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   The.fi7xB gene found in chloroplast  genomes  encodes  a bacterial ferredoxin-like (Fd-like) Fe-
S protein, whose  function has not  been established.  Using an  frxB gene probe from liverwort, we

haye  isolated and  determined the nucleotide  sequence  of  a 4,6-kb fragment of  DNA  that contains

thejuB  gene frorn the filamentous cyanobacteriurn  Plectonemabocyanum.  The.tixB gene from

Plectonema  encodes  a protein of  1 94 amino  acids that shows  66%  sequence  identity to that encod-
ed  by liverwort chloroplasts.  The sequence contains two clusters of cysteine  residues  (C-X-X-C-
X-X-C-X-X-X-C-P), typical of  bacterial ferredoxins that chelate  two  [4Fe-4S] clusters. Such
sequences  are found in highly conserved  regions  in the seven  available  sequences  offuB-related

proteins. In addition,  we  identified three ORFs  homologous to the chloroplast  ndhl.  ndh6  and

ndh4L  genes that encode  the components  of a putative NADH  dehydrogenase, They  show  60%,
50%  and  6S%  arnino  acid  sequence  identity to the respective  gene products from liverwort chloro-

plasts, but they show  a lower degree of  similarity to the mitochondrial  homologues,  The  ndhl,

fixB, ndh6  and  ndh4L  genes, occurring  as single genomic copies,  are  tightly linked to one

another,  and they are  co-transeribed  as a 2.8-kb mRNA  which  was  identified by Northern blot
analysis  with  gene-specific probes. These four genes occur  in the same  order  in the chloroplast

genomes  of  liverwort, tobacco and  rice  as they do in Plectonema,  Therefore, the organization  of

ndhl-juB-ndh6ndh4L  may  represent  a case  of  clustering  and  co-transcription  of  functionally
related  genes in both cyanobacteria  and  chloroplasts,  These findings lend a support  to the hy-
pothesis that  cyanobacteria  and  chloroplasts  contain  an  enzyme  complex  that is closely  related  to

the mitochondrial  complex  I, although  such  a  highly organized  enzyme  complex  has not  been iden-
tified to date in an  extensive  survey  of  cyanobacterial  NAD(P)H  dehydrogenases.

Key  words:  Chloroplast DNA  -  Complex  I -  Cyanobacterial DNA  -  Iron-sulfur protein -

NAD(P)H  dehydrogenase -  Ptbctonema  boi:yanum.

   The complete  nucleotide  sequences  are  known of  the

chloroplast  genomes of  liverwort (A4brehantia poly-

   Abbreviations: Fd, ferredoxin; ORF,  open  reading  frame.
3
 For renarning  tf)xB" two proposals have been made:  

"ndhK",

by dePamphilis and  Palmer (1990); and  
"ndhl",

 by Dupuis et  al,

(1991),`
 The sequence  data will  appear  in the DDBJIEMBLIGenBank

Nucleotide Sequence Databases under  the accession  number

DOIO14.j
 To  whom  correspondence  should  be addressed.
6
 Present address:  Institute for Fundarnental Research, Research

Center, Suntory Ltd., Shimarnoto-cho, Mishima-gun, Osaka, 618

Japan,

morpha;  Ohyama  et al. 1986), tobacco (IVicotiana
tabacum;  Shinozaki et al. 1986), and  rice (Or),za sativa;

Hiratsuka et  al. 1989). Genes encoding  bacterial Fd-like

proteins (f)rM4 andfuB)  haye been found in these genornes
(Ohyama et al.  1988, Kohchi et al. 1988), TheseFe-S pro-
teins are  not  related  to the soluble  chloroplast-type  Fd
which  functions in photosynthetic electron  transport.

.firxt4 encodes  a 9-kDa protein of  the photosystem I com-

plex which  carries two  [4Fe-4S] clusters (centers A  and  B;
Oh-oka  et  al. 1987, 1988), while  the function of  the fixB
protein has not  been established.  The product of  expres-

sion  of  the.frxB gene has been identified at the protein level
in chloroplasts  of  Chlanrydomonas reinhardtii  (Wu et  al,

1989), tobacco  and  spinach  (Lin and  Wu  1990). The prod-
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uct  appears  to be a membrape  protein that is bound to the

peripheral portion of  thylakoids since  it can  be extracted  by
high-salt washing.  This conclusion  is consistent  with  our

recent  finding that the .fixB
 protein can  be solubilized  by

detergent from the thylakoid membranes  and  is recovered
in a  fraction that contains  unidentified  protein complexes

(Shonai et al. unpublished  results),

   In chloroplast  genomes, seven  ORFs  have been identifi-
ed  as the homologues of  the mitochondrion-encoded  com-

ponentsofcomplexI(NADH:ubiquinonereductase). The
ORFs  of  liverwort chloroplasts  are named  ndhl,  2, 3, 4,

4L, 5 and  6 (Ohyama et al, 1986, 1988), and  the corre-

sponding  genes (ndhA. a  C; a  E; Fand  G) are  also  found
in chloroplasts  of  tobacco and  rice (Matsubayashi et al.

1987, Hiratuka  et  al. 1989). ThefixB  gene is located in a

gene cluster  that encodes  four homologues of  components

of  mitochondrial  complex  I: ORF392(or 393)-ndhl(A)-

.thxB-ndhptG)-ndh4L(E):fixt4(psaC)-ndh4(D).
 It has re-

cently  been dernonstrated that some  of  the nucleus-encod-

ed  subunits  of  mitochondrial  complex  I have also

homologues encoded  by ORFs  in chloroplast  genomes.
They are  the 49-, 30- and  23-kDa subunits  of  bovine  com-

plex I, which  are related  to product of  liverwort ORF392,
ORF169  ahd  

.fhxB,
 respectively  (Fearnly et al. 1989, Pilk-

ington et al. 1991a, Dupuis  et al. 1991). These findings
have led to the suggestion  that the putative ndh  proteins,
together with  the product of  .frxB are components  of  an

NAD(P)H:plastoquinone  reductase  that is responsible  for
the respiratory  electron-transport  activity in Chlanrydo-
monas  chloroplasts  (Godde 1982, Maione  and  Gibbs

1986). Another  possibility is exemplified  by the results of

Wu  and  co-workers  (1989) who  showed  that the salt-ex-

tractedfixB protein has an  aMnity  for the origin  of  replica-

tion of  ctDNA.  However,  both  these  piece of  eyidence  are

indirect and  fail to disclose the functional role  of  this pro-
tein in chloroplasts.
   We  have studied  structure-function  and  evolutionary

relationships  among  various  iron-sulfur proteins and  we

have initiated a molecular  genetic study  using  cyanobacte-

ria which  is aimed at elucidating  the functional role  of  the

.frxB
 protein. Here we  report  the cloning,  nucleotide  se-

quence and  co-transcription  of  the ntth1, juB, ncVi6  and

ndh4L  genes of  a filamentous cyanobacteriurn,  Plectonema
bot:yanum. These results are  discussed in terms  of  the

putative function ef  the .fixB protein.

Materifils and  Methods

   Rreparation of genomic  DNA  and  hybriduation-A

filamentous, non-heterocystous  cyanobacterium,  Plec-
tonema  bocyanum strain MIOI,  was  kindly provided by
Dr, T. Kato (Kyoto University). Cells were  grown in BG-
11 medium  (Rippka et al. 1979) at 300C, in an illuminated
incubator. They  were  harvested by centrifugation  at the

stationary  phase of  growth, and  DNA  was  prepared as

described by Fujita et al. (1991). Fractionated digests of

DNA  were  transferred from  agarose  gels to nitrocellulose

as described by Southern (1975). A  363-bp Bel I-Alu I frag-
ment,  containing  the truncated .fi:xB

 gene from liverwort
chloroplasts,  was  radioactively  labeled with  [a-i2P]dCTP
by the Multiprime DNA  labeling system  (Amersham) and

usedasahybridizationprobe.  Thisprobecontainednucle-
otides  99916 to 100278 of  the liverwort ctDNA  (Kohchi et

al. 1988). Hybridization was  carried  out  with  the radiola-
beled probe for 18h  at 45eC. The filters were  washed

twice in a  mixture  of  6 × SSC  and  O,5%  SDS  at  room  tem-

perature, twice again  in the same  solution  at 4SOC, twice at
55eC,  and  twioe more  at  60eC. For  other  details, in-
cluding  hybridization conditions,  see Fujita et al. (1991).
   Screening ofthe genomic  DAe4 tibrary-Approximate-
ly 2 × 10  ̀ recombinants  of  a Plectonema  genomic  DNA
library in pBR322  (Fujita et al, 1991) were  screened  by the

colony  hybridization method  of  Hanahan  and  Meselson

(1983). The probe and  conditions  used  were  as described
above.  Two  recombinants  gave a strong  hybridization
signal  with  the liverwort 

.fi:xB
 probe. Both  of  the  positive

recombinants  carried  inserted DNA  fragments whose

restriction  maps  were  indistinguishable from one  another.

One, narned  pB-45, was  selected  for further study.

   Subcloning and  DMI  sequencing-A  3 . 1-kb Rst l frag-
ment,  which  hybridized to the probe  forfrJcB, and  a 1 .5-kb

IlstI-HindIII fragment (see Fig.1) were  subcloned  into
M13rnp18  and  -19 vectors  in both orientations.  Their
DNA  sequences  were  determined by the  modified  dideoxy

method  (Sanger et  al.  1977, Biggin et al.  1983) after the con-

struction  of  deleted subclones  by means  of  the Exollll
mung  bean nuclease  deletion technique (Henikoff 1984).
The  complete  sequences  of  the 3.1-kb and  1.5-kb frag-
ments  were  determined for the entire inserts in both orienta-
tions with  the aid of  one  internal primer, A  1,7-kb Ssp I-
HindIII fragment (see Fig.1) was  also  subcloned  into
M13mp19  which  had previously been cut with  SmaI  and

Hind  III, One-sided sequencing,  starting  from  the  Ssp I

site, gave an  overlapping  sequence  across  the Rst I site. Se-

quence  comparisons  were  made  using  the GENETYX  (Soft-
ware  Development  Co., Ltd., Tokyo,  Japan) programs.
Predicted amino  acid  sequences  of  more  than 33 amino
acids  in length were  compared  with  the  sequences  in the
databases of  NBRF-PDB  (National Biochemical Research
Foundation)  and  SWISS-PROT  Muropean Molecular  Biol-
ogy  Laboratory).

   IVbrthern blot ana4}tsis-Total  RNA  was  isolated from
Piectonema  cells  that  had  been grown  mixotrophically  in
BG-11 medium  supplemented  with  S mM  glucose (Fujita et

al. 1991). The RNA  was  fractionated by electrophoresis
on  1 .0%  agaroselformaldehyde  gels and  transferred to an

Immobilon-N membrane  (Millipore). Single-strand hy-
bridization probes were  synthesized  (Sambrook et  al. 1989)
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from the inserts of deletion clones used  for sequence analy-

sis: for ndhl,  nucleotides  1556 to 1083 of the DNA  se-

quence shown  in Figure 2 (probe 1); for .fi:xB,  nucleotides

2225 to 1807 (probe 2); for ndh6,  nucleotides  2758 to 234S

(probe 3); for ndh4L,  nucleotides  3103 to 2905 (probe 4);
for the 3' non-coding  strand,  nucleotides  395 1 to 3624 (pro-
be 5); for ORFI05, nucleotides  1496 to 1786 (probe 6); and
for ORF295, nucleotides  3526 to 4011 (probe 7). Hybridi-
zation  was  performed in 6×  SSC, 5 ×  Denhardt's solution,
O,5%  SDS  and  100pgml-i salmon  sperm  DNA  at 65eC

for 16h. The washings  were  performed in O.2× SSC  and

O,1% SDS at 6seC,

Results and  Discussion

   Cloning and  DNtl sequence-The  radiolabeled  probe
derived from the .frxB

 gene from liverwort chloroplasts

hybridized to specific fragments in restriction digests of

DNA  from P.bot:yanum,  namely,  the 5.6-kb HindIII
fragment, the 4.0-kb EcoRI  fragment, and  the 2.7-kb

HindIII-EcoRI  fragrnent (data not  shown).  With the
same  gene probe, two  positively hybridizing recombinants,

pB-05 and  pB-45, were  identified in a library of Plectonema
DNA  which  had been constructed  with  the Hind III digest
of  the genomic DNA,  These two positive recombinants

carried  a  5.6-kb Hind  III fragment (Fig, 1) and  were  in-
distinguishable frorn one  another  with  respect  to the sizes

of  various  restriction fragments. Subsequent Southern
hybridization showed  that the length of the hybridizing
fragment  in the  RstI digest of  the  recombinants  was  3.1

kb. The DNA  sequence  of  the 3.1-kb Ilst I fragment from

pB-45  corresponds  to nucleotides  1 to 3108, shown  in
Figure 2, As described below, the sequence  did not  con-

tain the 3' portion of  the ndh4L  homologue.  Therefore,

the sequence  was  extended  in the  3' direction by the use  of  a

1.5-kb Rst I-Hind III fragment (nucleotides 3103 to 4616)
derived from pB-45. The  complete  sequence  presented in
Figure 2 is 4616 bp long. Each nucleotide  was  identified at

least once  on  each  strand  of  the DNA.

   ldentijication ofpotential genes-The  DNA  sequence
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Fig. 1 Physical map  of  and  strategy  for sequencing  the 4.6-kb DNA  fragment that contained  the ndhL  fhxB. ndhot  ndh4L  gene

cluster, cloned from the  filamentous cyanobacterium  P, boryanum. The  four genes and  two unidentified reading  frames (ORFI05
and  ORF295)  are  shown  as  open  boxes on  the map,  The  direction and  extent  of  analyses  of  sequences  of  individual restriction  frag-
ments  or deletion clones are indicated by the arrows  below the  map.  An  open  box attached  to an  arrow  indicates that an  internal synthet-

ic oligenucleotide primer was  used  in the sequence  analysis,  Open  arrows  at  the bottom of  the Figure correspond  to single-strand  DNAs

used  as gene-specific probes for the Northern  blotting analysis in Fig, 3. For  other details see Materials and  Methods.
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        10 20 10 40  50  60  70  BO 90 100  110  120

CTGCAGGcrGGTTAaCOCArrCCAAAGAGCAGCTTGCAaAAAACCCCArCTTCCGTCeGAeOCAGATTrAenCGGGGcrrOrATGCCCACCCTTAeACCACGA7aGAGAAACGAGGATAAA

       uo  uo  lso  16o 17o  lao  leo  zoo  2]o 22o 21o 24o
GATTGCGTAAT7TOGATGATGGGTTAGAeCCcrCTTGCAGATTCeeCMTCCCTTGCAAcrrATAACAACGTGACGATTTTCAGGAAcrCCACCCcrCAGGAATevTGCTTcrGaCOGTTT

       2so 26o  27o  2eo  2go  ]oo 31o ]2o ]]o  ]4o 3so  3Go

CTTTTATTTTTACAAATTCrcACTAGGGATAATTTCCTAGACAATATACACTATTACCACCCCTTATCGGcrGAACCATTCAATTTACTCAATCCCCTGCATCAGATACTTTGATGGCTC

       s7o  ]so  3go 4eo  "o  42o  "e  "e  4so  46o 47o  4ge
AAATCGGenGmaTTCAaTAaTTCGATACGTTrcGCACCCArvrCCGRCCGcrATAcrGmaaACerTGAGAGCATCGATAkATcrTCATGTCGAGAAGATCTACrCcrCTCAACGcrGec

       4go  soo  s]o s2o s3o s4o sso s6o slo sso sgo  6oo
TTvrTAeTCCCrTo-GtAAocArcAAeCCACCAArTGAccrTcnAGGAACcrTTTATTCAAAcTGTGcAGAoceTTCCCATccccGceGOGGcAGcAkAAGcocTcrGGATGCcATTGccGA

             nchbMNPC:DLQGTFIETVQSLCIPAGAAKA  LWM  PLPH

       61e  62e 510  640  6SO  660  670 ESO 690  700  710  720

TGCTGA7eATOcrVCCTTGCAGCGACGGTenGCaTTCTGGTTGTGGTGTGGcrAGAACCGAAAnTcrCAGCCGCCGCOCAACAGCCCATTGCTCCTeMTTCATCCGACCQrTCCGCGTT=

  L I M LL  A  AT  V S VL  vv  vW  L E RKI  s AA  A QQ  R I a PE  F IG  p La  VL

       730  740  7SO  7SO  770 7SO 7SO SOO  810  B20 830 B40
TCGCeceOCTTGCGGArcGcrTmucreGTATTGAAAGAAGATGTGG77CCGGCGAAAGCAGATAAGCTGCTCTTTACCCTAOGTCCCOCGATCG7CGTTATTCCCGTewTTTTGTCew

  APLADGLKLVLKEDVVPAKADXLLETLGPAIVVIPVFLSV

       eso  s6o  s7o  ggo  Bgo  geo  glo  g2o  glo  g4o gso g6o
ACTTGATTcrGCCcrrTTGCAeAAAACCTTCAAATCncCaATG7COCCCTGGGAATCTTCCTTTGGnTrcCeTTATCGAGeGTTGTGCCCATCeGGCTTTTGArCTCGGGCrATGCCTCen

  LILPFCQNLQITDVGLGIFLWIALSSVVPIGLLHSGYASN

       s7o sso  ggo  loeo  lolo  lo2o lo3o lo4o  loso  lo6o  lo7o  loso
ATAAcmaTAcrCGeTGCTOGGTGGA7TGCGGGCTGCCCCTcAGTcGATTAGevATaAACTGCCCCTGGcAcTATCnGTTTTAGCccTTcrrcATGATGTCCAACTCGCTGAGTAcGGTTG

  N K Y S L L G G L R A  A n Q S I S Y E L p L A  L S v L A V V M  M s N S L S T v D

      1090  1100  111e  1120  1130  1140 1150  1160  1170  11BO  11YO 1200
ATATeGTcAATcAGcAAGCGGGcrAOGGAAT7cTGGGcT[]GAATATTTGGeGACAAccGGTTGGATTTATTATTTTcrGGATToCGGeTCTGGCAGAArcTGAGcGGATTCCcrTTGAor

  I V  N Q  Q  A  G  Y  G  I L  G  W  N  I W  R  Q P V G F I I E  -  I A  A  L  A  E  C  E  R  I P  E  D  L

      1210  1120  1210  1240  12SO  1260  1270  12Se  1290  13eO ISIO  1]20

TAeCACAACCcaAAGAAGAAcTecTTCCACCCTATenCAcrGMTATTCAcaCATaAAorTrcccCTctTcrATcTocGovcrTATGTGMCTTGAcccrcrcAGccrTGCTGTTTGcve

  PEAEEELVAGYQTEYSGMKFALFVLGSYVNLTLSALLFAV

      1330 1]40 1150 116D 1]TO  1]80  1390  140a 141e  1420  14]O  1440

TccTTTArmGGGTGGrrGGGAATTcccAATTTCCCTAACTercATcTccGCACTGATTGGCCTCCCeGAATCGACmmGGTTGcAGTTGArTTTcGccAcMTcGGcATTGGAATGA

  L  Y L  C G  w  E  F  P  I S  L  S  V  I S  a L l c  v  p  E  S  T p w  L  Q L  I F  A T I G I G M T

      laSO  1460  1470  l480 14SO l500  1510  1520  IS]O  154e  155e  15eO

cGcTcTTGAAGccTTATTTCTTGnTerTccTGocGATTTTGATGCCTrcCAcrrGTGccccCTGTOCGCnTTCAccAAcrGcTCaACCTCOCcrGGAAGrrTeTAcTTCCCCTcrcGeTTG

  L  L K  A V  F  L I  F  L A  I  L  M  R W  T V  P  R V  R r  D  Q I  L D  L G w  K  E L  L  P v  s  L v

      1570  ISeO IS90 16eO  lslO  1620  ls]o  1640  16so  1660 IE7o  16so

TrmcrTOCTGATCACCGCAGGTTTGAAAcrGGCATTCCCGGTa3CgTTrcGCGGcrMTCCTCTCaAACTgCAaAACAOCCATCATCATGAAATTrcrTCAAACAACTCGGTGATAene

  NLLITAGLKLAFPVAFGG.  fpcS)HMKFLKQVCDYT

     1690 VOO  171o  1720  1710  1740  17SO  IV6o 177e 17so  11go  lsOO

GAAAGnGGCCATCCAACCACCCAAGTATATCGGTCnAGGCTTGTcr6TCACCTTTgACCACATGCCCcrGTocCCCTA7CACCGTTCAGTATCCTTACGAAAAGerGATTCTTTCTGAGCG

 H E A I Q A  G K V I G Q G L S V T F D H M  R R R ? I T V Q V P V E K L I L S E R

     lelO  1820  IB]O  IS4e  ISSO IS60 le70 16aO  IB90  ISOO  1910  1920
encOGGGGACGaATTcAorTTGAATTGACAAGTSTATTGcTTGcGAAGTCrcTCTgCCCGTTTCCCcGATcAACTTCCCTCrcCTAGATTGGGAATTCAACAAAanccMGAnAAA

 P R  C  R  I  H  F  E  F  D  K  C  I A C E V  C V  R V  C  P  I N  L  P V  V  D  N  E F  N  K  E  T  K K  K

     1910  194e 19SO 1960  1970  1980  1990  2000 2010 2020 2030  2040

GAAAcrCAATCATTACAGTATTGATTTCGGCGTTTGTAVrTTCTGTGGAAACTGCGTGGAATATTGCCCCACGnATTGTT7A7CCATGACAGAAGAATNrisACcreCTCTACCTACCATec

 K L N  H  V  S  I D  F  G  V  C  I F  C  G N  C  V  E  Y  C P T N C  L  9  M  T  E  E Y  E  L  S  T  Y D  R

     2e50 20SO 20VO  2eSO  2090  2100 2110 2120  ,213a Z14D  2150 2160
AeATGAAcrGAAerAcGAcAATGTGGcACTGGGTCaTcTx]ccGTAcAAAGTGACGAATGArccGATGGTGrcTCCGrrGcGTGAGTTTGcATACTTACCGAAGGGTocGATcGATccACA

 H  E li N  Y  D  N V  A L G R L P  V  K V  T  N  D  P M  V  T  P  L  R  E  E  A  Y L P K G A  I D P  H

     2170  21SO 2190 22DO 2210 222a  2210  2240  225e  2260 2270  22SO

TGATcrAeeTocTCCTTCCCCTcGGGcTGGcTrAosTCeTCkACACATTorTGaACMIVGCAGcAATAGGTGTTAGTTGGGGcsrcAcrGccccAcTTGGTArTTAGGGAGAGAGACCG

 DLPACSRRACLPPEE:VEQSeQ'  ndh6}M

     22SO 2300  2]10  2]20  21]O 2340  2150  Z]60  2370  2]SO  23SO  ]400

TGAAT:VTAGCOGAAGGTGTrcAAATTGTATCGTTCGCGATCVTGGCAOCCATGATanTTCCATCT(]CaATCGGOaTCGTTTTAcrCGMAATerGGTTTATrmCCcr?TTcrTrTAGGCG

  N  L  AE  G vQ  I V S EA  I LA  A  MH  IC  SA  rG  v  vL  LE  N  vv  v sA  F L LG  G

     2410  242a  2410  2440 245e 2460 2470 24eO  2490  25eO  :SIO 2S20
GCGTTTTCATTAGcaTTGeGGGA7TATATrrGCTGCrGAATGCAGACTTCGTGGCAGCGGCeCAAGTTTGATrTACGTeGGGOCAGTCAACGTCr]GATTITorTTGCGATTATCTTGG

  V  E  I S  I A  G  L  V  L  L  L  N  A  D  F  V  A A  A Q  V  L  I  Y  V  G A  V  N  V  L  I L  F  A  I M  L V

     2SSe 2S4a 25SO 2560 2570 25eO  2S90  260D  261e  2610 26]e 2640
TGMCAAOeGTGAGGCATTTCAeCCenTCGCGAAGTewrcGATTeGTCC;OOCTGCMCTCCACTCGTcrGmmGAATCTTTGCGCrGCrGAGCOCAATGGTorTGACGAmmGGG

  N  X  RE  A FQ  P:  A  KS  WI  R  R  AAT  A L  VC  AG  I FA  L L S A M  VLT  T  PNA
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                    2650 ZS60  2670  2ESO  26SO  !700 2TIO 2720 2730  2T40  2750  2760

               cGATVrCMCnecGGTTccGATosAenGscCGATTATTAcGATCosGcrCcuTTTcrTcAcosArrTCCTcrTmmTrcAATTGocArcCATTTGnyTaevGA7ecCATMGTrcGos

                
I s T A V p l E s S I I T I G L H F F T D F L L P F E L A  S r L L L M A L v G A

                    2170 27eO  2790  2SOO  2SIO  2e2e 28]O  2B40  2S50  2e60 2B70 2BeO
               cGA7ocTCCTCCCAcGTcGrcAerrTT ¢ TGccGGATGAGGATGAGaCacATAceGcTTTMcrTToecAGAGcGTcceCGTGAorTaGTTvccGcrGGACAGAAancccrvGmuCrAAC

                
IVLARREFLPDEDEADTALTLPER?RELVPAGQNNPEN.

                    2S90  2eOO  2910 2920 29]O 2940  29SO  ZS60  2970 29SO'  2990  ]OOO

               ±tCTTTGAAasATGCMcrTCanTATTTUVTACTCA7rcCAGCocCcrTGTTcrecArrCecCTATATGcrCrcGTGAosAueCCAAATGCosTTVCACTOCTenrcTosATCGAgTtcA

                  ndhgO>NQ)QVFLLIAAALFCIGVVGLVTSRNAVRVLMSIELM

                   
]olo  ]o2o  lo3o ]e4o  lose  3o6o  3o7o  3oso  ]ego ]loo  311o s12o

               TCeTCAACGCTGTaAATTTaAATTTGATGCCCTTTTCTAACTATe?TQATCCGCAAGAGATCAAAGGTCAGATSTTTACaATTTTCGTGATTACGATCGCGGCTGCAGAAGCGGCACTTG

                
L N A V N L N L M  A F S N Y L D P Q E I K G Q M F T I F V I T I A  A A E A A V C

                   ]1]O ]140  31SO  3160  ]110  ]180 ]190 120e 3110  32?O  12]O S240

               GTTTAGCGATCGTGC7AGCGATVrATCGaAACCCCGATACGGTeaATATCCAACAATTCAArrTAeTCMCTCcrAAATTGTTeTCCAACTTrTeTSAAGAGReeTGTAGTGAGTerGen

                LAIVLAIYRNRDTVDMEQFNLLKN.  ------ --) 
<--

                   ]2SO  ]260  3270  ]2aO ]290 ]]OO  3310  3120  3330  3340 13SO ]3Se

              
ccrCTTTTTTer7rcAGGATAGCAATTAATCTTGcTGTTGc7SAGATTGMGGATTTGAATTTCAGCGATCGTanGccAGTCACTrcACcAATGnGTTceATATCGACATTTcTAcaM

               
-----

 
.DQQQQSQLIQIEAITLGTVEAILEMDLNRR

                   3]?O  1]aO  ]]90  3400  ]410  342e  ]43e  3440 1450 ]4EO  ]470  ]4eO

              
GenTATTGAGAGCAATOGcmCcrTT.rCIHrCCAATTTTGCTcrCCCCTCTAGTGATGAenCATACTTCATCCGTcrAGCorCCTCAAAAGTTTcrAACTCAGCcrGTAACTGGCGCVCTA

              
L  N  N  L  A  I A Q K E E L  K A  R R  E  L  S  S  V  Y K  N R  R  A E E F T E L  E  A  Q  L  Q R E

                   34go  3sao  ]slo ]s2o 3s]o ss4o  ]sso  ]s6o  3s7o 3sso  lsgo  ]6oo

              AcrCTTCAGGCAAATTCATCAGocAGTcrAAAAAGTTGrcTACC7CTAGTATATe7VracrCAcrrATAGrCACGA7CCTAAACCATTCTCGTCACATCATACCCCeAGCGcrTTeCGevCAA

              LEEPLNNL  bl DLFNHLELIDQESYGRDYLNTTLHVRWRKRE

                   ]610  3S20  3610 3640 ]65e  ]660  ]610  3680 j69e ]700  1710  ]TZe

              GrcGcrGATTGTaCGTT7ccTTGGTcrTTAGATGAOrcATcocGACGACAGCAAAAGGATTTTGAATGGCTTCTAkTTcTcTccATTGACATTcATAGTcTcATAcerTenCGATrcGAA

              
LPQNHTEKTKLHAHAVVAFPNQIAELETNQSQYDSLKVIP

                   
37]o  ]14o  yso  ]T6o  ]71o  3?se  ygo  3SOo lslo 3s2o  ]alo  3e4o

              AcrTCrtAAATGAGTGGCAeACCCocACAAITeGTCATmuCarGCTCCCTCGCCtan7CCCeCCCTCATCACCCAGMTGGCTAAGcrGACAACAGGGCAA7TATAGCGATCGCGCAATC

              FEFHTACCWL:DYERSPRWNPRDDGLIALSVVPCNYRDRL

                   ]SSO ]SEO  3e70  18aO  ]S90  ]900  3910  3920  ]93e  3940 1950 396e

              
GATAGTTGTAGcTgTACATccTGGCGACGAAATcGCGcreamTGACTTrccAcrTTCAATaTCACmaTcAcrAAGGTrcTC7CACCCcGcAGACGCTCmuTcGAcTMtTTA7coG

              R V  N  Y S  Y H  R  A V  F D R E E Q S  Q V  E  I H  C I V  L  T R E G R L  R  H  V  E  V  L K  D

                   3g70  3gso ]gge 4ooo 4ole  4o2o  4o]o  464o  4oso  4o6e  4olo  4oeo

              CATAocGw7oGGAATcrcmCATCTcrrGAcGATTTTCTGTAATTcTTTATeTAGAAAOrGmccGGcrTTcACCAcrCAACATCToccrcAATCCTTGggunaAAeceTACmacr

              A  Y  R K  P  I E  A  D  R  V  I K  Q L  E K  D  L  F  R  V  P K S W  D V D  A  E  I T  P  F F  P  A  L  F

                   
409e  41oo 4nO  4120  41]O,  "40  4150  "6e  4Pe  41SO  "go  4200

              cTcGAAAATACACrTeenTAAAGGTTTTecAACCATrATcGTAATCTGTA7rTcAGAGGATTGTTGoGTcATTAcoCCAMATTAGTTenTATGTCTATATocTATcATTocATGArT

              ERFYLEIETKWPNDYDTNESSQQ7M{ORF2YS

                   
4210  4220  42]O  42de  4250  4260 42TO 41eO a29e  4100  4]10  4]2e

              AGAGTTTATTGAAorTGeTrcAGGCTCTmaCaATATCcrArmT7AOSAATTTAGCCGCACTTATTATGASTaACTCCOCTCAAAevCTTCCACmaTTTGGACAAATMGCTTGCAAA

                   4SSO  4340  4]50  4]EO  4170  43SO  4390  4400  4410 4420 44SO  44aO

              
TGAcTATCAAOCCCACeCAGATGGcocAenGTvrTTTcAGGcGAACCcrTc6ATcAcT7TGAATTTGACCGATGAAaAAGAAcGATeGATGaT"vcerrmccTGTTCTCAATGcTTATGA

                   445e  4460  4470  44eO  44YO 4500 4SIO 4S20  4SIO  4S4e  4SSO  4560

              
TTACTACGTCGAAGAACTCGAAocCGCAGATTGGaaATCCCTCACAGCeACGATCGAaAAAcrTCAAMtCAAGAAaVGTTTCCAGtcACCGTTAa7ACCCATOCCAACGATGGCTGGGT

                   4slo  4sso  4sgo  46eo  461o

              AGAAcrGT"rCGATCAAAAAGocGmmeTcGoGGcAGcGAGMCCCTAGAAGcTT

Fig. 2 Nucleotide sequence  of  the ndhL  frxB, ndhC  ndh4L  gene cluster frorn P, boryanum. Nucleotide sequences  are  shown  in
the direction of transcription except  in the case of ORF295. Deduced amino  acid  sequences  are  shown  below the nucleotide  sequence  in
the one-letter  code.  Genes with  an  arrowhead  (> or <  indicating the direction of transcription) are  named  at  the start of their coding  se-

quences, Putatiye promoter sequences  (-3S and  
-

 10 sequences)  and  SD sequences  are indicated by undeTlining  and  double underlin-
ing, respectively,  Broken arrows  indicate inverted repeat  sequence,

was  translated  into amino  acid  sequences  in al1 six possible
reading  frames and  the predicted sequences  were  compared

with  known sequences  contained  in the databases of

NBRF-PDBandSWISS-PROT.  Inthisway,homologues
of  the ndhl.  juB, ndh6  and  ndh4L  proteins of  liverwort
chloroplasts  were  idefitified in the same  strand  of  DNA.
In the case  of  ncVi6, GTG  might  act as  an  initiation codon,

as in the fuC  gene of  P, boryanum (Fujita et  al. 1991).
Possible ribosome-binding  sites (Shine-Dalgarno se-

quences) were  found  preceding the initiation codons  for
these genes. In addition  to the possible genes described

above,  eight ORFs  encoding  proteins of  more  than 33
amino  acids  in length were  detected on  the same  and  on  the
cornplementary  strands,  respectively.  No  significant ho-
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(a)

[p][L][T][R][W][B][E]

[P][L][T][R][W][B][E]

frre

                                                                 --+  -

  MMKFLKQVGDYTKEAIQAGKYI-----GQGLSVTFDHMRRRPITVQYPYEKLILSERFRG-----RIHFEFDKCIACEVCVRVCPINI)PVVowEFNK

   ･FSIINGLKN･NQQ････AR･･---･･･FL･･L･･･N.L.T.I........P..-...--------･---･････････---･･･-･････LK･

   ･LPMITEFIN･GQer･R･AR･･----･･･FMI･LS･AN･L･V･I････････T･･････----･..-･----.-....------D--･･･-Kl,ET

    M,Pma･FMGQqT,R･AR･･---･･SFU･LS･TN･L･･･IH･････S･T･･････-----.......,....,,,,,.,,.D,.L,,,R,E,

 )Ol･FPMVTGFMS･GQcrr･R･TR･･---･･SFIT･LS･TN･L･･･IH･････S･TP･････-----･････････,..,,,.G,･,,D.,,,,,R,E.

TYKYVT"]REPSM-MKSVTDR-AQTL]WrELIR-･GM･LSYLF･E･A･IN･･F･･GP･･P････EHALR･YPscEER...,KL.EA.,,AQAITIEA,PRA

                           MFTFIKKVIKTGTA,SS-,L･PIAVDKN･･･-----KPEQNPQQ･･G･AA･･NA･･S･ALT･evDLAT

              ttt  -

ETKKKK]NHYSIDFGVCIFCGNCVEYCPTNCLSMTEEYELSTYDRHELNYDNVALGRLPYrvTNDPMVTPLREFAYLPKGAIDPHDLPAGSRRAGLRPEE

TI---Q-KN---------------------･--･･････-･･･N･･･････QI･･････ISIIE･stIENIFNLTS････K･EG･IYSRNITNIVN  {183)

DIR･･R･LN･･････I･･･････････････････････-･･････････NQI･･････MS･ID･YTIRTISNLPQIKNE  (167)

DI.R.Q.LN........................,..･...･･････････NQI･･S･･･ISIMG･YTIQTI･NSTQSKIDEEKSVaNSRTITDY  (178)

DI･･･Q･LN･･････････････......S....................NQI..S...ISIMG.YTIQTI-NSSESKINKEKSSNS  [175]

DGSR-RTTR-D..WrK..Y..F･Q･A.･VDAIVEGPNF･F･･ETHE･･L･NKEK.LNNGD.WEAEIAILNIQADYL.R{176)

GE---LAWEFNL.H.....R.E.V....AAIKLSQ･.･･AVW-KK･DFLQQSRFALCNCR･C･R.FAV-QK.ID.AIALLKHNG.SR.ENH.ESFETCP

[P][E]IVEQSQQ {194)

ECKRQKCIVPSDRIELTRHMKEPLI  CIaO)

Cb) ndhl

[P][L][T][R][c][B][E])(}IPGIDLQGTFIETVQSLGIPAGAP,KAILWMPLPMLIMLLAATVSVLumERKISAAAQQRIGPEFIGPLGVLAPLADGLXLVLKEDWPAKADKLLFT

.ISN.N.EDK.FSFFFT--FSKEFFNF･･IIFSI･･LM･GV･IG･･･L･･････････I･････..YA....IIQA････I･･P････I･･･QG･VW･･N

 MIIerTEIET･NSFSK･ESLKEVYGII.･LF-I･TLV･GI･IG･･･I･････E-･･GI-......YA....I.QA....T..L...NLI-STG.TR..g

 MIIDRV.VEA-NSFSN･ELLKEVYGM･I-･･I･TL･･GI･IE･･･1･････E･･･SI･･･････YA････L･QAI･･･T･･LF･･･IL･SRG･IP･･S

                        MrVASI,･LIVPVLL･･AMFTLA･･TVM･SM･R,F,tovS,IS.L,Q.FW....,GV..P.L.DSSSAGA.A

                        MFMINI･MUIPILLA･AFLTLV･･･VLGYM･L･K･･NVV･･Y･L･Q･I･･AI,･FI･･PLR･･TSSILSM･I

                        MgV.YP..QA-VLFAVAPLLSGIT･VAR･RLHN･R･･-----.V.QEYR.II..LGRQS.G.DAS-GWV.R

[P][L][T][R][c][B][E]LGPAIWIPVFLSYLILPFGQN]QITDVGLGIFLWIALSSVVPIGLIMSGYASNNKYSLLGGLRAAAQSISYELPLALgVULVVMMSNSLSTVDIVIIQQA

I･･IL･L･･･"･･･VI･･EY･VILANFSI-V-F･--V-･---L･-･･A･･G･･････F･･････････････I･････-･SIALL･･････････EA･S

I･･S･A･･SI････SVI･･･DH･VLA･LSI･V-F..-I.,IA-V------.G･･････F･･････････----I----C-･SISLL･･-･----･･EA･S

I..S-A-.SIL--F-VI-L･YRFVLA･LSI･V･････T･･IA･･････A･･S･･･---FS･････････････I･･TFC･･･ISLL･･･S････..EA.S

AS･M･SFV]SQVAWVGIC-----･S･ASFQGLVIM･I･･LAVY･VMLA･W･･･S･･AF･･C･･SV･LMV--･･S･GAAI]･SIGLFveDGTGMKC]･FAE
,A,IMA]GLALrwIP-･MPYP･INMNL,V-LFML･M･･UtVYSI･W･･W,t,S.,A,I,At,,V..T....VT..IIL.S.LL,.G.FTLSTLITT.E
･T･YVM･GVM,TIATA･･WWGSPLPQLGDLITLLY.FAIARFFFAI.,LerGSPFTAI･AS･E,MLGVLV,PM,L,GLwwAAQVAG,TN,SNItcrvr

[P][L][T](R][C][B][E]GYGILGWNIwnQPVGFIIFWIAALAECERIPFDLPEAEEELVA-GYQTEYSGMKPALFYLGSYVNLT]SALLFAVLYLGGWEFPISL-SVISGLIGVPES

K..F.S--L----I--･V･F-･S------L--･-----･･-･･-････････････F･･･A･･L･･LV･S･FV[rl･･････H･S･PFF･LFKNFamL)(･

K.-FW-------･I--･V･L-SS-----･L--･--RSRRRISSRVSNRIFRYQIWFD･TVA･･L･･LV･S･FVT･･･････NLS･PY---･FVPELFGIN

K,,FF,･･L････I･･LV･L･SS･･････L････････,････-････････I･YG････V･･L･･LV･S･FV[e.....-.NLS.PY---.FFGFFQMN

---MPTTPQYAMLPI,CL･･LVCI･･･TK･D････.･,･--･･.-･･NV･･･SLG････FIAE･A･MAVMSAIASIYF･･･FS-AL---------------

QMVILI--LPAWPLAMMWF･ST･･･TN･A･---T-G-S---S--FNV--AAGP....Fma･A.IIM)(NIFVr.I.F..TSHN.HMP------------

HWPLgQS--IPLVLAILCACAF-TFI-MGKL....A...Q..QE-.PLS....SG.GVICKW.ISLKQLWLQM.VGVFI-P.GQMETF-----------

[P][L][T][R][c][B][E]TPWLQLIFATIGIG)CrlLKAYFLIFLAILMRWVVPRVRIDQLLDLGWKFLLPVSLVNLLITAGLKLAFPVAFGG

NGISEV･Srl･･･VI･･V･S･LFL･IS･MT･･･L･･I･･--･-N･-.･-･.･IA-G･･･L･TSFQ･FLL  (368)

K-RGKVFGTL･,,FI,･A･T･LFL-IP･AT･･･L--L-M-･･･N･･････..I..G...L.TSSQ-LSL  (]64]

K-MVGILEMrMS･FI..T...LFL,IS,TI･,,L.,M,M,.,,N.i,,,.,,I..G.,,L,rSSQ,VSL  (362)
---------------.ITA.F,AFVWT･G,L,,Y,Y,,FMR,,,,ILF,,LT.AFFALH,gVAI C292)

--------ELYTINFTI-SLL･TMSFLWI.AgY..F.Y...MH.L..NF..LT.ALmuS.PILTSGIPPcrr
----TAGGLLLALVIAIV.LWGVLVIA.FENSMA･L･L･ITPRIT.AGFGFAF.AFVSLL.A {3e7)

(372}

B18)

mology  was  found between any  of  the predicted proteins
andthesequencesinthedatabases.  Theproposedarrange-
ment  of  genes, including the two  large ORFs  (ORF105 and

ORF295), is summarized  in Figure 1.

    7he 
.tixB

 gene-The  LfixB gene extends  from  nucleo-

tides 1646 to 2227, as shown  in Figure 2, and  could  encode
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Cc) ndh6

[P][L][R][c][B]MNLAEGVQIVSFAImmIGSAIGWLLENVVYSAFLLGGVFISIAGLYLLLNADFVAAILQVLIYVGAVNVLILFAIMLVNKREAFQPrAKSWIRRAAT

･K･P･SFYETI.LF.ESGL･LGSL･･I･･T･I･･,,LF,.F..VC･SL............-.I......･････I--V-.I..KQYSNFFVYWT･GDGI.
.D･PGPIHEILVLFG(]EVLLLGGL･････T･PrF･--S--L.LVC.SLF･I･･･SY･･･V･･L･･---･I-.･･I･･V･F･-GS-WSKDww.GDGF･

      MFFENSAILLCALLS-A-GYTKSPFM.LMYSVML･･NSSFVLM}(.GFE.L.LV)JL･V････LA･･F-･V...LEIenTELRAYSRGWSTLGI

    ]E)(LYIVF･-SVIFVMGFV.FSSKPSPI･GGLG･IVSGGVGC.IV.NFGGS･LGIMVF･･･L･GMM･VFGYTTA)CATEQYPEIWLSNKAVI]G.FV

[P][L][R][c][B]ALVCAGIFALLSAb(VLTTP"thISTAVPIESSII-------------TIGLHFFTDFLLPFELASILLLMALVGAIVLARREFLPDEDEAcrTALTLPERPR

LTL.TS･･L･･NNFISN.S.SKIFIMrKPNLW---KDIILINTVRH..SELL.E......･M･･I･･V･-I-･-T.....KKIELEKN.FFNF  C191)
S･..IT･PFS･MTTIPD.S.YGILWT"rRSNQ･V---EQGLINNVQQ..I.ta･･･Y･････I･･I･･VS･I...TM･･Q  C176]
FVFIINGVFQITPSMGPRGUTGLPGAESITNL-------.-------･HALYLY.ADL]I-N-LV.rv･･F･RFAI-PVRTTGR(162)

rGLINEF･MVYYVLKDKEVEWFEFNGLGDWV･YVrGDSGFFSEEAMGIAALYSYGTWLVMGWS･-IGV-VIMEIT･GN  (17S)

[P] E]VPAGQNNPEN(199)

{d) ndh41

[P][L][T][R][M][B]MQLQYFLLIAAALFCIGVYGLVTSRN-AVRVLMSIEIM]NAVNmuLMAFsugYLDPQEIKGouFTIFVITIAAAEAAVGLAIVLAIYRNRcrrVDMEQFNLLKUI

 M･enI.TLS.F･･････F･･I,,.,-M,.A,,CL,,IF..･･I･･V･･･,F,,SSQ,.,EPS,,I,A･･････TI---.........KSTRID..･･･..
･I･EHV.VLS.Y..S,･I･･･I,,,,-M,･A,･CL,,I.....I.FVT･-DFF.NRQL..DI.S....A.....･･I-----SS.-...KSTRrN.S...NN
･MFEHV･FLSVY..S..I...I...･-M--A-ICL--I..SI....VT･･DLF-SRQL.･DI-A----AL..････I--S-LSS-H---KSTRIN-S.F･NN
.MFERV.FLgVY..S..I...I....-M..A.ICL--I--Sr....VT..DLF.SRQL--DI-A---･AL----..I･･S･LSS･H---KSTRIN･S-F.NN

 Mww･MM--.rvSLV.LLMY.SHLMSS-LCL･C･M--LS-FV..ALTI.NSHFTLAS･MP･ILLVF--C-..L･･SLLVMVSNTYG･DYVQNL...QC

CIOI)clee)clel}CIOI}CIOI)[9S)

Fig. 3 Comparison of the amino  acid sequences  deduced from thefuB  (a), ncthl (b), ndh6  (c) and  ndh4L  (d) genes of Plectonema
boryanum with  those of related proteins, [P], P. boryanum (present study); [L], liverwort chloroplasts  (Kohchi et al. 1988); [T],
tobacco  chloroplasts (Matsubayashi et al, 1987); [R], rice  chloroplasts  (Hiratsuka et al. 1989); [W], wheat  chloroplasts  (Dunn and  Gray

1988); [M], maize  chloroplasts (Schantz and  Bogorad 1988); [B], bovine mitochondria  (Anderson et al. 1982, Dupuis et al, 1991); [C],
Chlamydomonas  mitochondria  (Boer and  Gray 1988, 1989); M], E. coli  (B6hm et al. 1990). Amino  acid  residues  identical to the  corre-

sponding  residues in the proteins from Ptectonema are  denoted by dots. Bacterial Fd-like arrangements  of  cysteine  residues  found in

.fi:xB
 sequences  are  indicated by asterisks,

a  protein of  194 amino  acids  with  a  mol  wt of  22,528. It
lies between the ndhl  and  ndh6  genes; the ATG  initiation
codon  of  the  

.fi7xB
 gene (at position 1646) is located 27

bases downstream from the TAA  stop  codon  of  ndhl  gene
(at position 1619), and  the TAG  stop  codon  of  the 

.t)TxB

gene (at position 2230) is 50 bases upstream  from the GTG
initiation codon  of  the ndh6  gene (at position 2280). A

possible ribosome-binding  site, GGAG,  lies 11 bases

upstream  from the initiation codon  ATG.

    Figure 3(a) shows  an  alignment  of  the sequence  of  the

frxB protein with other  sequences  that are  currently

available. The protein from Ptectonema has 60-66%
homology  with  each  of  the  chloroplast  proteins (Table 1).
In the case  ofthese  five sequences  shown,  no  deletions or in-
sertions  were  necessary  for proper alignment.  The  23-kDa

subunit  of  bovine mitochondrial  complex  I, probably carry-

Tableplasts,1 Percentage identities betwoen products of  Piectonema boi),anum genes and  homologous proteins from chloro-
mitochondria  and  E. coliChloroplasts

Mitochondria

Liverwort Tobacco Rice Chlamydomonas Bovine
E  coti

frxBndhlndh6ndh4Loooo5065 6451

57

60554350

3418

29321224 2520

Similarities in amino  acid  sequences  were  calculated  on  the basis of  the sequence  alignments shown  in Figure 3(a-d),
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ing the iron-sulfur cluster(s) known  as N-2  (Dupuis et  al.

1991), is also related to the cyanobacterial  and  chloroplast

.frxB
 proteins but to a  lesser extent.  In addition,  the prod-

uct  of  ORF6  encoded  in the hye operon  of  Escherichia coli

(B6hm et al. 1990) was  found to show  a significan,t degree
of  sequence  identity to the.frxB protein, Hydropathy pro-
files of  these proteins (not shown)  also  show  striking

similaritiesbetweenthem.  Thedatasuggestthatthesepro-

teins are hydrophilic and  contain  no  large hydrophobic seg-
rnents that span  the membrane.  These profiles are  consis-

tent with  the experirnental  obseryation  that the fuB
proteins from tobacco and  spinach  chloroplasts  can  be ex-
tracted from thylakoid membranes  by high-salt washing

(Lin and  Wu  1990).

   The juB protein is unusual'  among  the soluble  bacte-
rial-type Fds, A  typical bacterial Fd, as exemplified  by Fd
from Clostridium pasteurianum, has two  I4Fe-4S] clusters

carried  by a polypeptide of about  6 kDa, In these clusters,
each  of  the eight iron atoms  is chelated  by cysteine

residues, which  are  arranged  in two  -C-X-X-C-X-X-C-X-

X-X-C-P-  sequences  (reviewed by Bruschi and  Guerlew-

quin 1988), Similar arrangements  of  cysteine  residues  are

also found in two highly conserved  regions  of  the.fi:xB pro-
teins. Presurnably, the conserved  regions  are  indispen-
sable  for the operation  of  the Fe-S protein in electron-trans-
fer reactions.  However, the .t}xB protein is much  larger
than the bacterial-type Fds, with  extensions  mainly  in the
N-  and  C-terminal regions  of about  fifty residues  (Kohchi
et al. 1988). Obviously, these proteins must  have a  com-

mon  ancestor  and  must  have diverged during evolution,
one  to a group of proteins, such  as soluble  bacterial Fds,
and  the other  to a component  of  a membrane-bound.F,n,,;,.

zyme  complex.  The N- and  C-terminal regions  ofthefuB

protein may  be involved in interactions with  thylakoid

membranes  or with  other  components  of  the membrane-

bound  complex.

   ndh  genes-The  coding  region  of  the ntVil gene  ex-

tends from nucleotides  501 to 1616, shown  in Figure 2, and
encodes  a protein of  372 amino  acids  with  a mol  wt  of

40,239, It terminates 27 bases upstream  frpm  the fuB
gene. The  ndh6  gene (nucleotides 2280 to 2876; Fig.2)
follows thefrxB  gene. It encodes  a  protein of  199 amino
acids  with  a mol  wt  of 21,267. The  ndh4L  gene extends
from nucleotides  2892 to 3194. It lies 13 bases down-
stream  from  the  TAA  stop  codon  of  the ndh6gene  (at posi-
tion 2879) and  encodes  a protein of  101 amino  acids  with  a

rnolwt  of  11,335. Potential binding sites for 16S

ribosomal  RNA  were  located for each  of  the three ndh

genes.
   Alignments  of  the sequences  of  the pToducts of the

ndh  genes with  those of  analogous  proteins from chloro-

plasts, mitochondria  and  E. coli are shown  in Figure 3(b-
d), and  their homologies are  summarized  in Table 1. The
deduced amino  acid  sequences  of  products of  the ndhL

ndh6  and  ndh4L  genes from Plectonema show  significant

similarities to the corresponding  gene produets from chloro-

plasts. Althoughthesesequencesarenotobviouslyhomol-
ogous  to the rnitochondrial  sequences,  in particular in the
case  of  the ndh6protein,  comparisons  of  their hydropathy

profiles reveal  striking similarities (data not  shown).  The
ncth1. ndh6  and  ntth4L  proteins contain  seven,  three and

three hydrophobic segments  of  rnore  than 20 amino  acids

each,  respectively, and  these segrnents  are  consistent  with

the presence of  transmembranous  a-helieal segments  in
these proteins.
   Uhidentijied potentiat genes-ORF295  extends  from
nucleotides  4153 to 3269 on  the opposite  strand  of  the

DNA  to the.fiTrk and  ndh  genes (Fig, 1 and2).  It could  en-

code  a  hydrophilic protein of  295 amino  acids, with a mol
wt  of  35,S41. It terminates  74 bp  downstream  from  the

ndh4L  gene. ORFI05  extends  from nucleotides  1933 to

1619, encoding  a protein of  105 amino  acids  with  a mol  wt

of  12,187. It lies on  the complementary  strand  ofthe.thrB

coding  region  and  the transcription of  ORFI05  is less prob-
able  (see below),
   Co-transcription of the genes in the ndhl-Lf}xB-ndh6-
ndh4L  gene cluster-A  prokaryotic promoter-like se-

quence can  be found upstream  from the ndhl  gene at bases
322 to 329 (AATTTACT, 

-35
 BOX)  and  347 to 352

(TACTTT, -  1O BOX). Nucleotides that can  form a  stem-

loop structure,  followed by a  run  of  T residues,  occur

downstrearn from the ndh4L  gene (nucleotides 3218 to
3248), which  may  act as a signal for p-independent termina-

tionoftranscription. Therefore,itseemslikelythatthege-

ne  cluster  ndhl-LfixB-ndh6-ndh4L  constitutes  an  operon,

Further support  for this proposal is provided by the pres-
ence  of  very  short  intergenic non-coding  regions:  29 bp be-
tween  ndhl  and  

.frxB;
 52 bp between juB  and  ndh6;  and

15 bp between ndh6  and  ndh4L.  In order  to ascertain  the

significance  of  these transcriptional signals, Northern blot
analysis  was  carried  out,  Total RNA  isolated from mix-
otrophically  grown cultures  of  Plectonema was  hybridized
with  single-strand  DNA  probes for each  of  the coding

strands,  synthesized  on  recombinant  M13  DNAs  as

templates. The  ndhl-,  .fhxB-, ndh6-  and  ndh4L-specific

probes (probes 1 to 4) each  recognized  a  transcript of  about

2.8 kb, which  is suMcient  in terms of  length to cover  these

genes (Fig.4). In addition  to the 2.8-kb transcript, both
the ndhl  and  .tixB probes recognized  mRNA  species  of

about  1.5 kb. Transcripts of1.4  kb and  1.1 kb hybridized
with  the ndh6  and  ndh4L  probes with  different relative in-
tensities. No  signals  were  observed  when  a  probe  for the

3' region  (probe 5), downstrearn from the terminator-like se-
quence, was  tested with  the  same  preparation of  RNA  and,

therefore, it appears  that the clustered  ndhl-LfixB-ncth6L

ndh4L  genes a!e  co-transcribed  as a  single mRNA.  The
length of  the largest transcript (about 2.8 kb) is consistent
with  the length of  the entire operon,  from close to the
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Fig. 4 Northern blot analysis  of  the ndhl,  f)xB. ndhq  ndh4L  and  ORF295  genes in P. boryanum. Total RNA  isolated from a
batch culture  of  mixotrophically  grown Ptectonema was  tested with  the gene-specific single-strand  DNA  probes shown  in Fig, 1. The
coding  strand of each  probe was  labeled with  [a-32P]dCTP as described in Materials and  Methods, The sizes (in kb) of  hybridizing
speeies  are  shown  to the left of  respectiye  lanes.

"-

 10"-like sequence  to the possible termination sequence

shown  in Figure 2. The presence of  smaller  mRNA  species

suggests  that there may  be other  sites of  initiation of  tran-

scription, or  that the 2.8-kb transcript may  be specifically
processed or degraded. Essentially the same  results were

obtained  with  preparations of  RNA  from mixotrophically

grown  and  photoautotrophically grown  cultures  of  Plec-
tonema, suggesting  that the expression  of  this gene cluster

is not  regulated  by glucose or  its metabolites,  Two  addi-

tional hybridization probes, (probes 6 and  7; Fig. 4), were
used  to examine  the expression  of  ORFI05  and  ORF295, re-

spectively, both of  which  are  found on  the opposite  strand
of  the DNA  from the juB and  ndh  genes, The  ORF295
probe recognized  a weak  and  difuse band at around  O.9
kb. The  mRNA  is of  suMcient  length to cover  this gene
(885 bp), and  it is likely to be a monocistronic  transcript.

Under the same  conditions  as described above,  no  tran-

script of  ORF105  could  be detected. Since we  used  equally

labeled probes, each  of  almost the same  radioactive  intensi-
ty and  specific activity, the expression  of the ORF105  gene
seems  less likely when  compared  with  that of  other  genes.
   Organization of the operon-Each of  the ndhl-,  .fhxB-,
ndhO  and  ndh4L-specific  probes (the same  probes as used
for the Northern blot analysis)  hybridized to a  single 5.6-kb

Hind  III and  a  single  3,2-kb EboR  V  fragment  in digests of

Plectonema genomic  DNA  (data not  shown).  These
results indicate that these genes occur  as single copies  in the
genome.  Arrangement  of  the genes in Plectonema is
shown  in Figure 5 and  is compared  to the corresponding

regions  in the chloroplast  genomes. The genes equivalent

to frxB in the ctDNAs  of  tobacco and  rice are  represented

byORF167andORF178,respectively. Intobaccochloro-

plasts, a  transcript of  about  4kb  has been detected with
ndhA-  and  ndhE-specific  probes, and  it is long enough  to
include genes ndhA  to ndhE,  if the intron is excluded

(Matsubayashi et al. 1987), Since the  ORF393-  or  ndhD-

specific  probes did not  recognize  the 4-kb transcript, the
gene cluster  of  ndhA-ORF167(f)7xB)-ndhG-ndhE  appears

to constitute  a  transcription unit. The same  is true for
these genes in Plectonema. The  conserved  amino  acid  se-

quences, the  order  of  genes and  the co-transcription  of  the

ntViL  .fkxB, ndh6  and  ndh4L  genes in cyanobacteria  and

chloroplasts  support  an  endosymbiotic  origin  for plastids.
However,  the  intTon contained  in the plastid ntVil  gene is
not  found in the Piectonema  sequence,  and  the lengths and
the sequences  of  the intergenic non-coding  regions  show  no

significant similarities. Therefore, the  conserved  order  of

genes may  reflect some  aspect  of  transcriptional or  transla-

tional regulation,  for example,  it may  be involved in the
production of  prograinmed amounts  of  functionally relat-

ed  proteins. Alternatively, the polycistronic mRNA  could

allow  for the immediate assembly  of  the  products of

translation into an  enzyme  complex.  The structure  of  the

ndhC:tisbG-ORF157f159(ndhJ)  operon  and  the corre-

sponding  deduced amino  acid  sequences  are  also conserved
in both the  cyanobacterium  Synechocystis PCC6803  and

chloroplasts  (SteinmUller et al. 1989) and,  therefore, it is
clear that cyanobacteria and  chloroplasts  contain  a  highly
conserved  enzyme  complex.

   Rhylogenetic implications-Chloroplast genomes  con-
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Fig. 5 Arrangement of cyanobacterial and  chloroplast  genes in the vicinity  offtxB.  The diagram is based on  the sequence  data

published  by Kohch  et al. (198S), Shinozaki et al, (1986) and  Hiratsuka et al, {1989}, fixB homologues in the ctDNAs  of tobacco  and

rice  are  denoted by ORFI67  and  ORFl78,  respectively. ORF392(393)  is homologous to the nuclear-encoded  49-kDa subunit  of boyine
mitochondrial  complex  I (Fearnley et al. 1989), paaC  (formerlyfbu1) encodes  a component  ofphotosystem  I which  carries  two  [4Fe-4S]
clusters. The  arrangement  of  genes that is conserved  among  the four species  is enclosed  by dotted lines.

tain ten genes that encode  homologues to the components
of  mitochondrial  complex  I. They are  ndhl  (A),2 (B),3
(C), 4 (D), 4L  (E), 5 (F), 6 (G), 7 (H), 9 (J), and  fuB
(Ohyama et al. 1988, Matsubayashi et al. 1987, Hiratsuka
et al. 1989, Fearnly et al. 1989, Pilkington et al. 1991a,

Dupuis et al. 1991), In addition,  it has been suggested,
from indirect evidence,  that the psbG  gene is a  candidate

for an  ndh  gene but its product is not  considered  to be a
component  of  photosystem II (Nixon et  al. 1989, Mayes  et

al.  1990). In cyanobacterial  genomes; eight related  genes

have been identified; ndh2  (B), 3 (C), 9 (J) and  psbG  frorn

Synechocystis (Steinmtiller et al. 1989, MayeS et al. 19oo,

Ogawa  1991), and  ndhl  (A), 4L  (E), 6(G)  andfrxB  from
Plectonema  (this study).  These findings lend support  to

the hypothesis that chloroplasts  and  cyanobacteria  contain
                               '

an  enzyme  that is related to mitochondrial complex  I, Con-
sequently,  an  NADPH:plastoquinone  oxidoreductase  has
been proposed  as the most  probable candidate  (Fearnly et

al. 1989, Pilkington et al. 1991a, Dupuis et al. 1991). How-
ever, it seems  premature to draw a  firrn conclusion  because
of  the lack of  biochemical evidence,  Furthermore,  the

following sets  of  observations  are  in disagreement with  the

putative assignation  of  NADPH:plastoquinone  oxidoreduc-

tase in both cyanobacteria  and  chloroplasts.

    First, the amino  acid  sequences  of  the mitochondrial

components  are  poorly conseryed  in the cyanobacterial  and

chloroplast  homologues. As shown  in Table 1, the extent
of  sequence  identities between the components  of  Plec-

tonema  and  bovine mitochondria  is about  30%  or  less: not

suMciently  high to allow us to postulate an  identical func-
tion in these organisms.  On  the other  hand, sequence

similarities have been reported  between components  of  for-
mate  hydrogenlyase in E, coli and  the products of  the ndh

genes of  chloroplasts  and  mitochondria  (B6hm et al.
1990). The enzyme  from E. coli, releasing  hydrogen via

the reduction  of  protons that  is coupled  to the oxidation  of

formate, is used  in the non-energy-conserving  system  to

eliminate  excess  formate. Four of  the eight  ORFs  identifi-
ed  in a hyc operon  of  E. eoli,  namely,  ORF3,  4, 5 and  7, ex-

hibit homologies  with  products of  the ndh4  (D), ndhl  (A),
ndh  7 (H) and  psbG  genes, respectively  (B6hm et  al.  1990),

In addition,  we  found sequence  similarities  between the

product of ORF6  from E  coli and  the products of  .fr)cB
from Plectonema and  chloroplasts  (Fig. 3, Table 1). The

similarity to ORF6  is not  restricted to the Fd-like arrange-
ment  of  cysteine  residues  but also  extends  to the other  parts
of  the amino  acid  sequence,  These observations  highlight
the diMculty in assigning  a functional role  from the limited
homologies,
    Second, not  all  of  the components  of  mitochondrial

complex  I have  been correlated  with  the products of  chloro-

plast or cyanobacterial  genes. Mitochondrial complex  I is

an  enzyme  composed  of  at  least 25 subunits  (Hatefi 1985).
With the limited sequence  data available  to date, at least six
components  of  bovine mitochondrial  complex  I appears  to

have no  homologues encoded  in ctDNAs  (Pilkington et al.
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1991b, Masui et aL  1991). One ofthe  subuhnits  is the func-
tionally well-defined  51-kDa subunit  which  binds the

substrate  NAD(H)  and  contains  an  FMN  (Pilkington et  al.

1991b). We  can  speculate  that some  of  these genes have
been transferred to the plant nucleus  after endosymbiosis,

although  none  of  the additional  genes has been identified
so far, even  in the ndh  operons  of  cyanobacteria.  Weiss
and  co-workers  (1991) have proposed the hypothesis that
the mitochondrial  complex  I was  constructed  originally by
the combination  of  at least two  preexisting enzyme  com-

plexes. If so,  it is not  surprising  that the chloroplast  and

cyanobacterial  enzymes  contain  some  but ･not all of  the

mitochondrial  cornponents.

   Third, no  enzyme  resembling  mitochondrial  complex  I
has been identified so far in an  extensive  survey  of  cyano-

bacterial NAD(P)H  dehydrogenases. Because the thyla-
koid membranes  of  cyanobacteria  aTe  known  to participate
in respiration  (Scherer et al, 1988a, Seherer 1990), there
have been several attempts  to identify the cyanobacterial

NAD(P)H  dehydrogenases that provide reducing  equiva-

lents for the respiratory  transport of  electrons  (Sandrnann
and  Malkin 1983, Scherer et al. 1988b, Alpes et al. 1989).
Such  an  NADH  dehydrogenase has recently  been purified
from Anabaena variabilis  and  it consists  of  17-kDa  poly-
peptide(s). Compared  to mitochondrial  complex  I, the en-

zyme  from Anabaena contains  FAD  but not  FMN  and  is
only  weakly  inhibited by rotenone  (Alpes et al. 1989,

Scherer 1990). As  for the cyanobacterial  NADPH  dehy-
drogenase, evidence  has been obtained  to suggest  that the

Fd-NADP'  oxidoreductase  is responsible  for the
respiratory  oxidation  of  NADPH  in Anabaena  cells

(Scherer et al. 1988b).

   The limited data available  today  suggest  the presence
of  functionally divergent enzyrne  complexes  in cyanobacte-
ria (chloroplasts) and  mitochondria  and,  therefore, the

possibility can  not  be ignored that the products of  the ndh

genes, together with  thefuB  protein, may  not  be involved
intherespiratoryelectron-transportsystems. Ithasrecent-
ly been dernonstrated that a  mutant  of  Synechoc)tstis, lack-

ing the ndhB  gene, is defective in the transport of  C02
(Ogawa 1991). Further genetic studies  of  cyanobacteria

will assist in the biochemical characterization  of  the en-
zyme  complex.
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