTAAnATAAAJ.AJ.ATATATAATAT 
HIS KKK T R R I: L G H R '1 K S T R f I V 0 5 I r l H G K E I-+---. <-

TTTTTTCAGWTTTTTATWTAAAAGGTMGGT ... TTTTnATTATGGe...GTTCCJ.AAAA.v.CGTACATCTAAATCTAAAACACGAATTCGTAAAGCTATTTGG.V..6.MTAAAGCTMT 
--+ 0If69. AGG MAY P K K R T S K S K T R IRK A I II K N K A N 

AMAGCGCTfTMGAGCrrTnCTTTAGcM.v.TCTATTnAACAAATCG1TCAAAAAGITTTTATT ... T.i.CAATAAATcATAAATTATTWTTCATCTWTCCATATCAAcGTCTW 
KSAlA"'FSlAKSILTNASKSFYYTINOKlLNSSKSISTSK 

TTAGATGAATCATAAAAAiMTGTATTnGTCAATTTTTTGTTTTT~TwTMAATMil.v.AGTTAAT.i.AGmAAcTACATTTTTTT.i.GGTTATTAMAMTGATTCUeTTTTlTTT 
l 0 [ S -- +-- --><_ - -+ .pr. AGG HI? l F f 

ATTCCTCCTTrr"TAATAcTTTTCATTACT/l.AA6GMAATnCGAHTTTMCTAAATTTWTT-'GTCTrAGCTTGTGe...TTGCATTATGGTAtTTTTATCTTAGCTTToCCGATTTTT 
IPPFIllFITKGKFRFlTKFElYlACAlHYGTFllALPlf 

pTTTGTTAfATAAAACTAAGCAACAACchGGAATATrTTATTACAAACAGC1CTTlW.CCAGTTGTGTrArCTGCTTA1GGTTTTACTrTTTlMCTGCTTTATTGGCrACAATAATT 
lLYKTKOQPWNI llQTALEPVVlSAYGfTFlTAlLATll 

Fig. 2, calt • 
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MCGCMTCrTTGGCCTMTrCTTGCTTGGGTTTTGGTMGATATGMTTTC~ •• j"ACTTTTJi.ATGCTACAGTJl;ATCTTCcATTTGCTCTTCCMCTTCAGT-rGGAGGAlTA 
HAlrGLllAWYlYRYEFPGKtllOATYDlPFAlPTSYGGl 

ACmMTGACTGTAmMTGAT~TGGATMMCCTATTTGTTc",TGGTTAMTATMMAT,.GTTTTTMTCi:rATIoGGAGTGCTTTTAGcMTGATTTlTGTATCrnACcT 
TlMTVFNOlGWIKPICSWLHllIVF~PIGYlLAMIFYSlP 

TTTGT AG TACGCACCA TAcAACCCG T TTT.i.CMMCA TGiw.GMGA TTl Jl;AAGMGCTGCA TGGTGm AGGTGCA TUcr ... TGGACMCTTTTTGGU T A TTTTGmCCACCA n.i. 
FVYRTIQPVlQNMEEOLEEAAWCLGASPWTTFWHllFPPl 

ACTCCATCATrATTMCTcG.u.CTACTTTAcGTTTITCTAGAUCmAGGTGMTATGGT-rCMTAGTTTrMTAGCGTCrMTATTCcMTGMAIlArTrAGTMTTTCTGTACTTCTT 
TPSllTGTTLGFSRAlGEYGSIVllASHIPHKDLYISVlL 

TTTCMMACTTGMCMTATGATTAT.t.V.t.GTGCT4CTATTATTGCAAGTTTTGTTTTMTMmCATnACTGCACTnnmlrTMTMMTTCAGTTATGGAMMMCTTrT 
fQKLEQYDYXSATllASFVlllSFTALFflNKIOlWKKTF 

CATMATWTCmGAMG.v.TTMMTilGA.v.MGTGTAmCAT.v.M.utTATGAMTACACmTrCCATTTIMTTAGTMArTMTTATMrTTTTTTTTcAGTAGCGGGArT 
H K _ J' -MACuCAUCGCCCUM 

TGMCCCACGACmCATcACCtCAJs;ATGATACAtTACCMACTATAcTCCGTATGACTnnTAT.v..V..w;TTMMTTTTTJ.M.Ai..ATTATAGTATATMTTTWTMGCCGCTA 
ACUUGGGUGCIJ&AMGUAI;UGGGGU\JCUACUAUGUGAUGGUUL.GAUAUGAGGC-5' .P....... TTAMA> l......uAG> TATMT. 5 '-GCtGCUA 

TGGTGAM rTGGT AGACACGcTGCTCTT AilGMGCAGTGCT MGGCTTcTCGGTTCGM TCCGAGT AIlCGeCA T MA rri-rnr A n AT M.w T A TG TTTT AT M T A TCTTTTGTCTTT 
UGGI,IGMAUUGGUAGACACGCUGCUCUUAGGMGCAGUGCUMGGCUUCUCGGUU(GMUCCGAGUAGCGGCA-J' +---> .-----+ 

TTAmATTTATIoATCAGTATTATATATATnnTTTTMTTCMmGTATACMTCTAMMAcrnWTTTTTTATTATGCCArrTATMCCTT,.G,.cCGTArrrTAGCACAT4cA 
DRfl21l> +-- ->C----+ M P FIT L E R I L A H T 

TCTTTTTTci:TTCTTTTTThGTTACGTTTATTTATT~mCTnATATMA;'ATTMACcMTMCTArnTAGGAGAMTMGTATGAMi.TTGCTTGTrTrTTTATMCA 
SFfLlffYTFIYWGKFLYIHIKPITILGEISMKIACFFIT 

ACTTTTTTATrMTTtGTTGGAGTTcTTci.GGACAmrCCmMGTMTTTATAw.ATCTTCTATOTrTtTTTCTTGGAGTTTTAcATTMTTCArTrMTm~CMMGC 
TfLLIRWSSSGHFPLSNlYESSMFLSWSfTllHLILEHKS 

MAMC4CA TGGTT AGGT A T loA T MCTGcACCAAGtGcM TG TT MCTcA TGGA mGcMcm MGTCrCCCMM!lAM TGtAAGAi. TC TGTT TTTrT AIlTTCCAGCrTT ACM TeT 
lNTWlGllTAPSANLTHGfATLSLPKEMOESVFlVPALQS 

tATTGGTTMTGATGCATGTMCTATGATGATGTTMGTTATTCTACTCTmATGCGGATCTTTATTAGCMTMCTATrrrMTTArTACATTMCAAMCAMAWTTTGCCMTA 
HWLHMHVTMHMlSYSTlLCGSllAITILllTLTKQKHLPI 

CTTACATCTTAmTMTrTTCCTTTIMTrCmT4TTinMMATCTmACMCcAATGGMMTr.w.TATTATc",TATMAACGCMMAGTTTmCTmAT-rIoATTTTCGT 
LTSffNFPFNSfJFKHlLQPMEH£llSYKTOlYfSFINFR 

AMTGGCMTrMTA.t.MG.V.TTAGATMTrGGAGTTATAGAUTTATTAGmAGGATTTCCTCTCTTMcTATTGGTATrCTATCTGG.i.GCAGTATGGGCTMTGAAGi:.a.TGGGGCTCC 
lIlQLIKELONII$YRVISLGFPlLTIGILSGAYIlAHEAWGS 

TATTGGMrTGGGATt~CTTGGocmMTTACTTIlGTTIoATAmGCTArTTlTTTGtATi.cTCGMTGATrMAGGTTaGCAAGGAMAWcCGGCMTrATAIlCTTCG 
YWNWDPK[TWALITWllfAIYLHTRMIKGWOGKKPAIIAS 

TTAGGTTTTTTTATTGTTTGGATTTGTTATnAGGAGTTMTTTATTAGGMMGGTTTACATAGCTATGGATGGTTMTnMCATTWTATAGATAT-rGAMTATATAGMATATAT 
lGFFIYWICYLOVNLlGKGlHSYGWLI-

ATTAmc.a.MTAGTGGArTTATAGATAAGTTATTTATATMTCtACTATTTGAMTMTGMMACTMcTTCACTTATrTTTAGTMMTTATMtATrnMATGTTnCAMnTA 
• :Joo(___ I 

Cd} frxC - ndh4 
~ ....... e.~ ••• c.toc.~ .... ttotg~ ... TAGCAGTrTATGGG.V..i.GGTGGCATAGGAMATCTAWCTAGTTGTMTATTTCTATTGCATTAGCMGACGT~TT 

trltC> M X I A V Y G K G GIG K S T T S C N I S I A l A R R G l K Y 

TrACMATCGClTTGTGATCc.i.MACATGAOOTACATTCAc",CTTACAGGATTTTTMTTCCTACMTTATAGATACTTTAWTCAMAGATTATCATTACGAAGATGTTrGGCCTGM 
LQIGCDPKHDSTFTLTGFlIPTIIDTLQSKDYHT£DVIIP£ 

0... TGT loA T A TAT MAliGTT ATllGtCGG TGTo... TTGm AGAAGCTGGAGGi.CCTCCTGCTGGAcCTGGA TGCGGGIlGTT A tGtTGTCG!iAGAMCTGTT W TT A TT AAMcM TT AM T 
DVIYKGYGACDCYEAGGPPAGAGCGGTYYGETVKLlKElN 

GCTTTTTATcMTATGATArTATTTTATTTGATGTTCTAGGGGATGTAGTATGC(lGTGGcTTTGCTGCTCCATTMATTATGCJs;ATTArTGTATTATTATrACAGATMTGGATTTGAT 
AFYEYDlllfDVLGOYVCGGFAAPLNYAOYCI J ITDNGFD 

GCGTTAmGCTGCTIoATA!lAATAIlCAGCrTCAGTMGAGWMGCTCGTACACATCCTCTTAGATTAGCAGGCTTAGrTGGMATCGTACATCAMACGAGAmMrTGATAMTAT 
ALFAANRIAASVRElARTHPLRlAGLYGNRTSKRDLIDKY 

GTTGMGCnGTCCMTGCcAcTTCTAGAJi;TATTACCTCTrATTGMGATATTCGAGTTTCTAGAGTTWGGTMMCTnAmGAAATGGTAGAArTAC.l.ACCCAGTCTTMATAT 
VEACPMPYL£VlPLIEDIRYSRYKGKTLFEMVELQPSLKY 

GnTGTGATTTnAnTMATATAGCJs;ATCMATmATtGAMcCAGA.i.Gcw.TTATTCCM.MGMGTrCCAGATCIlAGMTTAmi.GmAcTTT~·"'· • 
V t 0 F Y l H I A 0 Q [ l S K P E 0 I I P lEY P 0 A E ........ TTTITATTTMATCCT LfSlLSDfYLHP 

~T~C~CT~T~T~T~~~rr~TT~rr~T~T~TTTAGMAWATTTTTGTrTTTIAGTTMGGAMTATATMATATGTCMTMMAT;'TCTGAMCT 
- DRf465. AGGA M S I K I SET 

~Tc;Cr~~GC~~T~~AT~T~CAr~GT~CT~TT~~G~T~CA~GGTLTATATc.i.MMATTGAi.GATAIlTTTTrTmAGTAGTrGGTAc.a.Mi.ACATGTGGT 
• • • •• YQKIEDSFFLYVGTKTCG 

TAmTTTACAMATGC1CTTGGAGTTATGATTTTTGCTG.v.CCTCGTTATGCTATGGCAGA...TT~TGAT4mCAGCTCMTTAMTGATT' T~'"'' • 
Y f L Q HAL GYM I F A E PRy A MAE LEE G 0 I S A ............. TTMMCGAITA 
• • • AQL"OYEELlRl 

TGTGTTCAMTMMMAGATAGMACCCTAcTGTMTTATTTGGATTGGTACTTGTAcMCAGMATMTrAMATGGATTTAGMGGAATGGr·cr .. :. • 
C ~ Q I l ~ ° A " P S ~ I I WIG T C T TEl I ~ ~ D "" .......... TTIlGMMCGAMTCGM 

n lEGMAPKLENEIE 

Fig. 2. coot. 
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A new TTGT-rGnGC~CT M lGGleT AGA IT AlGCTTTT AClCAAGGAGAAGA T ACTGTTn AGCTGCTATGGcAo. lCGTTGlCCTGMc.uMMCTGAAA nGAAAAAAAA 109561 
IPIVVARANGLOrAFTOGEOTVLAAHAHRCPEQ~TEIEKK 

ATAGATUAlWlCTATAc.V.GMTTATTTTCTTTTCTTCC:rCTTMM~TCCMTMATCTmACmA.u.AJ.ATACATITTCTTTAGTrCTTTTTGGTTCTTTACCT 109441 
IODKSIQELfSFLPLKTKEKSNKSfTLKNlfSLVLFGSLP 

TWCAGT AGCTTCTCAGCTTAGTTT AGM Tr AAMCGTcM TCTA TTo. TGmCAGGTTGGCT ACCTGCTCAMUATATAeAGA TC ncCUA T A TTGGGAGA TMAGrTrACGTTTGT 109321 
STYASQLSLELK~OSIHYSGWLPAO~YTOLPILGDKYYYC 

i:;Gl~TMATci:TTmTMGTCGMCAGcAACTACTTTMTUAGGCGTCcAA.v.lGTMATTMTTGGAGCTCCTTTTCcMTTGGTCCTGATGGMCTCGTGCATGUAnGMMMTT 109201 
GVNPrLSRTATTLMRRRKCKLIGAPFPIGPOGTRAWIEKI 

TGTTCAGTTTTTM T A TTGAMCACMGGrTT AGAAGA.V.GAGMCMcMGTGTGGG.V.At;TTT AAAAM TT A TeTT M TIT AGT ACGTGG.v.M TCTGTTTrTmATGGGAGATM T 109081 
csyrNIElQGLEEREQQVWESLKHYlHLYRGKSYFFHGDN 

CTTTTAGAMTCTernAGci.AGATTTTTAATCCGATGTGGTATGATTGnTATGAAATTGGMnco.TATATGGAT......AAcATATc.v.GCTGCAGAAnMCACTTTTGCAAGAMCT 108951 
LLEISLARFLIRCGMIVYEIGIPYMDKRYQAAElTllOET 

TGTMAAMA TGTG r ATACeM TGCCTCGAA TTGTTGAMAACC lUA 1 M TTATMTcWTACAGCGTA TGCGTGMTTACMCCGGA lTT AGCT A TT AUGG.u. TGGCTo. TGCAM T 108841 
CKKMCIPMPRIVEKPDNYNOIORHRElOPOLAITGMAHAN 

CCACTTGAAGCUAUAGGTArTMTACAAMTGGTCTGITcMTTlACTTTCGCTCAAATTUTGGATTTWMTGCc.o..V.GATGTTCTTGMCTTGTTACACGTCcrTTAcGTCGTMT 1087Z1 
PLEARGINTKWSYEFTFAQIHGFTHAKDVLELYTRPLRRN 

AAlMTTTAcAA.v.mAGGTTGGACTMrTrMTMMATAtAAAMAaAT~CTTATTCATTAGTAGACrMATTTATTATATTMTaMTAAGTCTrTTTTTACAAA 108601 
N H LEN L G W T N L I K I Q K R _ +-------- - - -><- - -- , 

TATTCGGTTrTTTCT AA T AA TITT ATTCT A n-TT AATeer AmTATTGAGGAAGGTTTTTr A TT ATUA TAACAAGCA TTCCCTT ATTGcTrrCTGTGCTATGGGTTCcMTA HATo. T 108481 
0Rf1068> GAGG M J T S J P L l L S Y LilY P J l S W 

GGA T AM TTTTrCMGT Ao. TrTTTTTTGrTTGGM T ATATTATGGATTTCTGACTACTTTACCTA TTGGTCCCTCTCMC1GTT A TeTAT AAGAGCTTTTCTGTTAGAAGGAM mTA 108361 
INFSSTFFLFGIYYGrLTTLPIGPSOlLSJRAFLlEGNFS 

GTGGTATAGcAaCTGTT AGTGUACT M TT ACAGUACM TTGTTUA TA mTTATCAA mTTTATTCACcATTGTATGTTCr A TTM T.v.AACCTCACTT ATTAACTTTGTTGGTmAC 108Z41 
GIAAYSGLITGOlLlrlSlrYSPLYVlLIKPHLLTLlYLP 

CATATATmATTCTATTGGTATMMTTAAAGATTTMTAGATTAlCMTCmMMeCTATMCATcTATTAMGATACTCGMTTlCTMMTATTTTTTGATAGrTnATAmC 108111 
YILrYIIYKIKOLJDYOSLKPITSIKDTRISKIFFDSflfQ . . . . . . . . . . . . 

MTTAm M TCCTGTTGT A TT ACCMGTCCTGTA TT AGCAAGA TTACT AMTA TTTTTCTTTTTCGTT ATAGT MTMTTTTATTTTTTT ACT MGT AGTTTTTT AGGTTGGTGTTTTG 108001 
LFNPVVLPSPYLARLLNlrLFRYSNHrlrllSSFLGwCrG 

I • • • • • • • • • • • 

GTCAATTnTATTTGTAAGTTTAGGCAAATTACTTCTATTTCGTATTGAATCGGATTo.CCTATTCmATCTTTTAGTTMACGTATTATTTATCGMCTTnAGTATTATTATATTM 107Ml 
OFLFVSLGKLLLrA1ESOSPILYLlVKAIIYRTrSllIlS 

GTTTTTCATTATTACATTTAAG1AGAGCTCCAGTACCTTTTATTACMAWACTTMTaATMTTTGcAATTTMTTTATCAAMCCAGAGUATTCTTTTGTATTMCAi.MTCTTGGC 107761 
rSLlHLSRAPyprlTXKLNDNLQFNLSKPEOSFYLTKSIIP 

. . . . . . . . . . .. . 
CUACTCTTTTTTTTUATTATCGCAAATGGMTAGACCATTACGATATATAGAMATAGlAGATTTAGTAGTCAMGTCCTATAI"""'AGTATCTCMTATTTTTTTMTAmCTT 107641 
TLFfDYRKWNRPLRYIENSRrSSQSP1KK1VSQYFrN1SL 

TMGTUATGcAA.v.CCAAGACTATCrmACATATTTACcAAaTTTGTArTATTTTGAAAi..u.ATTTGcMAJ.ATCCTCTATTMTTTcMTCTmTTCATCTMTGMATTTATGAAA 1075Z1 
SDGKPRLSfTYLPSLyyrEKNLOKSSINFNLrSSNEIYEK 

AATGGATTMi.MTAAMMMTMAMArTAAAGATATATAMGMTTTAMAATCUATTrMAnmAGATMTGGATTTmTTAGCAGMATTATTGA"u''''ACATATTGT 101401 
IIIKNXKHKKL~IYX£FKHRFKFLONGrFLA[I1EKKNILS 

W.CTTTTGAi.GUAMTATTTTTACAMMn-TGTGATCcTTTGTTMTTAMCMTATGi.TMAMAATGATAGTATu..V.ATo.Co.TGGCTTTT~TCTTATAMTTM 107281 
TFEGHIFTKICOPllIKOYDKKHIYSKSPlIllT[KSYKLT 

CAAMACGCAi.AAMCACTTACTTTTTCT Ai..uMGA TM TAMCTGA.6.A.W;TGGA TTTCr M TCM TGTCAAGAA milAAGATMAAA mCA TTTTACCTTGGGAACCTTT MCTe 107161 
KTQXTlTFSKKOH~LXKW I SNQCQ£FEOXNF I lPIIEPlTQ 

AAGA TGCT AGGCGCA TTTT MaTTTACTTAn-MCMATcAAAMMAo..i.AM TTGATACMAmGMi.CAAATGM ITm TTGA TGi.AMTGCAACCCAA TTA TTWT MACAAA 101041 
DARRILSLLINKSKKTKIOTNLKOMHFFDEHATQLlNXON 

ATCTTTCTTcMTTGAMAT Ao.CGTMAAAMTAM T wiAMA TCMA TCTMA TTGGGAACTTATTnWmATCTCCTCGcCAAAi..uTTTTA rrTnGMTT ArTTACAAMAG 
~SSIEHTRKXJNRXSNlNWELILNLSPRQKILFLNYLQKD 

ATAMTGGMCACGCTTA.AAA TTTCTTGGAi.MA TTTTTTTTTAGGTGArTTTACTCMA T MAMA TA rTCTTTTTTTATrMCMAGA T MTT MACcTGA TCMMCTATCAA TTTC 
X W N T l K I S W ~ N F F t G 0 F TO r K N r L F L L T X 1 I K PDQ NY Q F 0 

i.AGAMTMATAMGMATACCMGATGGACTTCAMATTi.MAMTUATWTTTGACGrrATAGCTATCGGAGTTACTGATATTCGTc.W.GMMGTTMMAm~TATTIM 
EIHXEIPRWTSKLKNDKFDYJAIGYTDIRQRXYKNLGYLI 

TAMAGGAAAi.GATAAA'GA~GA"'ATAATMGACGTTrTTCACAACMTCTUATTTTCGTCGAAMTTAGTMMGGATCTATGCGTGCrCGACGACGTMMCTTTMTATGGAMA 
KGKOKRRK I IRRrSQQSOFRRKLVKGSMRARRRKTlIIIKI 

rrmCAAGnAAMTTMTTCTCCATTTrTmACGMTAATGGATMACCGAATTTWCGTTMCMTGnTTGMAATMMCCMCAmCAMATATTTTAG""i ........ A 
FQVXIHSPFFlRIMDKPIILIIVNNYLKIKPTFQNILEKKKK 

.v.a,.,. TCGCT w. TCMAAAGCmGm AT AAAMGMcA4MGCAUA TCGTTTTGCT A T AGCAMCAGi. TGGGA TmCCA TT AGCTcAaTGGGGAAGAAG TTGGTT ACT At TT A TTC 
ESlNQKAlrIKRTXAORFAIANRWDFPLAQWGRSWLL1.IQ 

AATCACATCTi.AGAMATATATATTATTACCTATATTMTAATATTTMAMTGTo.nCGTTTGTTTTTATTTCAMTTCCGGMTGGAATCAAGATTGGTATGAATGGMTMAGAM 
S H L A K Y ILL P I L I I F Ox II V I R L F ~ F Q I PEW II Q 0 III T ( W II K E I 

n-CATATMGi.TGTACATATGATGGUACTGi.AGTTTCA~TTACCAGAACMTGGCTTAGAGA.TGGTeTTcWTMMATTATnATCCTTTTTATTTAMACCTTGGo.TA 
HIRCTYDGTEYSEKELPEQWLRDGlQIKIIyprYlKPWHN 

Fig. 2, CCI1t. 
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• • . • • • • • T ... c.ui..AmAGT.v..i.McTAMGMo-TTCU .. UMTTTAGTTA 10,961 
ATATTCAAMTAGAMTMTTT~CCTMTAAM.l.AMTI;.V .. V .. UTGGATTTMmATGATGAT"'CMATTTTC T K E H S N N L V K 

lQNRNNlPNKKNEKLDLIYDDTNFlQHLYK 

AUAG.l .... ~TT MATTATTGCT AnT MerGCTTGGGGA mc.w.CTMTTT ACCGrnGGTMTATW "'ACAACCTTCTTTTTGGMACCGA1T i.:u
: .. ~. A ~ ~ 1 O~ 1 

KKKlNYCYLTAWGfQTNLPFGNIKlOPSfWKP 

ATATGTTlTTTMACCATATUwm ............... TATTTcMCGAAMAcA.v.TTATATMMTTTCTGATGTTGAOOTTrlMAAATTTTMCAGTA.i. ... AAGGMTATATTMTC 105721 
HFFKPYQIILKHISTKIIKLYKISOYENLKNfNSKKKEYllIP 

(;T MTTTAM fAA TeT AGATTrCA" W ..... TGTAGT M TTACT MATrAAATMTcM.u TACATTATTA .... C,..ACACTGAW TGACA TTTTITCTATTAA rTTTGA.A TAT A 10560
1 

NLNNlDFKKKNVVITKlNNQNTlLKQNTDNDlfSINfEYK 

.v....CTTCAAT;.TAT ... TAMTMTTTAGA.AMTTTACTA .. i.wJ.CATi.TATCT ... T~TI.m.v.....w....c.uM.v.CATTWTTT.U,,·vuTTMTMTGATAMAC 10S481 
TSIYINHLENllKKKHISIEXYLKKQKTlHLKKKlIMIKQ 

.v.............CT ... rTAAAATTnMM.w..uTGTrCAAnMT.v.............TTAi:CTAAMATTTGAAMTAMTAnCAM.Mi.m ... TATWmGAAMT.v....T~TTGATT... 10ml 
KTIKILKKHVQLIKKLPKNLKINIIJKIYINLKINKTKllN 

AT MCATTAGTAAGTTTTTTi:MGATMTT~T"'TTCAATTGTAM TMTA.ui.AW···UTr AAAGTTMTTTGAMc.uA TMTGATATIM mCTcMGCA TATGTA 10S24 I 
II I S K f r Q 0 II _ 0Rf464. H I LIS Q A Y V 

TTTMTAAAATATGGGAMTMAMc.w..v....TAAGTCTTj,TTlAMATGTTTATTAAAATATTGGACATCCCAmATGGAT~Tmc.v.AGTTTTm.TcTMTCM!iGA 105121 
fNKIIIEIKTKNKSYLKCLLKYIITSHLlIlKKHfQSFlSNQG 

ATCGTTGGTTCTCT AGAA TT i.CAAMTm~ nGGAAAGMTOOTT AAAAGGTTTTMTcGATATMrrrTICATCCAAAGM TOOT AT MAATMCACcTCAGCM TOO 105001 
IVGSlELQNFKEENIIKEIILKGFNRYNFSSKEIIYKITP QQ lI 

i.G.wTMAGTrAGTGAACATrGGAMMC~T AMAAATTAMTCCT MTCAACAMTTAGT....v....... TMmTrnATT AATACTICTA nrTAGMCMACTMMMCGT 10488 1 
R N K Y S E H II K NQ E H K K l N P H Q Q I S K N N F f I H T 5 I L E Q T K K R 

MTAMATArnMACAlMTTTATTMCrTA1AGTTGTTTTGATTTTAc.i.MMATTTAGCAATTAGMACTTTTTGMITTAMCAG.l .... ,,I.I.ATATi.TMTMTArTATTATAAAT 104761 
NKIFKOHllTYSCFOFTKHLAIRNFlNLNAKKIVNNI liN 

MAATACAGWTCTTATmAmATMTMAAAAaCAAMTAmAGArTInnTCTcM.w.CAAMTATTTTTTTtGMTATMTcTATTATTATGGCTT ... TTCu.G.umATA 104641 
KIOKSYFIYNKKAKYLOfFSQKQNIFFEYHLLLWLIPEFI 

GAAGAU.Ui.TCAATATu.A......TA.W.GMTTTTMTTcTMAW.TTCTATTATT~TMT.v.............TMTICAAMTc.uMATTAmCGA ••• AGAGAi.mMTCM 104521 
EEKNOYQNKRILllKHSllKEHNKKllQNQKLFRKRElHQ 

TCTATTCGCcMrGGAGATGGAMTCA.V.AAGTTT~m"""""""'TTAGGAMT"TGGCTTCTCTMTGAcTmATGc.v.MrCAAGAAAATATTATTTcTCTTTCCAGT 104401 
SIROIIRIIKSKSlEllfKKLGHHASLMTFMQHQEHllSLSS 

MMTGCGAGioAGATTTMMTTAmCATCTTTTTTTTCilTCGAMTAcTACTATAMTWTTMCTATrMTTCAGAACATCGmAGCACOOTTATIAGATGATcAMrmMTG 104281 
KMR[OLKlFHLFFRRHttINQLTINSEHRLARLLDOQILM 

TATMMTGGTMGTACmi-rrAMTATTWTATAGATTrAAACGACTATCAMmAi;...TMTTTTGATGAmmAswTACAATrTmGAAMTUoIG,AU"''''TAATTTC 104161 
VKMVSTTlNIKYRTKALSNLDNFODfLGIQFFENKEKNNF 

TmrmrMTTCGmMTCTTGMGATATTTTACTTCCAAAACGTCGTAGA)MTTTCGA.A TTTTWTTCmMCTrCAAAAM T ~TAc...CAACTTMTCMMAm 104041 
FffHSfNLEDILLPKRRRKFRllNSLTSKNKKNTQlNQKf 

CTTCMAAMMTTTTCT....v....CAMMTAMAAAAATTAMCGTTTTArTTOOGCTAGTIATCGAmGMGAmAGCTrGTATGAATAGArmGGTTrMTACAATAMcGGTAGT 103921 
YOKKFSKTKIKKIKRflllASYRFEDLACMHRfWfHTINGS 

AIOATTTTCTATGCTTAGGmCGMTGTATCCTTCTTTATTMCTTAMM.uTTGA.AmTATTTTTTCITGTTAGA.AMTAGAGTTTATAAACTCTArTTTCTMTTMmTTCAAC 
R f S M L R f R H Y P S L L T --. <_ > <------+ 

;'TAAAGTMTTTTATTATTGTATTMTTAcATmTATTrTTTTACTAmTTCTATCAcWTM.AGAAi.TTTATTAMTATTTTTTAG~MTTTTTTATGTCAAMMTTTGTTTA 
TTGTAT> TTTACTo r,.U. AGGAG H S K N l F H 

TGGATTTATcTTCCATTTCTGA"'AG •• ,j,'GGATCTGrTGMmCAMTATTTAGATIMCTMTCGAr,TTGTMMTrMCTTATcAmTMMMCATGGT~TTATTCAT 
DLSSISEKEKGSVEFQIFALTHRVYllTYHFKKHGKDY$S 

CTCMAGAGGmATGGAA.V.TmAGGAAMCGTMACGTCTmAGCrTAmAmMAACGAArrrTGTTAGTTACGMMTTTMTTATTCAATTAGGGATTCGCGGATTMAM 
QAGlWKILGKRKRLlAYlflTNFVSYENLIIQLGIRGLKK 

MMTTMWmmnrAGTTTTTTArTATAAAAAAAMTGMMGIlAaAGTTATATi.TGATGATACTrACTMAMCAMCCAATGATAGTMGTATGGGTCCTCATCATCCATCA 
" - +--. <-~J!I2. AGGAG M H I L T K N [ P II I V S M G P H H P S 

i. TGCA TGGTGTrCTTCGACrT ... TTGTT ... crir AGA TGGAGMrJ. TGmTGGA TTGCGAACCTGTCTT AGiiTT A TTl 4CA T AGAGGM Tr:i:..w.AM T AGCrGAMA T AGMCAA TTGT A 
MHGVlRLIVTlDGEDVlDCEPVLGYLHRGHEKIAENRTIY 

WTATCTTCCTTACGTMcACGATGGGATTAmAGCT...c......TGm4ci.GAAGCMTMCTGTAMTGc...C~TMCMATi.TTCMGTTCCTAMAGAGC~TTATATA 
QYLPYVTRWDYlATHTTEAITVNAP(KLTHIQYPKAASYI 

CGAATCATTATGCTGGAATTMcTCGTATTGCATCCCATTTGCTATOOCTTGGACCnTTATGGtlGATATrOOTGCACAMCTtCTTTlTTTTATATTTlr4GAGAlAGAGAUTGATT 
AIIMLElSRIASHLllILGPFHADIGAQTPFfYIFAEREHI 

TATGAm ... rnGAATCTGcTACTGGAATGCGAATGATGcATMTTAnrTCGAATTGGAGGAGTTGCAGTAGAmACCITATGGTTGcATAaACMATGTTTAGATTTlrGTGATTAT 
YDLFESATGMAMMHNYFRIGGV4VDLPYG1IIDKCLDFCOY 

rrTTTACCTMMTMATaMTATGMAGACrTATTACAMTMTCCTATImTTGAMtGAGTAGAAGGGATAGllTACTGTTAC1AGAG.......wGCTAITMTTGGGGATTATCAGGT 
FlPKI~EYEALITHNPlfllRYEGIGTYTREEAIHWGLSG 

etl ATGTT ACGAGCTTCAGGAGTTCAA TGGGACCTTCGAMAGT AGA TCA IT ... TGAA TOrT ATGA TGAGrT AGA TTGGAM... TTCAA TGGCA"'AGAAGGGGA TTCA TT i.GCTCGTT 
P H L R A S G V Q 11 D L R K V 0 ~ Y E C Y DEL D II [ lOW Q KEG 0 S L A R /T 

r~T~n~T~T~~~CT~TT~T~jT~Q~CTrTMMGCTi.TTCCGGGAGGACCTTTTaM......mAGA.AGCACGCCGGCTrMTCAAGGi. •••• ATTCA 
LKAIPGGPFENLEARRLHOGr.:NS 

Fig. 2, coot. 
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GAA TGGM TIT A TTT GAIl T A TCAA TTT A TT AGT .a.AAAAAtCTT CAtWcT n TAM TT ACC T AM~CA TT A TGT MGAGT AGAAGCACtA.AAAGGAGAA TT AGe; TA TT TTTTT A 102361 
EWHLFEYQFI5K K PSPTFXLPKQEHYVRVEAPkGELGIFL 

ATTGGAGATGATAGTGTTTTTtCTTGGAGACTTAAAATTCGTTCACtTGGTTTTATAAA;TrACAMTTcTTCCTCAATTAGTAAAAGGAATGAAATTAIOCAaATATTATGAWTTTTA 102241 
IGOOSVfPWRLK!RSPGr!~LQILPQLVKGH(LAOIHTIL 

GGTAIO TAT AGACAT AA TT ATGGGGGAGGTTi;..t. TeGn.w.A TGA TTTcW T A TAM TTT AG.v.GACAAA TnTTTlCCTTTTTTTTTAcATT AGe;TTTTleT MJJ:.M rITmAA TTT 102121 
GSIDIIHGEVOR-

DdbJ' GGAGG HIS N I N lED K F F S F F F T L G r S K E r F N r 

TTTATGGA TT A TTTTTTCT A ITn AA TTCTTATGTT AGGAGTT ACTA fT(;GAGTACT AGT ACTTGTATGGCTTGA'AG" i 'U ATCTGclGCAATCCAGt.v.CGGATTGG.o.CCAGAA TA 101001 
l W I J f S I L I L (H) L G V T I G V L V LVII L E R K I S A A I Q Q q I G P E Y 

TGC TGGTCC TTT AGGAA T AA TCCAAIOC TTl AGCGGA TGGAA TT AAAC TTT rTTT AAAAGAi.GA T A TTGTTCCAGCACAAGGAGA T G TTTGG TT A TTT AA TA TTGGACC T A TrnGGnc T 1 01881 
AGPLGIIQALAOG I KLFLKEOIVPAOGOVWLFNIGPI LYL 

T ATACCAGTcTTTTTAAIOT T i. TTT AGT AAITCCTTTTGAA TATM TGTT A TrTTAIOtT AA lnTAIOTAT AGGGGTTTTTTTTTGGA TTGclGTnCT AGTGTTGTTCCTCTrGGACnCT 101 761 
IPVFLSYLVIPFEYNVILANFSIGVfFIIIAVSSVYPLGlL 

TATGGCTGGrTATGGATcWTAATAAGTATrcTTTTTTAi:GTGGTTTAAi;..t.GtTGCTGCTCAATCTI.TTAGTTATGAAAITCCTTTAIOCrTTAAIOTGnTrATCTATAGCTCTACGTGT 101641 
HAG Y G S N N K Y S f L G G L R A A A Q SIS Y E I PLio. L S V LSI A l L;ugy 

GA ITCGTTAAAGTACTTAA.i.M.v. TTTAGT M T AAATTTnTAA nGTTT M TAAAAAACT AAAT AGTCATATGGGTGAG4 TTAAACAGc:A TTTT AArrrGCAGT AAAAJM TCAAGTCC 101521 
9 .•.•••••••••••••••••••.•..•••••••••••••••.••••••• ( t nt,on) ............................................................. . 

UTCCTCTTTGTACAAGAGTGAAAGCTATATACAATCAATMM.v.GTATi..nnCCAGGTAAMGAGTAGCAATCTAGTCCTGACAGCci ..... W.uui..TCAATMTI.TAATTTTATT 101401 
.................................................. (lntron) ............................................................. . 

ATA T A TA TTa.V. T AAGCAAGAGT AGAAIOGT MGAAAACCcA.w. T ACAu..i..w..t. TT AGTG.o..v..u TAT A IT AM T A TA IT MAA TGAGAA T MGGACTT M TA TT AIOT ~ TTTTT A 1 01 281 
.................................................. (lntron) ............................................................. . 

AcT ~GTACTTCCTTTGAA TcTCM n AJ..tV.GTAT AAACCTATCT A TT ACAMAA TGACTATr AGGAACGAM T AA TTTTTi-r ACAA TTCTTCAATT MAAM..v.TTGATATTGTTTTATT 101161 
.................................................. (Intron) ............................................................. . 

fA T AMI MAAW TATCAA TrnTTm .... TGT AAAGTT AGCGCT AGCcM.v.TTGT A.oV..V. TT.v.GA T ~ TTCAT AAliCrTTTA TTTT4 T AG~ TCTCGTTGGT AAAAAA.C 101041 
.................................................. (Intron) ............................................................. . 

TATATATTTTTTATATTTWTMCCACTaAGGAGCCGTATGAMTGAMi.TTTeATGTACGGTTTTGcMTAGAG.t.TATAMTAGTMTGTTCATAICcACTATAATTATCAAATAIOTT 100921 
.- ••••• I •• I I .. ~ •• I I I ••• I .............. r.Qcc:;-lug •• --gIII-UUCluijllu-c.g'QlJuY ......... oj ... I I I I I I •• I I .................. CU.YY-Y-11 S M S L 

TAAGTACAGrTGATATAGTTGAAcCTCMTCTAAATATGcATTTTTAAGTTGGAATTTATGGCGTCAACcTATTGGTTTIATTGTTTTTTTTATTGCTTCTrrAlOCAGMTGTGAMGAC 1001101 
STVDlvEAQSKYGFLSWNLIIRQPIGFIYFflASLAECERL 

TCCCTTTTGA TTT ACCAGMi;Cl(;MGAAGAGTT AG TTGCGcGTT A TcWCTGAA TAT TUeGCA TGAAi. TTTGCnrITTTT ATCT AGCTTCTT A TTT W TTTGeT AGm C TTCA T 100681 
PFOlPEAEEELVAGYQTEYSGMlFAFFYLASTLNLlVSSL 

TATTTGTAAcAATTCTTTAITTAGGGGGGTGGCACTTTTcAATTCCATrITnrCACTTTTTMAMTTrTGAATGGAArTTMTGAGTMTGGAATTAGTGAAGTTATTAGCATMTM 100561 
fVTILYLGGIIHFSIPFFSLfKNFEWNLHSIIGISEvlSll1 

TAGGAATAGTTATTACATTAGTAAAATCTTi..TTTATTTTTATTTATTTcMTMTGACMGATGGACTTTACCTAGMTACwTTGATcAATTATTAMTCTTGGTTGGMATTTCTTT 100441 
GIYITLVkSYLfLFISIHTRWTLPAIRIOQlLNlGIIKFlL 

TACCTATTGcTTTAGGTAATnAnATTMCAACGTCTTTTCMCTTTTTTTATTATAAATCTAAMAAATACATMCTMAAcCATAMTnATGAAIOaA.AGTTTTTAT4TGTTTTCTA 100321 
P I A L G N L L L T T S F Q L f L L - IrxIP AGGA H F S I 

TTATAMTGGtTTAAMMTTATMTC.v.cMGCAATACAAGCTGCAAGATATATTGGTcMooGTTTTTAGTTACTTTAGATCATATcM.TCGTTTACcTACAACTATTt.v.TATCCTT 100201 
lHGLKNYNQQAIQAARYIGQGFLVTLDHMNRLPTTIQYPY 

ATGAAAAATTMTACCTTCTG.t.cCGATTTCGrGGTCGTAITCArTrTGAATTTGATMGTGTATTGCTTGCwGTCTGTGrACGTGTATGeCCAATAMTCTACCAGTTGTAGATTGGG 100081 
EKLIPSERFAGRIHFEFOKCIAC£YCVRVCP(NLPVVOIlE 

MTTMAAAAMCTATA' ........ CMITAAAAAATTATAGTATTGATTTTGGAGTTTGTATATTTTGTGGTMTTGTiiTTGAGTATTGTCCTACAAATrGTTTATCTATGACTGAAIO 
LKKTIKKKQlKNYSIDFGVCIFCGNCV£YCPTNClSMTEE 

MTACGAACTTrCAACTTATAATCGTCATGMTTAAATTATGATCAAATTGCATT~GGACGmACCTAT;'rCAATAATciJAAGATTCTAWTTGAAAAIAmTCAArnMCTTCTT 
YEl5TYNRHElNYOQIAlGRlPlSIIEOSTIENIFNlTSL 

TACCTAAAGGCMAATAGAAGGGCATATTTATTCTCGAAATATTACAAATAnGTAMnMTTMTTTrTrnMTTGITCGmAmnnnTmmMCMAITCATTTIGTT 
PKGKIEGHIYSRNITNI~N-

~TArrTGATTTTATTATTGTGAGCrnATGAAATTACCAGAATCAITTTArGAMi:TATTTTTCTTnmAGAGrCAGGTCTTATATTAGGAAGmAGGTGTMTATTATTM 
--+ odIl6> H l L PEs .f YET I r l F L E 5 G L I L G S L G V ILL T 

t-rMTATAGTITATTCTGCTCmTTTTAIOilHTTGTTTrTGmGTATATCGTTATTATATCTTTTATTAMTGCAGArTnGTGGCTGCCGCACAAArnTAATTTATGTAGGAGCTG 
N(VYSALFLGf~FVCISLLYLLlNADFVAAAQILIYYGAV 

TrAATGTATTAATTATTTTTGCTGTTATGrTAATMATMi..MACAATArTCCAATTTITTrGTCTATTaGACAATAGGTGATGGTATTACTTTMCTCnTGTACAAGTATTTTTTTAT 
NVLIIFAVHlINKKQYSNfFVYWTIGDGITLTLCTSIFlL 

TATTMATAAITnATTTeTMTACATCATGGTCTAAAArnTTTTAATcACAMGCCTMTTTAGTAGTMMGATATT;'TTTTAATAAATACGGTTAGGCATATTGGTTCGGAATTAT 
LNNFISNTSIISK(FLMTKPNLVVKOIIlIHTYRHIGS£ll 

TAACTGAATTTTTACTlCCATTTGAACTTATGTCAATAATTCTTTTAGTTGCTTTAATArnlTGCTATTACTnAGCTCGT1:GTGA ..... i.1ATTGAATT~TGATTTTTTTA 
T E F l l P F ELM S ( J l L .V A L I G A I T L A R R E K K I E L E K H 0 F F N 

ATTTTTGATT4CTATTTTMTAMCAATTTCATAAAATGA.i..v..a.TTTTAAGGAAGTTTTTTATGCTTGAACATATACTTACTTTAAIOTGcTTTTTTATTTTGTATTGGGGTrTTTGGATl 
F_ odIl~ AGGA MLEHILTlSAFlftlGVFGL 

AA1TTACMGTCGAAATATGGTMGAGCAnG.o.TGTGTCTTWTTAArTTTTAATGCTGTTAATATTAArTTAIOTAGCTITnCAAATTITTlAGATAGcTCACAMTT~T 
TSRNHVRALMCLEllfNAVNINLVAFSNFlDSSQllG[1 

Fig. 2, cant. 
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• • • • • • • T TCGMATAG.w.ATCAAcTCGTATTGATWTTTMnrGCTAAAATG 987bl 
TTTTTCTATTTTTATTATAGCCATCGCT(iCTGCTGMGCCACTATAGGI.TT~TATTGTTTTAGCTATT A I 0 " F H l l ~ II 
F51FIIAIAAAEATIGLAIVLAIYRNRKSTR ~ 

(;T M TAGTCTTTATMMTATTT MT ATAGAMTATATWTAMMCMTTATATAGA TTAT""TA T AT AGTATTMTATATTT A m ATATATGTTTTTTT AT AT AGAM TAGAAAM 9864 I 

AGTTTGTATGTATATWrrTMTTATATIlAwMTWIAMAMMTATATATATATATGTTTTATTTMTTTMGGTrTmCwATTAGGAGTTMTTWTGGCACATGo.eT 98521 
TTllATA. TATMA> +- .<-- - - --+ (rJ<J.> AGGAG H A H A 

UwTTTATGATACATGTATTGGTTGTAcTCMTGTGTMGAGCTTGTCCGACAGATGTATTAGAMTaATACCTTGGGATGGATGTA.O.AGCTMTCWTAGCTTCTGCTCCTC(iAAC 98401 
KIYDTCIGC1QCVRACPTCVlEMIPWDGCKAHQIASAPRT 

AGMGATTGTilTAGGTTGT~TGTGAATCTCGTTGTCCMCA(iATITnrAAGTGTACGTGTTTATTrAGGMATaAaACTACTCGTAGTATGGGTCTAAGfTATTMTTTATACT 98281 
ECCVGCKACESRCPTDFlSYRYYlGNETTRSHGlSY-

.i. TTGAMM TAGTT M TATMer WTAGTWTACAMrTTTTT ATTTTTTTTTM T .v.G.v.1CTATATATATA T ATTI.TATACAGGTTCTTA TT MCTTTmTTATCTTT A TT A TGA 98161 
I ---> <--- • ...db""" N 

.i.CeA TTTTCcT TGGCTMCT.i. TT A TTGTTCTrTTTCCTATATCrGCAGGrTTAGTMTCCCGTTTTTACcTTCT ACJ.GGG.V.c.u.AA TT A TTCGA TGGTA j-ACnTAGGTGTTTGTTTA T 98041 
HFPWlTllVlFPISAGlVIPFlPSTGHKIIRWYTlGYCll 

TAGAATTTCTTTTMTMCTiA1ATTTTTTi;TTATCATTArCAATTTMTG.t.TCATTTMTTCMTT~TTATMTTIlGATTAGTTTTATTMTTTTCATTGGAGGTTAGGAA 97921 
EFlllTYIFCYHYQFNDHllQlKEDYNWISFIHFHIIRLGI 

TT"" TGGATTTrCMTAGGACTTATTTTATTMCAilGATrTA TMCTAC1TTAGCT ACTcTCGCTGCTTaGCCCGT~TCCACG.t. TTl. TTTTATTTTTTGA TGTTAGCAATGT 97801 
DGFSIGliLlTGFITTlATLAAWPVTRNPRLF1FLHLAMY 

ATAGTGGAtWTTGGACTATTTGCTTCTc.i.AGl.TATmAcTCTTTTTTTTTATGTGGG.i.GTTAGMTTACTTCCTGrrTATTTGCTTTTAGCAATGT~CGACGTTTAT 97681 
SGOIGLF4~QD1LLFFFMWElELLPVTlLLA"WGGKRRlY 

ACGCTGCGACAwTTTATTTrGTATACTGCAGCTGGGTCi:CTTTTTATTTrMTAGGGGGACTMTTATGGCATTTTATMTTCTMTaMTTTACTTTCGATTTTCAATrrrrMTTA 97561 
AATKFILYTAAGSlFlllGGllHAFYNSNEFTFCFQFLIN 

ATMMMTATcCTTTGGMTTAGAAJ.TMTMTATATTTMaTTTTTTMTAGCTTATGCAGTTWTTACCAATMTACCTTTCCATACTTGGTTACcAa.t.TACACATGGAGMGCAC 97441 
KKYPLELEIIIYLSFLIAYAVKLPIIPFHTWLPDTHGEAH 

AcTATAGTAcATGTATGCTTTrAGCTGGMTACTTrTAMMTGGGAGCCTATIlGATTMTrAGAATTMTAT(;GMTT,.cTTCCTCATGc"CATTCTlTrTTTGCTCCATGGTTAGTM 97321 
YSTCMLLAGILLKHGAYGLIRI"MELLPHAHSFFAPWLVI 

TTGTAGGTGcMTTCAMTAGTTTATGCAGCmMCTTCTCTMGTCAACGCAATTTAA.i..u.G.u.GMrTGCTTATTCITCAGTATCAcATATGGllATTTGTTCTT4TCGaMTTGGAT 97201 
VGAIOIVYAALTSLSQRNLKRRIAYSSVSHHGFVLIGIGS 

CGATCACAMTTTAGGGCTTMTGGTGtTATnTACAMTG.t.TTTUCATGGmMTTGGTGCTTCACTTrTTTTCTTAGCAGGMT.v.GTTATGATCaMu.CGGACrTrGGTTTTAG 97081 
ITNlGlHGAILOHISHGLIGASlFFLAGISYORTRTLVLD 

ATCAMTGGGT(;GMTAGGTMTTtTATGCCCAAMTATTc"UTTATTTACTAGTTGTTWTGGCATCTTTAGCTTTaCCAGGTATGAGTGGTTTTATAGCCGMTTMTGATTTTTT 96961 
QHGGIGNSMPKIFTlFTSCSMASLALPGMSGFIAELMlfl 

TAGGAGTMrTGATAATCCTMTTATTCnc"TTATTTMMTAATMTTATTATMTTci.AG(iAATTGGTATTATTTTcACTCCTATTTATTTATTATCc"TGTTACGTCAMTGTTTT 96841 
GVIDNPNYSSLFKllllIIQGIGIILTPIYlLSHLRQHFY 

ATGGATATWTTTTCAMTACTTTAGMCCATATTTTATGGATGCTGGACCACGAGAMTrTTTATTTTMTTTGTTTATrTTTTCCAATrATAAGTATTGGAATTTATCCTMCTTTG 95721 
GYKFSNTlEPYFHOAGPREIFILICLFFPIISIGIYPHFV 

TmATCTArTTGGAATAGTWaTAAAnTrCTTTTATcTMTMTTnTrCTMMTCTAGMAATTTAaTATTTCTrTTGMTTGc.W.v.TGAAAGTTCTATMmCTAATTAAA 96601 
lSIWNSKYHFlLSNNFF_ 

TWTTTIlMAACATTTw.MTGTTATMTTnACT1..V.MTMGTGMCTTAGTTTTTcATTATTTwATAGTGGATTATATAAATAACTTATCTATAMrCCACTATTTGAAATMT 96481 
+-----It c __ -+ >----- -~--~ 01--- -------------+ 

Fig. 2. Nucleotide sequences and deducoo'information of IRa (:rRA) and sse regions. 
Nucleotide sequences are shown in the direction of transcription except for t.RNA 
transcripts. RNA transcripts for ribosana.l and transfer RNAs (llllITo:iified) are given un
der the Il'U!. sequences. Genes (bold letters) with arrCMhead (> or < indicate the direc
tion of transcription) are shown at the front of their coding sequences. Putative 
praroter sequences (-35 arrl -10 sequence) tc:qether with SD sequences, if any, are indi
cated by capitals with arrowheads. Dotted arra..>s 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-codons in parentheses. The 5' arrl 3' consensus sequences 
of introns are shown by small letters under the sequence with dotted lines. ~ne ab
breviations are the same as in the legend of Fig. 1. (a) Nucleotide sequence of the 
large inverted repeat regioo (~). The nucleotide sequence of the (-) OOA strand in 

the ~ region was the same as that of the (+) OOA strarrl of IRs region. (b) Nucleotide 
sequence of ndh5 «-) strand, on our file). (c) Nucleotide sequence fran !:.e@ to 
ORF320. (d) Nucleotide sequence fran ~ to ~ «-) strand, on our nap). 
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rONA sequence were observed by comparison with rRNA genes of other 

species, but the liverwort chloroplast rRNAs retain the characteristic 

secondary structures described by Glotz ~ a!. (1981). Putative promoters 

for I..!:.!l 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. SI mapping experiments were done to identify 

the ini tiation site of ~ 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 16S 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 ~ al., unpublished result). This position is in very good 

agreement with the transcription starting point in maize (Strittmatter et 

aI., 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 l!!. vitro by E. coli RNA polymerase was 

reported to initiate at the promoter upstream from trnV(GAC) in tobacco 

chloroplasts (Tohdoh ~ 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 !:.!.. 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 

trnI(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 i:l aI., 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 (Ozekl ~ al., 1987; Ohyama ~ al., 

1988a). for trnI(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 

A
3T

G
38 

for trnI(GAU). The trnA(UGC) gene is the only gene for 

alanine tRNA in the chloroplast genome, and alanine tRNAUGC would 

recognize four GCN-alanine codons by an expanded wobble mechanism. 

The gene trnR(ACG) contained two mismatched base pairings in its 

amlnoacyl stem with T 5-T 69 and T 6-T 68' and had a highly conserved 

sequence (80% identical) with respect to trnR(CCG) in the LSC region 

(Fukuzawa ~ al., 1988). The trnN(GUU) gene is the only gene for 

asparagine tRNA in the chloroplast genome, and asparagine tRNAGUU 
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 !L.!!. operon in the IR regions, and 

the other trnV(UAC) has been mapped in the LSC region (fukuzawa ~ 

al., 1988). 

Gene arrangement near the junction between inverted repeats (IR) and 

large and small single coPY (LSC and SSe) regions 

In most chloroplast genomes, the JR regions contain both the 

rps'12-rps7 and trnL(CAA) gene cluster and the trnI(CAU) and ~-rps19 

gene cluster, although the site of the junction between the IR and single 

copy regions varies somewhat in the plant species (Zurawski g al., 1984; 

Sugi ta g aI., 1984). However, the 11 verwort rps'12 gene clus ter and 

trnI(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 ~ 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'12, rps7, and trnL(CAA) genes is not 
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given. 
Genes ndh5 (fig. 2b) and frxC (fig. 2d) were located across the 

junction sites J SB and J SA' respectively. The characteristics of frxC and 

ndh5 are described below. The junction USA) was located at the third 

codon after the initiation codon of the frxC gene. The other junction 

USB) was at the eighteenth codon from the termination codon of ndh5. 

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. 1 b 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 frxC, rpsI5, frxA, ndh5. !Q!1L and 

trnL(UAG). 

OJ 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 ~~, 1983; Minami ~~, 1985b; Tanaka et 
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Fig. 3. Ccxoparism of amino acid sequences of ORFs identified as iron-sulfur proteins 
(frx1\, frxB, and frxC). (a) Hanology of frx1\ and frxB gene products to bacterial 4Fe-4S 
ferredoxin proteins (Sulfolol:us in Minami. et al., 1985b; Clostridium in Tanaka et al., 
1966, Chlorobium in Tanaka et al., 1974; Azotobacter in Howard et al., 1983). (b) 

Hcm::l1ogy of the frxC gene product to ORF(F202) of !h capsulata (Hearst et al., 1985), 
nifH of Az. vinelarxlii (Hausinger & Howard 1982), and nifH* of liz. chrooooccum (Robson 
et al., 1986). 

al., 1966; Tanaka ~ a1., 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 4F"e-4S proteins in microorganisms (Fig. 3a) and also contains 
two copies of 

in the amino 
the typical repeating sequence. To some extent, homology 

acid sequences of frxA and frxB was seen, although the 

product had more amino acids residue at the N- and C-frxB gene 

termini. 
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The frxC (110973-110 1 04) 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 ~ aI., 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 ~ 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 ~ al., 1986). 

(ii) Liverwort chloroplast genes homologous to human mitochondrial NAOH 

dehydrogenase components encoded in the SSC region (ndh1, ndh4, ndh4L, 

ndh5. and ndh6) 

Human mitochondrial "URfs" have been identified as components of 

NADH dehydrogenase and have been named "NOs" (Chomyn et a!., 1985; 

1986). There were five ORfs named ndh t, ndh4. ndh4L. ndh5, and ndh6 

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 ~ 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 NAOH dehydrogenase NOI (URfl). 

The alignment of liverwort ndhl and human NOt (Chornyn .!ll. a1., 1985) is 

shown in fig. 4a. In comparison with NOI, the liverwort ndhl reading 

frame may start at the second methionine codon (102089) to produce a 

polypeptide of 331 amino acid residues of Mr 36,997.3, which coincides to 
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Fig. 4. Canp3risons of amino acid sequences of ORFs identifiErl as ndh subunits (ndhl, 

~, ndh4L, rrlhS, am ndh6). (al HCIOCllogy of ndhl to ND1 of human mitochondria. Ar

rameads indicate the presence of the intrc:ns in the genes. (b) ~logy of ndh4 to ND4 
of human mitochororia. (c) Haoology of ~ to ND4L of human mitochondria1(d) hcmol

ogy of ndh5 to NDS of human mitochondria. (e) Hanology of ndh6 to ND6 of hl.DllaI1 
mi tochororia (Chanyn ~ al., 1986) an:l URFC of As • nidulans (Netzker et al., 1986). 

Invariant histidine residues required for heme-binding as reported for mitochondrial ND4 
and NDS (de la Cruz et ~.!., 1984) are shown by bold letters. 
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the size of the NO 1 product. The ndh4 (98164-96665) product would be 

499 amino acid residues long. Homology with mammalian mitochondrial 

component of NAOH dehydrogenase N04 (URf4) was seen. The alignment 

of liverwort ndh4 and human mitochondrial N04 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 NAOH dehydrogenase N04L 

(URf4L) was detected. The alignment of liverwort ndh4L and human 

mitochondrial N04L is shown in fig. 4c. The ndh5 (93179-91101) product 

would be a polypeptide of 692 amino acid residues. Amino acid sequence 

homology wi th the m am m alian mitochondrial component of NAOH 

dehydrogenase NOS (URf5) was significant. The alignment of liverwort 

ndh5 and human mitochondrial NOS 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 aI., 1986) based on its homology 

with human mitochondrial URf6, although greater homology can be 

detected with the As. nidulans mitochondrial ORF e (Netzker et al., 

1982). renamed this URF6 as ndh6 because the human URf6 gene has 

been shown to encode a component (N06) of respiratory chain NAOH 

dehydrogenase complex (Chomyn et al., 1986). This protein is aligned 

with human mitochondrial N06 (URF6) (6.8% identity; Chomyn ~ al., 

1986) and As. nidulans mitochondrial ORf e (31.4% homology; Netzker ~ 

ai., 1982) as shown in Fig. 4e. As. nidulans mitochondrial ORF e is re

lated to N06 ("URF6") of animal mitochondria. 

(iii) Ribosomal protein genes (rpsl5 and rpI2I) encoded in the sse region 

The rps 15 (103699-103433) product would be a hydrophilic polypep-

tide of 

21.6%. 

(Takata 

88 amino acid residues, with an arginine plus lysine content of 

This protein can be aligned with E. coli ribosomal protein S15 

et al., 1984) as shown in Fig. Sa. The amino acid sequence of 

the liverwort rps15 gene product shows 35.2% homology to that of E • 

.£Q!!. ribosomal protein S 15. 
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Fig. 5. Amino acid aligrnnents of liveJ:WOrt chloroplast and ~. coli 
ribosanal proteins. (a) Ribosanal protein S15 (Takata et a1., 1984). (b) RiOOsanal 

protein L21 (Heiland & Wittmann-Liebold, 1979). 

The .ffi.!.ll. (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 ~. coli ribosomal protein L21 

(Heiland & Wlttmann-Liebold, 1979), as shown in Fig. 5b. The homology 

between the amino acid sequence of the liverwort ~ gene product and 

~. colI 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, ORFI068 

(108535-105329), 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 h. tarentolae kinetoplast maxicircle DNA (de la Cruz !ll. ai., 

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 canparison of other ORFs. (a) ORF392 to 
LtORF3 and LtORF4 of ~. tarentolae kinetoplast maxicircle DNA (de la Cruz et al" 1984). 
(b) ~ (ORF2B8) to hisQ in ~. typhinuriurn (Higgins et al., 1982) and malF in E!' coli 
(Froshauer et al., 1984). 

The amino acid sequence of ORF288 showed some homology to the 

inner membrane permease component encoded by hisQ in .§.. typhimurium 

(Higgins et al., 1982) or by maW 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. 

tentatively renamed this ORF288 as the mbpY gene. Hydropathy 

analysis of the mbpY gene product showed extensive similarity to that of 

the maW 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 his? in S. typhimurium or by malK in ~ coli (Ohyama et al., 

1986; Umesono ~ 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 ~ (0RF288) gene product of the liverw.:>rt 

chloroplast qenane. (a) ~ (ORF288) in liver..urt chloroplast. (b) malF in E. coli 
(Froshauer et al., 1984). (c) hisQ in £. turunurilDD (Higgins et al., 1982). The 
hydropathy is plotted fran the N- to C-terminus by the averaging the hydropathy value 
over a windo,.r of 11 residues using the Kyte-Doolittle assigrunents (1982) and the program 
OOASIS (HIT1!CHI SK). M denotes the positioo of the first methionine residue in the 
reading framas. The regioo of harology 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-FUho et aI., 1981). ORF69 was located downstream of ~ 

and can be expected to be co-transcribed with~. 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 tRNAUAG gene (95274-95353). This was the 

only tRNA for CUN-Ieucine codons and expanded wobble will be required 

for the codon recognition as seen in mitochondria (Barrell ~~, 1980). 

A proline tRNAGGG-like sequence (95213-95145) was located on the 

opposite DNA strand between the trnL(UAG) and mbpY genes. The 

secondary structure may be constructed except that both the aminoacyl 

stern 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-Ioop can be constructed as 

shown in Fig. 8b without the formation of the aminoacyl stem. The 

nucleotide sequence of the reconstructed molecule had homology to liver

wort proline tRNAUGG (Fukuzawa ~ al., 1988), especially the nucleotide 

sequences in the loop portion, except for the first nucleotide in the an

ticodon and a nucleotide in the TljJloop. However, sequence homology of 

the proline tRNAGGG-like sequence was not detected with proline 

tRNAGGG in Salmonella (Kuch~no ~ 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. Seccndary structures for proline tRNAcn;-like sequence with 2-bp 
D-sten (a), structure with nomal D-loop (b), and structure with no D-loop, like animal 

mitochondrial serine ~GY (c). 

(Arcari & Brownlee, 1982; de Bruijn ~ 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; EI-Gewely et aI., 

1984). If the tRNAGGG-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 ~ 

al., 1986). Eukaryotic genomes often have mUltiple rRNA genes (Long & 

Dawid, 1980) and there are seven rrn operons in ~. coli (Lindahl & Zen

gel, 1982; Fournier & Ozeki, 1985), al though some legume chloroplast 

genomes contain only one rRNA operon. Genes encoded in the higher 

plant chloroplast IR region such as!Q!b rps'12, rps7, trnL(CAA), and 

trnI(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'12 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 IRA and IRB) 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'12-rps7-ndh2-trnL(CAA) cluster near junction 1 LA and for the 

trnI(CA U)-rpI23-rps 19-rps22-rps3-rpI16-rpI14-rps8-in f A-secX-rps 11-rpoA 

cluster near junction 1 LB' 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 1SB) with the SSC region were also of interest. The 

~ gene may be transcribed from the IRA region through the junction 

JSA into the SSC region by a promoter found in the IRA region. On 

the other hand, the ndh5 gene may be transcribed from the SSC region 

through the junction 1 SB' and transcription may be terminated in the IRB 

region by a stem-loop structure. If transcripts for both frxC and ndh5 
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exist, the nucleotide sequence at the 51-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 ndh5 

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 IRA region was also present in the IRB region. There

fore anti-mRNA molecules for ndh5 mRNA could be synthesized from the , --
IRB 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 certain enzymes such as RNase P for tRNA processing 

(Stark ~ aI., 1978) and DNA primase for DNA replication (Wong & 

Clayton, 1986). In fact, RNase P activity has been detected in 

chloroplasts (Gruissem ~ 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 regions between the trnN{GUU) and the junctions JSA and JSB• 

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-2S-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 ~. polymorpha chloroplasts 

(Minami ~~, 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 I has been isolated from 

photosynthetic membranes (Malkin ~ al., 1974). A spinach photosystem I 

particle contains an 8-kDa protein that has been tentatively identified as 

the apoprotein of the iron-sulfur centers of photosystem I (Lagoutte ~ 

~, 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 I. 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

aka et aI., 1987; HeSj ~ aI., 1987). The liverwort chloroplast frxB 

protein probably has properties similar to those of the frxA protein ex

cept for 1 ts 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 aI., 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 NTfixing systems, and Premakumar ~ al. (1984) also suggested that 

a second Fe-protein is Involved in the alternative pathway for N2-

fiXation. These comprehensive results imply that the liverwort chloroplast 
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genome has retained a gene (frxC) of the alternative pathway for NT 

fixation during chloroplast evolution. However, the 8:. 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 region 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 ~ al., 1984) and mitochondrial ND4 and N05 (de la Cruz et aI., 

1984). Although" human mitochondrial NAOH dehydrogenase (complex I) 

consists of more than 15 hydrophobic polypeptides, only seven components 

are encoded In the human mitochondrial genome (Chomyn ~ 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 ~ al., 1986). Local homology of 38.4%, 

36.8%, and 35.3% was seen between human mitochondrial NDI and the 

Ii verwort chloroplast ndh 1 genes, hum an mitochondrial NO 1 and the 

watermelon mitochondrial NO 1 genes, and liverwort chloroplast ndh 1 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. reinhardtil (Neumann & 

Drechsler, 1984) Indicating the possibility that products of these ndh 

genes are components of the NAOH-PQ OXidoreductase in liverwort 
chloroplasts. 
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Fig. 9. Scheme of divergence in genes of mamnalian mitochondrial NOl, 
plant mitochondrial NOl, and liverwort chloroplast ndhl. 'llle numbers indicate per
centages of amino acid sequence horrology between them in the region reported in water
rrelon 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 (COl to 

III) 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. 
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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 n ai., 1987). The entire gene organization of the 

chloroplast genome has been elucidated for a liverwort, M.. polymorpha 

(Ohyama ~ al., 1986) and for a tobacco, t!. tabacum (Shinozaki et aI., 

1986b) by the determinatIon of complete nucleotide sequences. Most 
functionally relat~d 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), B?,£- (Cerretti ~ 

al., 1983), (X- (Bedwell et al., 1985), and str- (Post & Nomura, 1980) 

operons in ~. coli. The H+ -ATPase genes in chloroplasts are also 

clustered as are the unc operon in ~. coli and the gene clUsters in 

cyanobacteria (Cozens et al., 1986). The genes for the components of 

photosystems and the photoelectron transfer complex, 

psbD-C, and psbE-F in chloroplasts, are also clustered. 

such as psaA-B, 

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 ~ at, 1985; Ohyama !ll.~, 1986; Shinozaki II ai., 
1986b; Rock !ll. aI., 1987). 

Genes on the same DNA 

several genomes such as those of 

1977; Godson !ll. al., 1978) and 

strand have been found to overlap in 

coliphages 6X 174 and G4 (Sanger et a1. 
--' 

virus SV40 (Fiers et aI., 1978). The 

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

nucleotides (Fearn ley & Walker, 1986). In chloroplasts, except for liver

wort (Ohyama !ll. 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 E: subunit, atpE (Krebbers I 1 
~ ~., 982; 

Zurawski et aI., 1982). In these h I genes, t e over apping 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 region. RNA I and RNA II involved 

in ColEI plasmid replication have complementary sequences that control 

the function of the other sequence (Tomlzawa ~ at, 1981; Tomizawa & 

Itoh, 1981). The 0 protein gene in the early transcripts from the right 

promoter in bacteriophage A overlapped the oopRNA coding sequence in 

the complementary DNA strand (Schwarz ~ ai., 1978). Schwarz ~ a1. 

(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 a1. (1987) 

observed a transcription initiation site upstream from psbB gene, but did 

not detect a transcription ini tiation 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 
]solatlon of chloroplast RNA 

Chloroplast RNA was prepared and purified by repeated Sarkosyl
phenol extraction, LiCI 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 seedlings illuminated for a certain time was provided by 
Dr. Y. Sasaki (Sasaki et ai., 1985). 
Preparation of DNA fragment 

Plasmid pMP710 consisted of PstI eleventh fragment of liverwort 
chloroplast DNA and a cloning vector pUC18 (Ohyama et a!., 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 a!., 1982). 
Labeling Of nucleic acids 

for probes of SI nuclease protection ~~alysis, the 51-ends of 
restricted DNA fragments were labelled with [y- PJ ATP (5000 Ci/mM, 
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Amersham) by polynucleotide kin~~e (Takara Shuzo) .. The 3'-ends of DNA 
fragments were labelled with [(1- P] dCTP (3000 Cl/mM, Amersham) by 
Klenow fragment of DNA polymerase I (Takara Shuzo). Th.e .labelled 
double-stranded DNA fragments were digested with a restrictIon en
donuclease. Either the 5'- or the 3'-end-~a?ell~d DNA fr~gme.nts ~:zre 
separated electrophoretically. For the hybndlzatIOn probe, ..!.!! vItro P
labelled transcripts from pSP64 vector (Melton et at, 1984) containing 
appropriate chloroplast DNA fragments were used. 
FiJ ter hybridization . 

Liverwort chloroplast RNA or total pea RNA (10 lJg/lane) was dls-
solved in 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH 
7.0) containing 1 mM EDT A, 2.2 M formaldehyde and 50% formamide, 
heated at 650C 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 800 C for 2 hours in 
vacuo. Prehybridization was done at 450 C for 4 hours in 6 x SSC buffer 
containing 50% formamide, 0.5% SDS, 0.1% FicoH, 0.1% polyvinylpyr
rolidone, 0.1% BSA, and 200 lJg/ml heat-denatured calf thym us 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 
650 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.). 
Sl nuclease protection analysis 

SI 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 chi oro p I a s t 
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 NaCI, and 1 mM EDTA for 30 min at 750 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 SI nuclease (1000 units/ml, Takara Shuzo) at 200 C 1~r 30 
min. After repetitive phenol extraction and iso-propanol preCipitation, the 
samples were electrophoresed on 6% iolyacrylamide gel containing 50% 
urea together with size markers (3 P-Iabelled 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 l!!. vitro capping reaction were generally as 
described by .Monroy et at (1978) and Strittmatter et a1. (1985). First, 
100 \..I g ~f hve:wort chloroplast RNA was capped at the triphosphate
bearing 5 -ends 10 100 U I of reaction mixture containing 50mM Tri -HCl 
pH 7.9, 1.~5 mM MgCI2, 6 mM KCI, 2.5 mM OTT, 200 \..I Ci of [(1 -~2Pl ' 
GTP (400Cl/mM,. Amersham), and 8 units guanylyltransferase (Bethesda Re-
search Laboratones) for 120 min at 370 C The rea t' d b . c Ion was stoppe y 
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the addition of 5 WI of 10% SOS 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 
RsaI 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 800 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 80oC, and 
hybridized for 16 hours at 420 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 480 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 ~ binding protein (Morris & Herrmann, 1984), the 10 kDa 

photosystem II phosphoprotein (Westhoff ~ aI., 1986; Hird et al., 1986), 

cytochrome Q6. and subunit IV of the cytochrome b6/i complex (Westhoff 

n 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 a1., 1985), tobacco (Shinozaki et a!., 1986b), 

maize (Rock ~ aI., 1987), and liverwort (Ohyama et al., 1986; Fukuzawa 

~ a1., 1988). These genes grouped together have been designated as the 

psbB operon (Westhoff ~ 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. O. They are desig

nated as ORF35 and ORF43, and consist of 35 and 43 amino acid 
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• • BstNI. • • . 
CCCATAAGAGGAGTAGTTCCCCAACCAGGAGCCACTTTTCCATACTCTGAATTTAATGGT 
G M L P T T G W G P A V K G YES N L P · . . 

'ITT AA TATATCACCTATACCACI"I"I"I"I"nTCCTTTTGITITAGGAGTGTCA TCAA 11' A TT 
K LID GIG S K K G K T K P T D D I I 

• • • • • RsaI 
TGTGTAGCCA1I1AAACTTATCAGA11'AG'ITGAGA'ITI'A11'AACI"I'n1'GTACTATTATAT 
Q TAM <psbH 'ITGAGA) TACI'AT) 

· . . . . 
TAAAAAATATACATTAAAAATATACCATTA'ITITGGAACTACCTAAC TGGAAACTGCA 

GGA) ORF43) ETA 
· • • HindIII. 

ACI"n"I'GTCGCTA TCTTCATATC'ITGTTI' ACTTATAAGCTITACTGG11' A TGCI'CTIT AT 
T F V A I F I S C L LIS F T G Y A L Y 

• • • Sau3AI. 
ACCGCATTTGGACAACCTTCTAhTGAACTTAGAGATCCATTTGAAGAACATGAAGhCTAA 
T A F G P S N E L R n--P FEE H E D === 

.. . 
TTTTGGACTAATGAC'I11'-I'AAACTAAAAAGTCATTAGTCCAAAATTAGTAATTI'AATAT 

) < ---+ I 

· · . · RsaI. · TAAATTACTAATTGAATATTAACGTl ITA'nTITI"I'CCTTT ACTI'GGTAcrrr AGGTGGT 
- ) < I =KKGKSPVKPP 

· · HinEI. • . • 
TCTCTAAAAAAAATAGCAAAAAAAATGATTCCTAAAGTACCTACCAACAAAAATGTATAA 

E R F F I A F F I I G L T G V L L F T Y 

· · • • • · ACTAATGCTTCCAT ~TATTTGTATATTAGGTAAATAATTTGCAGATAAcrrrcGTACTAA 
V L A E M <ORF35 +------- --- - --· . . . . 

TTAAATAATA1"trI1'AGTAAAAAAAAAC1'GTACTAAAAATITI'A'ITTA1TI'AAAAGATAT 
- ---- ------) <----- ----------- ---

ATATTAcITcTCITJ"I"l-GTTGTTGGA rCrcCT AATTTCtcAAACGcrC 
I V Q R K T T P D G L K Q F A 

<psbB 

Fig. 1. Nucleotide sequence and information deduced between the ....,hS.! and ....,hR 
Oed ced" .. ~ ~ genes. 

u anuno aC1d s~en~ ~e shown urrler the nucleotide sequence by one-letter sym-
bols. Double underh.nes indicate termi.natioo c ..... _- Po"" 1 ................. ssw e stem structures are 
shown by arrows under the sequence. Praooter and ribosane b: ..... '-

.. ..... .... u .. .I1g sequences are shown 
under the nucleotide sequence with arrowheads. 
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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 ORf 43 gene and psbB operon. Strand-specific 

hybridization riboprobes were prepared for psbB (EcoRI-PstI fragment), 

anti-ORf43 (RsaI-RsaI fragment), and petB/D (RsaI-RsaI fragment) in the 

psbB operon, and for ORf43 (RsaI-RsaI 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 SI protection analyses done to 

identify the initiation and termination sites of the primary transcript in 

the psbB operon (unpublished data). The presence ofintrons in the petB 

and petD [enes (Fukuzawa ~ 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 

~ 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 liven.urt chloroplast RNA with specific 

riboprobes. A. Gene organization of liven.urt chloroplast ~ operon arrl ORF43 gene. 

B. Northern hybridization analysis. Lane 1, ~ probe containing an internal p::>rti0ll 
in the ~ coding sequence; lane 2, anti-RNA probe of ORF43 containing RsaI-generatec1 

fragment (298 bp); lane 3, petB/D probe covering fran the ~ second exon to the ~ 
second exon; lane 4, ORF43 probe containing RsaI-generated fragment (298 bp) in the op
posite direction fran the probe in lane 2. Numbers (kb) indicate the size of variOUS 
transcripts (see also Fig. 4). 
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51 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, 51 nuclease protection analysis was done with 

51-end-Iabelled DNA fragment covering psbH and upstream (panel C in 

Fig. 3). There were four signals derived from the different lengths of 

the 51-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 

51-leader sequences of the ORF43 mRNA. 

To locate the primary transcription initiation sites in 

operon and ORF43 gene on the complementary DNA strand, 

the psbB 

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 31
- 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. Sl nuclease protection analysis of ORF43 transcripts and the 5'-tenninal of 
~ mRNA. (A) 5'-end of ORF43 transcript. The 5'-labeled Sau3AI-BstNI fragment (3l0 
bp) covering ORF43 and ~ was used as a hybridization probe. Lanes erA and T-C indi
cate the chemical cleavage ladders specific to the respective bases; lane Sl is for SI 
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'-errl labeled 

HindIII~I fragment covering ORF 43 and psbB was used as a probe. Lane M, the size 
standard of the pBR322-~II digest; lane 1, Sl nuclease treatment without chloroplast 

RNA; lane 2, Sl nuclease treatment with chloroplast RNA; lane 3, probe prepared without 

Sl nuclease treatment. Arrows indicate major signals. (C) 5'-end of mRNA processed 
for the~. The 5'-end-labeled BstNI-HinfI fragment was used as a probe. Lanes M, 1, 

2, arxl 3 are the same as in panel B. Arrows indicate a signal for major processed ~ 
mRNA. 
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Fig. 4. Southern-cross hybridization of in vitro capped transcripts for ~ operon 
am ORF43. A. An autoradiogram. DNA fragments were run fran left to right in agarose 
gel and blotted onto membrane. The in vitro capped chloroplast RNA was run fran top to 
bottcm 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 fran the ~ gene to the petD 

gene was digested by RsaI. The resulting fragments except the smaU fragments are 
shown. 1, the DNA fragment fran the ORF35 gene to ~ gene; 2, fran ~ to petB; 3, 
fran ~ to ~; 4, ~; 5, fran ORF35 to ORF43; 6, petD. See the text for the ex
planation of the bands (a to i). 
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A signi ficant capped molecule (I. 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 SI 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 Jlght 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. 

table mRNA for ORF43 in pea seedlings grown 

transcript for ORF43 gene is accumulated under 

chloroplasts. 
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Fig. 5. Light induction of pea transcripts harologous to livenlOrt ORF43. Pea total 

RNA was extracted fran pea seedlings that had been illuminated different anount of time 
after 7 days grCMth in the dark (Sasaki et al., 1985). Lane 1, 0 hr. j lane 2, 24 hr. j 

lane 3, 48 hr. j lane 4, 72 hr.; lane 5, Ii venIOrt chloroplast RNA (0.5 x 10-3r:tXJ) • 

LivenlOrt ORF43 probe was used for Northern hybridization (see lan.e 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 aI., 1986b), in maize (Rock ~ aI., 1987), and par

tially in wheat (Hird et~, 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 METATFVAIFISCLLISFTGYALYTAFGOPSNE~~?~~~~~E~ 
L G V' •••• - • - •••••• QQ •••••• G. 

43 
43 ( 86.0% ) 

Spinach (MIR)::: :\:::: :=G: ~V~;;;; ;;;;;; ;;; ;00;; ::::: :G: 
Tobacco ::::: L::: S':: G;: V:::::::::::::: :00:::::::: G: Ma i ze . . . •. .., .. 

ORF35 
35 

43 or 46 ( 86.0% ) 
43 ( 83.7% ) 

Liverwort 
Tobacco 
Maize 

MEALVYTFLLVGTLGIIFFAIFFREPPKVPSKGKK 
..• _ .... _ .. S' - •...... : : : : : : : : : T: KN 
: : : : : : : : : : : 5: : : : : : ; ; ; : : : : : : ; : : T: K 

34 ( 85.7% ) 
33 ( 85.7% ) 

.- .. . . . . .. . . .. .. ...... 

,.. ............ rl· son of amino acid sequences deduced fran the nucleotide sequence. of 
Fig. 6. ~ . ."..... f 11 
liverwort ORF43 an::1 ORF35 with those of the corresJX)rrli.ng CRFs fran the o. a.an~ 
species: spinach (Morris and Herrmann, 19841 Westhoff ~ al •• 1986); tobacco {Shinozaki 

et al •• 1986)7 maize (Rock et aI., 1987)_ The numbers of amino acid residues are shown 

at the end of the sequences. 

-35 

Het (psbH U Liverwort CATAAAA-CT-TATCAG-ATT-A GATTTATTAA 
Maize ::::: :TT: :A:T:-:-: :-C: :: :-:G:-:-G:::: :G: 
Tobacco •.• - • 'T--C-' • 'T--T' - 'C' .. • - .• C-G' ·G· • - • 'G' . . . .. .. . ... . . . ... ... .. .... ........ . .... .......... .. 
Spinach ::::: :T-: :-G: :T-AT:! :C: :: : :G:C:G: :G:::: :G: 
Wheat :::::: :T:-:: :T-TA: :-C: :: -;-:G:-:-G:::: :G: 

-10 , 
ACfA A-TAT-TAAA--A 

:::::::CCG:-:G::GTTGT: 
:: :C:: :CCG:-;G;:: :-T 
:: :C:: :CCG:-:G::: :-T 
:: :C:: :CCG:-:G: :GTTGT: 

ORF43> HetGlu 
AATATAC-AT-TAAAAATATA-CCATTAT-T-TTGGAA--crACC TAACAATGGAA 
::: :C: :G: :-C:TTTC:: :G:T:::: :G:AA:C:: :A: :TT::: :: :A;:::::: 
::-:-:G::CC::-TC:::G:T:::::GGGG:C:::A::-TTTTATAAATATGA:::G::::::: 
: :-:-TG: :TT: :-TC:: :G:T:::: :G:GG:C: :AA: :TIATC- : : :T::::::: 
::::C::G::-C:TTTCG::G:T:::: 

Fig. 7. CanpariBCfl of nucleotide sequences of the 5 1 -flanking regioo of ORF43. Liver
~ nucleotide sequence upstream ClU'43 is canpared with that of other plants (Shinozaki 

et al., 1986~ Rock et al.. 1987~ Westhoff et al., 1986: Hird ~ al" 1986). PrOlOOter 
sequences (-10 aOO -35 regions) are Ix»ced. The arrow in:licates the initiation site of 
ORF43 mRNA in li~. 
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83.7% homology with the reading frames deduced from the DNA 

sequences in spinach (Morris & Herrmann, 1984), tobacco (Shinozaki ~ a!., 

1986b), and maize (Rock ~ aI., 1987), although corresponding frame in 

tobacco and an additional in-frame methionine codon in the upstream 

region. The liverwort ORF 43 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 SI nuclease protection analysis. l!!. 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-Ioop structure (- /'; G= 23.0 kcal) between 

ORF35 and the psbB, two structures (- tD = 38.3 kcal; - /'; G = 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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Fiq. 8. Possible seccndary structures in the spacer regicns of ORF43 mRNA (A) and 
precursor mRNA for ~ operon (B). Base pairings are shcMl by one dot for G-U pairing 
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expressed groups of genes, for components of photosystem II and 

cytochrome .12.6/1 complex, is regulated by the divergently overlapped 

transcription as weI! 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 ~ a!., 1981; Tomizawa & Itoh, 1981; 

Rosen ~ a1., 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 a1., 1986). l!!. 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 polymei. ase. 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 

light 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 mlcRNA for ORf 43 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 ~ al., 1986; Rock ~ al., 1987; 

fukuzawa ~ al., 1987; and this chapter). This fact suggests that the 

ORf43 mRNA is present as a translatable mRNA, probably because of 

rapid 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. 

70 



CHAPTER III 

INTRODUCTION 

Ordered processing and splicing in a polycistronlc 

transcript in liverwort chloroplasts 

In the previous paper, reporting the first case of a trans-split gene 

in chloroplasts (Fukuzawa ~ al., 1986), two ORfs, ORf47 and ORF80, 

were described in the upstream region of rps12'. 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 

~ 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 aI., 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, mcluding the splicing of multiple introns, in the ORF203-

rps12'-rpI20 gene cluster transcripts of ~. polymorpha chloroplasts. 

MATERIALS AND METHODS 
Preparation of recombinant plasmid DNA 

Plasmid pMP727 consists of a DNA fragment (PstI fragment 6 in 
fig. lA) from liverwort chloroplast DNA and pBR322. Plasmid DNA was 
prepared as described by Maniatis ~ al., (1982). DNA restriction frag
ments were recovered by electrophoresis 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~anol precipi~a
tion as described by Yamano et aI., (I 984). for pr! mer extensI~n 
analysis chloroplast DNA In the RNA preparation was removed by repetI
tive Lib precipitation (final concentration of LiCI was 2 M, at 4°C) and 
ethanol preclpi tation. 
Northern blot hybridization analysis 

Oligodeoxyribonucleotides (1S-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-I DNA synthesis apparatus and 
labelled with [y_32p ]ATP (Amersham International, Inc., 5000 Ci!mmol) 
using T4 polynucleotide kinase (Takara Shuzo Co., Ltd.). Each probe was 
purified by 15% polyacryiamide gel electrophoresis. The locations and 
nucleotide sequences of the probes are shown in Fig. 2. Liverwort 
chloroplast RNA (about 10 ~/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 i:!.. a!., 1988b). 
Prehybrldlzation was done at 6SoC for 4 hours in 6 X SSC buffer con
taining 0.5% SDS, 0.1 % Ficoll, 0.1 % polyvinylpyrrolidone, 0.1 % BSA, and 
200 ~/W1 heat-denatured calf thymus DNA. Hybridization with in
dividual P-labelled probes was performed at 420 C overnight in the same 
buffer. The membrane filters were washed with 2 X SSC buffer contain
ing 0.1% SDS at room temperature and finally with 1 X SSC buffer con
taining 0.1 % SDS at 420 C for 30 min. Autoradiography was carried out 
by 1- to 3-day exp"')ures of X-ray film (RX type, Fuji Photo Film Co., 
Ltd.). 
S 1 nuclease protection analysis 

SI nuclease protection analYSis was done by a slight modification 
of the procedure of Berk & Sharp (1977). DNA probes were labelled and 
purified as described abov~'2 For hybridization, the chloroplast RNA (30 
~) was incubated with P-Iabelled probes and 81 nuclease was added 
(1000 units/mIl as described by Kohchi ~ al., (1988b). The samples were 
electrophor

3
E1,ed on a 6% polyacrylamide gel containing 50% urea with size 

markers ( P-Iabelled HpaII-digested pBR322 DNA fragments) and with 
chemically cleaved sequence ladders (Maxam & Gilbert 1980). 
Primer extension and cDNA sequencing 

The pr,tmer extension and cDNA sequencing experiments 
carried out With 5'-end-Iabelled oligonucleotide as a primer for 30 \J 
chloroplast RNA by a procedure described before (Williams & Mason 
Fukuzawa et al., 1987). 

RFSUL 1'5 AND DISCUSSION 

Gene Organization 

were 
g of 
1985, 

The gene organization and the nucleotide sequence in the ORF203 

region are shown in Figs. 1 and 2, respectI'vely. Th d e co ing sequence for 
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Fig. 1. A, Locaticn of ORF203 gene on the PstI restricticn map of a liver'NOrt 
chloroplast twA. IR shows an inverted repeat. Genes ~ ani rbcL are shown as 
landmarks. A Pstl fragment (Ps6) contains the ORF203 gene. S, The organizaticn of the 

ORF203 gene cluster in liVEU"NOrt chloroplast genome. '!be arrcMS in:licate the direction 

of transcription. The hatched boxes indicate the regicns of intrcns. ORF203, open 

reading frame consisting of 203 amino acid residues; ~, ribosomal pcotein S12 first 
exonl rpl20, ribosanal protein L20; ~, ribosanal protein S18; ~, rihosanal 

protein L331 ~, 51-kJ)a chlorophyll ~ apoprotein in the Ii'totosystem II. 
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Fig_ 2. Nucleotide sequence of ORF203 region. Nucleotide and amino acid sequences 
deduced for the ORF203 gene are shown. stmr-loop structures are shown by umerlining 

~th arrows. The catsensus sequence of grcnp II introns in the li~rt chloroplasts 
~~ shown by small letters urrler the DNA sequence. The vertical arrowheads irrlicate the 
s~. tes of sl nuclease protection analysis. The probes and pr~~rs 

~'P; are under the recogni
tion sequence for each oligodeoxyribonucleotide sequence. 
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ORF203 is followed by the first exon of ribosomal protein S12 (rpsI2') 

and the ribosomal protein L20 gene (rpI20). On the opposite DNA strand, 

upstream from the gene cluster, there is a gene (psbB) for the photosys

tern II 51-kDa polypeptide. Downstream from the ribosomal protein L20 

gene (rpI20), a gene cluster of the ribosomal proteins L33 (rpI33) and SI8 

(rpsI8) 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 rpsI2' (exon I) hybridized to the 

primary precursor RNA molecules (3.00 kb, PI 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 0.55 

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 I, 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 rps12' probe was quite different from the 

patterns of ORF203 probes, indicating the processing between ORf203 and 

rpsI2'. The processing point between ORf203 and rps12' was detected by 

SI nuclease mapping (Kohchi ~ al., 1988d). 

To detect spliced RNA molecules directly, Northern hybridization 

w as per for m ed u sing t wo kin ds of pro b es m a de 0 f 

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 speci£ic 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, ~ (512 first exon) . PI 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 fran the size markers (BRL RNA ladders) in gel stained with ethiditun branide . 
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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AAGATGCTGTTTGGATTGACGTATACAATCGACTTTATCGTGAAAGATTA 
3' - CTGCATATGTTAGCTG-5' 
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TAAACGTATAGCACTACCTCACGCTAGGGTTATGATTCATCAACCTGCTA 

3' -GAGTGCGATCCCAATA 5' 
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Fig . 4. Northern blot hybridization to chloroplast RNA with specific probes (splicing 
probes) . A. Lane 1 , oligodeoxyribonucleotide (16-mer) probe canposed of 8 nucleotides 
canplementary to the 5' - end of the ORF203 second exon and 8 nucleotides canplementary to 
the 3' -end of the ORF203 first exon; lane 2, oligodeoxyribonucleotide (16-mer) probe 
canposed of 8 nucleotides canplementary to the 5' -end of the ORF203 third exon and 8 

nucleotides canplementary 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 I, in addition to the O.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 I, 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 a1., 1984; Kol

ler ~ al., 1984; Keller & Michel 1985; Hallick ~ 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 ~ ~, 1984). Koller et aI., (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 cuI tured cells accumulated higher 

proportion of precursor mRNA than of the mature mRNA (data not 
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shown}. The major portion of chloroplast RNA was then mature mRNA 

in chloroplasts prepared from I 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 rps12' and rpl20 

genes as a primary transcript. RNA processing between ORF203 and 

rps12' occurred before the splicing of the ORF203 lntrons was completed. 

The monomeric ORF203 RNA, which included two introns, was spliced, 

deleting the first intron and then the second intran. A trace of RNA 

that was spliced before RNA processing between ORF203 and rps12' 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 e-enes have an intron in their coding regIon, and the mRNA 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 ~ aI., (1987) have suggested that the splicing of 

the petB intron precedes the splicing of the petD intron in maize 

chloroplasts. Our 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 rps 12' transcripts observed in the tobacco chloroplasts 

(Koller et at, 1987; Hildebrand ~ 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 region between the ORf203 and psbB genes were hybridized with 

chloroplast RNA prepared from exponentially growing cultured cells. The 

broad multiple signal (P 1) was seen at about 52 nt upstream from the 

first methionine codon of ORf203 (figs. SA and 5B). A faint single 

band (arrowhead, PO) was also seen at around 240 nt upstream from the 

first codon (fIg. SA). Primer extension experiments were done with a 

32P-labelled synthetic primer (AACTTTCGGAACACC, corresponding to 

exon 1 of ORf203). There was one major signal (P 1) from the S'-end of 

a transcript that exactly corresponded to 52 nt upstream from the first 

methionine codon obtained by SI nuclease protection analysis (arrowhead, 

Fig. 5C). Therefore, the ORf203 gene cluster was co-transcribed 

polycistronically with the genes rpsl2' (exon 1) and rpl20 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'-GUGPyG ..•••• CUAPyPyNPyAPy-3' (Ohyama ~ al., 1986). 

However, the 51-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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~ site . Panel A shCMS patterns of DNA fragrrents protected fran 51 nuclease digest
ion . Lane M, ~II-digested pBR322 DNA fragm:mts as size markers ; l ane 1 , DNA probe 
prepared; lane 2 , 51 nuclease treat:rrent with chlorop l asts RNA . PO corresponds to a 
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trons form secondary structures similar to those of group II introns (fig. 

6). J acquler and Michel (1987) reported multiple exon-binding sites (EBS, 

exon-blnding sites in intron; IBS, Intron-binding sites in the 5'-exon) in 

group II self-splicing introns. They showed that the EBSs and IBSs are 

essential in affecting 5'-splice site selection l!!. vitro. The sequences of 

exon-blnding sites (Internal Guide Sequence. IGS) in group II 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-blnding sites that have complementary sequences to the 5' ex

onic sequence (fig. 6), as seen in a J acquier-Michel model (1987), al

though intron 2 has only one EBS sequence. 

An especially 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 lntrons found in the Eu. gracilis pshA 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 

oligodeoxyribonucIeotide 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, hut 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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.. u 

Fig. 6. Seca1da.ry structures of inf:roos in the ORF203 gene. (A) First intral. of 

ORF203. (B) Second intron of ORF203. The arrows indicate the 5 1
- and 3 1

- splice sites. 
Possible branching adenine residues are marked by circles. The number in the circles 
irrlicates the length of nucleotides. Abbreviations: ISS, irrlicate intron-binding site, 
and ERS, exon-hinding site (Ozeki et al. 1987; Jacquier and Michel 1987). 
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Fig. 8. Carprrison of the amino acid sequence of liven.urt Dr!.?2,')] to t:.iJl" '1,':'::" .• 0 d:::id ' 

sequence deduced fran tob3.cco chloroplasts (Shinozaki et ale 1986, Databank-E215G release 
12.0, ccmplementary strand of position 72,465 - 74,504) and spinach X-gene (Westhoff 
1985). lImino acid residues are shown by one-letter symbols and identical amino acid 

residues are replaced by colons. Sequence harology (t) to liverwort gene prcduct is 

given at the end of the sequence. Arrows indicate the splicing junctions in their 

se;ruences. 

Characterization of the ORf203 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 a1., 

1986). The ORF~03 gene product is not likely to be a chloroplast 

ribosomal protein, although it is located in a ribosomal protein gene 

cluster (rpsI2' and rpI20). 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 S12 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). SI 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 

INTRODUCTION 

A nicked group n intron and trans-splicing in liverwort, 

Marchantia polymorpha, chloroplasts 

A number of chloroplast genes are interrupted by introns and thus 

require post-transcriptional RNA splicing for the gene expression (Ohyama 

~ al., 1986; Ozeki ~ 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 ~ al., 1986; Ozeki ~ al., 1987). Among these split 

genes, there was an unusual organization for the ~ 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 rps12' (A) and 

fps'12 (8). Essentially the same gene organization as that of rps12 has 

also been reported for the tobacco chloroplast genome, although the por

tion of gene containing exons 2-3 (rps'12) Is duplicated in the inverted

repeat regions (Shinozaki et al., 1986b; Fromm et al., 1986; Torazawa ~ 

al., 1986; Zai ta ~ al., 1987; Hildebrand et al., 1988). This gene or

ganization suggests that the two parts of rps12 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 rps12 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 ps tAl for photosystem I P700 protein in 
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C. reinhardH chloroplasts has been reported to be a discontinuous gene 

~Pllt Into three separated locations. suggesting the operation of trans

splicing (KUck et a!., 1987; Choquet ~ al., 1988). 

Two separate RNA molecules can be joined by trans-splicing in 

vitro in nuclear extracts of HeLa cells (Solnick, 1985; Konarska ~ ~, 
1985). In yeast, effi~ient trans-splicing l!!. vitro of the mitochondrial 

group II Intron suggests that interaction between the 3'-end of the 5'

exon and intron is needed (j acquier & Rosbash, 1987). Recently several 

cases of ~-splicing l!!. vivo have been reported (see review: Sharp, 

J 987). Unlike these cases, however, the chloroplast gene for ribosomal 

protein 512 involved the ~-spltcing 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 (I983). 

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 ~ aI., 
1982). Chloroplast RNA was prepared as described before (Kohchi et at, 
1988b). - -
Northern hybridization analysis 

Oligodeoxyribonucleotide probes (16 nucleotides long) were syn
thesized 3!ith a DNA synthesis apparatus (Shimadzu NS-I) and labelled 
with [y- P]ATP (Amersham, 5000 Ci!mmoI) and T4 polynucleotide kinase 
(Takara Shuzo). RNA probes were prepared with in vitro transcription of 
SP632ectors containing liverwor~ chloroplast DNA fragments by the use of 
[a- P]UTP (Amersham, 800 Cl/mmoI). Northern hybridization was done 
at 450 C for oligonucleotide probes and in the presence of 50% formamide 
for riboprobes by a procedure described previously (Kohchi et al., 1988b). 
S I-nuclease protection analysis - -

I?NA probes for SI-nuclease protection analysis were obtained from 
recombmant plasmids containing liverwort chloroplast DNA. The probes 
fi,re labelled at the 5'-end as described above and at the 3'-end with [ex 

PJdCTP (Amersham, 3000 Ci/mmol) and Klenow fragment of DNA 
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Fig. 1. Gene organization of the ~ gene. (A) Gene organization in the region 

co:ling for~. Symbols are: ~ for the 47-kDa chloroJ;i1yll ~ apoprotein in 
photosystem II, ORF203 for an open reading frame of 203 amino acids; and ~, ;p120, 
~, and ~ for ribosomal proteins 512, L20, 518, and L33, respectively. (B) Gene 

organization of the regioo coding for~. Symtols: ~ for ribosanal protein 57; 
ndh2 for NADH dehydrogenase (N02); and tnlV(GAC) and trnL(CAA) for valine tRNA(GAC) and 

leucine tRN1!.(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 I (Takara Shuzo). S I -nuclease protection analysis was done by 
a published procedure (Berk & Sharp, 1977). 

RESULTS 

Primary RNA transcripts of rpsl2' and rps'12 and the processing products 

The 5'-portion of rps12 gene (rps12') was proceeded by an uniden

tified ORF203 that carried two in trans, and followed by the rpl20 gene 

for the 50S ribosomal protein L20 (Fig. IA). The remaining 3'-portion of 

LPs12 (rps'12) was followed by the rps7 gene for the 30S ribosomal 

protein S7, ndh2 (a counterpart of human mitochondrial ND2), and 
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Fig. 2. Northern hybridization with a variety of probes. (A) Probes specific to exon 3 

of ORF203 (lane 1), exon 1 of ~ (lane 2), 5 I -intron 1 of ~ (lane 3), and the 
coding regioo of rpl20 (lane 4). Pl with an arrowhead indicates primary transcripts in
cluding ORF203 to rpl20j ba.OO ~ indicates processed mRNA containing ~ (exon 1) cmj 

~ genes; band ~ indicates processed mRNA for ORF203 with introns, and band ~ indi
cates spliced mature mRNA of ORF203. Barx1!!! (open triangle) indicates mature mRNA for 
~ gene prcducts. (B) Probes specific to 5 ' -intron 1 (lane 1), exon 2 (lane 2) of 
~ 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 rdh2. Band!!! with an open arrowhead indicates mature mRNA for the ~ 
gene. (C) Probes specific to coding regions for exon 3 of the ~ and ~ genes. 

Lane 1, probe for exon 3 of the ~ gene; lane 2, for the ~ gene. Band!!! with an 
open arrowhead indicates mature mRNA for the ~ gene prcduct. 

(CAA) for the leucine tRNA(CAA) in this order (Fig. 18). Chloroplast 

RNAs were extracted from the cultured liverwort cells liverwort, and 

Northern hybridization experiments were done with 

Two separate transcripts for rpsl2' and rps'12 were 
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The resu[ ts obtained wi th the probes for the ORf203 (exon 3), the rps 12 

exon 1, the 5'-portion of ~ intron 1, and the rpl20 gene are 

presented in fig. 2A. The rps12' was transcribed together with the 

upstream ORf203 and the downstream rp[20 as a primary RNA of 3.0 kb 

(band PI, fig. 2A). I also detected a 1.55-kb RNA (band Q.) that was 

hybridized only with the ORf203 probe and a 1.45-kb RNA (band !!.) 

hybridized only with the rps12' 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 

rps12'. Several bands were observed between bands PI and § 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 rp120. However, SI-nuclease protection analysis with a 5,_32P-Iabelled 

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 1 (the 5'-leader sequence of exon 2), exon 2 of the 

rps12 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'12 (exons 2 and 3) to the trnL(CAA) gene; (Ii) the major 

bands (1.9 kb, 1.4 kb. and 1.2 kb; bands £, .Q, and ~ 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 rps12 exon 3 and rps7 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 rps12 and rps7 was main

tained on the mRNA. like that in E. coli (Post & Nomura, 1980). 

Processing of two separate rps12 transcripts (exon 1 and exons 2-3) 

51-nuclease protection analysis at the 5'-flanking region of the 

rps12 exon 1 showed that the processing site was between the ORF203 

and the rps12 exon 1 (fig. 3A). This result coincided with Northern 

hybridization analysis, which showed that there were major processed 

mRNA molecules for the ORF203 gene (see band Q, Fig. 2A) and for 

rps12'-rpI20 (see band ~ Fig. 2A). The major termination site was 45 nt 

downstream from the rp120 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'12, SI-nuclease protec

tion analysis was done with a DNA probe containing the HphI-EcoRV 

fragment, giving four bands (Fig. 3C). One could correspond a spliced 

RNA (band..§., Fig. 3C). A minor band c (Fig. 3C) corresponded to the 

junction site (83 ntupstream from 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 rps12 (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. 28). SI-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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Fi g. 4. Northern hybri dization f or de t e ctioo of spliced RNA 1OC>1ecules of the ~ 
gene . (A) Northern hybridization analysis of spliced RNA transcripts. Lane 1, probe 
f or axon 1 t o axon 2; l ane 2, probe for axon 2 to axon 3. Band m indicates mature mRNA 

f or the ~ gene. Band ~ with an arrow in l ane 1 indicates trans-spliced RNA (axon 1 
and axon 2) without cis-splicing. Band b in lane 2 indicates cis-splicing RNA (axon 2 
and axon 3) without trans-splicing. (B) Synthetic oligodeoxyribonucleotide probes (axon 
1 to axon 2, upper; axon 2 to axon 3, lower). (C) Intermediate spliced mRNA 1OC>1ecules 
(bands a and b) and mat ure mRNA (band ~) observed in A. 

codon of the rps7 gene, bands d and e, Fig. 3D). Major processings be

tween ORF203 and rps12', 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 rps 12 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 
si tes of transcripts. Asterisks indicate the 5' -terminals of pri11la..ry transcripts. 
Dotted boxes indicate exons of the ~ gene. In other genes, solid box are exons arrl 

white boxes are cis introns. Lines indicate the processes of ~- arrl cis-splicing. 

exon 1 and exon 2 were seen as two bands: the major band m was ma

ture mRNA for the rpsI2 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 Q having the 3'-half of intron 1, and the 

minor band m corresponding to the mature RNA for the rpsI2 gene (lane 

2, Fig. 4A). These results indicate the independent occurrence of trans

and cis-splicing in the transcripts of the rps12 gene (Fig. 4C). although 

cis-splicing was apparently more efficient than ~-splJcing in the liver

Wort chloroplast. 

DISCUSSION 

The results obtained are sum marized in Fig. 5, which is a probable 
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Fig. 6. A nr:lde1 of secoodary structure of trans-split intrcns in the ~ gene. (A) 
Liverwort 1 (B) Tobacco (dots indicate the same nuc1eotides as liverwort). Arrows indi

cate splicing sites. Abbreviatic:ns IBS and EBS with a.rrOoIS indicate the intron-birding 
and exon-bin:li.ng sites (Ozeki et ~, 1987, Jaquier & Michel, 19871 Michel & Jaquier, 
1987). The nanenclature of stem-loop structure follCMS that of the lOClde1 of JaCXlUier 
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~, 1988c). 

Fig. 6A illustrates a folding model of intron 1 of the rps12 gene 
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for its ~-splicing. On the identi fied precursor RNAs of rps 12 ' and 

rps'12, 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 ~ al., 1987). The 

overall structure has characteristics of group II introns, with its six stem

loop domains (5), but with an Interruption in the third loop region. The 

exon- and intron-binding sites (the E8S and IBS sequence elements) are 

also indicated in Fig. 6; they are complementary with each other and es

sential for the splicing Uacquier & Michel, 1987; Michel & Jacquier, 

1987). A structure comparable to the tobacco intron I of rps12 can be 

deduced from the published sequence (Fig. 68). Zaita et aI. (1987) has 

reported the presence of complementary sequences ("transon I" 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 bIl intron in yeast 

mitochondria have been mapped in the stem portion of stem III 

(Schmelzer et al., 1983), indicating the importance of the stem structure 

for sp.licing. 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 III of the trans-split intron in any other in

trons of the liverwort chloroplasts (Ohyama ~ a1., 1986). Thus, the exon 

shuffling in chloroplast RNA splicing could not be taken into account. 

Self-spliCing of chloroplast group II 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 I Gene organization of the liverwort chloroplast genome 

1-1 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 IRB, 

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 ~ aI., 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. coli RNA 

polymerase subuni ts, 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 identified, 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 Sl2 

is trans-split on the opposite DNA strand (fukuzawa ~ 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 + e, 11.9%) and in intergenic spacers (G 

+ e, 19.5%), reSUlting in an overall G + e 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.. 

1-2 Structure and organization of Marchantia polymorpha 

chloroplast genome --- Inverted repeat and small single 

copy regions 

The genes in the regions of large inverted repeats 

10,058 base pairs each) and a small single copy (SSe, 

(IRA and IRS' 

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 tRNAGACt isoleucine tRNAGAU' alanine 

tRNAUGCt arginine tRNAACG' and asparagine tRNAGUU)' 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 tRNAUAGt 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 (NO 1, ND4, ND4L, 

ND5, and N06), two S coli ribosomal proteins (SIS and L2l), two puta

tive proteins encoded in the kinetoplast maxicircle DNA of !:.. tarentolae 

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

CHAPTER II 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 III 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 rps121 (trans-split) genes. ORF203 was a split 

gene consisting of three exons and two group II introns. 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 rps121 and rQ120. and then 

processed into a monomeric precursor. SI 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 51 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 IV Nicked group II intron and its trans-splicing in the 

liverwort 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) is discontinuous. Exon 1 of rps12 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. 

ern hybridization with RNA 

showed that: (I) the exons 1 

SI-nuclease protection analysis and North

Isolated from the liverwort chloroplasts 

and 2-3 of the rps 12 gene wi th the neigh-

boring genes were transcribed separately, (ii) the trans-splicing of intron 1 

occurred after the processing of two primary transcripts to two pre

mRNAs, and (iii) there was no particular order for the splicing of intran 

1 (trans) and lntron 2 (cis) in the rps12 gene. A bimolecular interaction 

model was proposed for trans-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 rps12 

gene. 
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