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Chlorophyll Biosynthesis in the Cyanobacterium Plectonema
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   We  cloned  a 6.0-kb Hindlll fragment from the cyano-
bacterium Iltectonema bor:},anum using  the chloroplast

chtB  (ORF513) gene of  the ]iyervvort (M/archantiapolymor-
pha) as a probe. An  open  reading  frame (ORF508) en-

coding  a polypeptide of  508 aminQ  acid  residues  was  found

within  the nucleotide  sequence  of  the 4,437-bp Mndlll-
EcoRV  subfragment.  The deduced amino  acid  sequence  of

ORF508  shows  very  high similarity to that encoded  by  the

liyerwort chlB  gene (72.7%). A  mutant,  YFB14,  in which

ORF5e8  was  imactiyated by the insertion of  a  kanamycin･
resistance  cartridge,  was  unable  to synthesize  chlorophyL],

accumulating  protochlorephyllide in darkness while  syn-

thesizing chlorophyll  normally  in the  light. Thus, the

chB  gene is the third gene that is essential for the light-
independent reduction  of  protoch]orophyllide. The other

two  genes are  chth  and  chllV, and  the results  s"ggest  that

the light-independent protoch]orophyllide reductase  con-

sists of  at least three subunits,  which  are  encoded  by cha,

chlN  and  chLB.  Using an  antiserum  prepared against  a

ChlB-6xHis  fusien protein expressed  in Escherichia coli,

we  detected a  protein with  an  apparent  molecular  weight  of

58,OOO in the membrane  fraction of  the cyanobacterium.

These results indicate that  either the cytoplasmic  or  thyla-

koid membranes  cou}d  be the site of the light-independent
reduction  of  protochlorophyllide.

Key words:  chtB  -  Chlorophyll biosynthesis -  Cyanobac-

terium -  Plectonema  boryanum 
-

 Protochlorophyllide re-

ductase.

   The reduction  of  Pchlide is a key step  in the biosynthe-

sis of  Chl during the greening of phototrophie organisms,
When  seedlings  of  angiosperms  grow  in darkness, the syn-
thesis of  Chl is arrested  prior to the reduction  of Pchlide,

because, in angiosperms,  Pchlide is reduced  exclusively  by
a  light-dependent enzyme,  NADPH:Pchlide  oxidoreduc-

tase (POR; EC  1.3,1.33), which  catalyzes  this reduction,

has an  absolute  requirement  of light for the catalytic  reac-

   Abbreviations: 6xHis, six consecutive  histidine residues;

IPTG,  isepropyl-1-thio-fi-D-galactoside; kb, kilobase; ORF,  open

reading  frame; Pchlide, protochlorophyllide; POR,  NADPH:

protochlorophyllideoxidoreductase.
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tion (for review,  see  GriMths  1991), Once  etiolated seed-

lings are  illuminated, the reduction  of  the accumulated

Pchlide to chlorophyllide  occurs  as the first step  in the

greening process, and  Chl is formed  by  esterification  of  the

propionate moiety  of chlorophyllide  group with  phytol.
POR,  the key enzyme  in light-dependent greening, consists

of  a  single polypeptide, and  cDNAs  encoding  POR  have
recently  been cloned  from several  plant species, namely,

barley (Schulz et al. 1989), oat  (Darrah et al. 1990), Arabi-
dopsis (Benli et  al. 1991), pea (Spano et  al. 1992a), pine
(Spano et  al. 1992b), wheat  CI'eakle and  GriMths  1993),

and  cucumber  (Kuroda et al. 1995).

   By contrast  to the angiosperms,  some  land plants
(e.g., pines, ferns and  liverwort), green algae  (e,g,, Chla-
rerydomonas  and  C72toretla) and  cyanobacteria  (e.g., Plecto-

nema,  Anabaena) have the capability  of  greening even  in
darkness, This observation  suggested  that they have an

alternative  system  for reduction  of  Pchlide that operates  in
a  light-independent manner.  However, very  little informa-
tion  was  available  about  such  light-independent systems  be-
cause  suitable  organisms  for investigations by molecular

genetic techniques have not  been available.

   Cyanobacteria are prokaryotes with  a photosynthetic
apparatus  similar  to that  of  higher plants. Some  cyano-

bacterial species  can  grow  heterotrophically utilizing sugar

and  they synthesize  Chl even  in darkness (Fujita et  al. 1992,

Mannan  and  Pakrasi 1993). These characteristics  suggest

that  these  microorganisms  might  provide a suitable  system

for investigations not  only  of the organization of the oxy-

genic photosynthetic apparatus  (Berry et al, 1994, Golbeck
1994) but also of  the biosynthesis of  Chl including the
light-independent reduction  of  Pchlide. Thus, in a series

of  studies  of  the cyanobacterium  Plectonema bot:yanum

(Fujita et al, 1992, 1993), two  novel  genes, cha  and  chllV

(formerly j}xC and  ORF467, respectively), were  shown  to

be involved in the light-independent reduction  of  Pchlide.
The amino  acid  sequences  encoded  by chtL  and  chifV  ex-

hibit significant similarities  to those  of  subunits  of  nitro-

genase and  not  to that of  POR,  suggesting  that the light-
independent Pchlide reductase  might  have a  molecular

structure  similar to that of  nitrogenase  (Fujita et al. 1992,
1993, Burke  et  al, 1993c). .

   The chU]  and  chllV  genes have been found in the
chloroplast  DNAs  from a variety  of  plants (Lidholm
and  Gustafsson 1991, Ohyama  et al. 1988, Reith and
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Munholland  1993, Richard et  al. 1994, Tsudzuki et al.

1992, Yarnada et  al.  1992a, b) and  algae  (Choquet et  al.

1992, Li et  al. 1993, Liu et al, 1993, Richard et al. 1994,
Suzuki and  Bauer  1992) but not  in angiosperms  (Hiratsuka
et al. 1989, Shinozaki et  al. 1986, Wolfe  et al. 1992). It has
been established  that the presence of these genes is a  prere-
quisite for greening in darkness. Molecular genetic studies
using  the green alga  Chlamydomontzs reinhardtii  have con-
firmed that the two  genes, cha  (Suzuki and  Bauer 1992)
and  chllV  (Choquet et al, 1992), are  involved in the light-
independent reduction  of  Pchlide in chloroplasts.  In addi-
tion, it has been  shown  that the chts  gene in chloroplast
DNA  is also involved in this reduction  (Li et al. 1993, Liu
et  al. 1993).

    To our  knowledge no  information has been report-
ed  about  the cyanobacterial  homologue of  chLB.  In the

present study,  we  cloned  the chtB  gene from the cyanobac-

terium  P. botlyanum and  identified the gene product for the
first time in the membrane  fraction of  the cyanQbacterial
cells as part of  our  effbrts  to characterize  the light-independ-
ent  Pchlide reductase.

Materials and  Methods

   Cultivation of the cyanobacterium-The  cyanobacterium

Piectonema bocyanum  IAM-M1O1  was  cultivated  as described pre-
viously  (Fujita et al. 1991), In this study,  a  dark-adapted strain"ag5"

 was  used.  The strain  ag5 was  isolated by the long-term in-
cubatien  (40 d) of  the original parent strain  IAM-MIOI  in dark-
ness  in the presence of  30 mM  glucose. In clarkness, the doubling
time  of  the dg5 strain  was  about  66%  of  that of  the original  strain,

   Southeni blot ana(JLsis-The  genomic  DNA  of  P. boryanum
was  probed with  the chtB  (ORF513) gene of  liverwort. Plasmicl
pMP795  (Ohyama et al, 1988), carrying  the chloroplast  chas  gene
of  liverwort was  kindly provided  by Dr, Kanji Ohyama  (Kyote
University), and  the 918-bp Hindlll  fragment containing  the chLB

gene was  labeled with  digoxigenin-dUTP  (DNA Labeling and  De-
tection Kit Non-radioactive; Boehringer  Mannheim  Yarnanouchi,
Tokyo, Japan), Genomic  DNA  (2 "g) from P, bor),anum cig5, pre-
pared as described in Fujita et al. (1992), was  digested with  Hin-
dlll or  Sspl. The DNA  fragments were  fractionated by electro-

phoresis in an  agarose  gel (O,8%) and  transferred to Hybond-N
membrane  (Amersham, Arlingten Heights, IL, U.S.A.) by the
standard  capillary  method  (Sambrook et  al. 1989}, Hybridization
was  carried  out overnight at  50"C according  to the instructions
supplied  with  the kit. The filter was  washed  twice in 2 × SSC  and

O.1%  SDS  at  room  temperature  and  twice at 50eC, and  hybridiza-
tion  signals were  visualized  with  alkaline  phesphatase-conjugated
antibodies  against  digoxigenin and  appropriate  reagents,

   Cloning of the cyanobacteriat  chtB  gene and  DAL4  sequenc-
ing-A  partial genomic  library was  constructed  to clone  the 6.0-
kb Hindlll fragment that included the chus  gene, About 100 "g  of

genemic DNA  from the ag5 strain  were  digested with  Hindlll and
fractionated by agarose  gel (O.g%) electrophoresis, DNA  frag-
ments  of  4 to 7 kb were  excised  and  ligated into the dephosphory-
lated Ifindlll site of  pBluescript II SK+  (Stratagene, La  Jolla,
CA,  U.S.A.). The  ligation mixture  was  used  to transform  E. coli

DH5a,  Plasmid pYFA45,  carrying  the 6.0-kb Hindlll fragment,
was  isolated by screening  320 recombinant  clones  by colony  hy-

bridization with  the 918-bp  fragment of  the chve  gene from liver-
wort  as the probe,
    The  sequences  of  both strands  of  the 4.4-kb Hindlll-EcoRV

fragment (Fig. IA) were  determined with  a  series  of  nested  dele-
tion clones  that were  constructed  by the standard  method  using ex-
onuclease  III (Sambrook et al. 1989). The  template  DNAs  were

isolated by 

"Easypreps"

 (Berghammer and  Auer 1993), and  se-

quenced  with  DyeDeoxy  Terminator Cycle Sequencing Kit (Ap-
plied Biosystems Inc., Foster City, CA, U.S.A.). Specific oligonu-

cleotide primers  were  used  for sequencing  of  some  regions  in cases
where  appropriate  deletion clones  were  not  obtained.

    The deduced amino  aeid sequence  encoded  by the chtB  gene
was  aligned with  those  encoded  by the other  chne.  bchB. bchZ;
ckVV  and  nttK  genes according  to the results  of  a  homology  search
with  the  FASTA  program  (Pearson and  Lipman  1988).

    T2irgeted mutagenesis  of P, boo,anum-The kanamycin-re-
sistance  (neo) cartridge  was  excised from pMC19  (Fujita et al.
1992) by digestion with  BamHI,  and  it was  subclened  into the
BamHI  site of  pUC12  in the same  direction as  that of  the transcrip-
tion of  lacZ' to generate pUCK  122. The neo  gene fragment excised
from  pUCK122  by digestion with  EcoRI  was  ligated with  pYFA45
that had been partially digested with  EcoRI, Three plasmids,
pYFB11, pYFB14  and  pYFB16,  were  obtained.  They  carried  the
neo  gene  at one  ef  the five EcoRI  sites in the 6.0-kb Hindlll frag-
ment,  oriented  in the same  direction as  that of  the transcription of
the chLB  gene  (Fig.IA),
    The plasmids  were  linearized by  digestion with  1<Pnl and  in-
troduced  into cells of  P. boryanum  dg5 by electroporation  as de-
seribed  by Fujita et al. (1992, 1993). Transformants were  selected

on  kanamycin-containing plates and  were  checked  for sensitivity
to ampicillin  (O,1 ptgml-i)  to clistinguish double recombinants
from single recombinants  which  had the wild-type  target gene  in
addition  to the disrupted target gene. Genomic  DNA  was  isolated
from the various  transformants  obtained,  and  insertion of  the neo

gene  at the expected  site was  confirmed  by Southern blot analysis
with  digoxigenin-labeled pYFA4S  as  the probe.
   Characterization of mutants  and  anabtsis  of pigments-
Growth  of the mutants  was  evaluated  by measurements  of turbidi-
ty (OD7io) and  Chl contents  were  determined as described previous-
ly (Fujita et al, 1992). Absorbance  and  fluorescence spectra of
methanol  extracts  of  the mutants  and  ag5 were  recorded  with  a

spectrophotometer  (UY-365; Shimadzu, Kyoto) and  a  spectrofluo-

rometer  (RF-1500; Shimadzu), respectively,  at room  temperature,

   Overexpression of the chtB  gene  in E, coli  andpurifcation  of
the geneproduet-A  gene for the ChlB-6xHis fusion protein was
constructed  by the insertion of  a  PCR-amplified fragment of the
chtB  gene into an  E. coii  expression vector  pQE-70  (QIAGEN
Inc., Chatsworth, CA,  U,S.A.), which  provides a 6xHis affinity
tag at  the carboxy-terminus  of  the protein encoded  by the inserted
fragment, A  pair of  oligonucleotides,  designated QEB1 (forward
primer; 5LCGCTGCATGCTGAAATTAGCTTATTGGA-3')  and

QEB2 (reverse primer; 5'-TTAGGATCCAGCACCCACTGCT
TCTTT-3'),  was  used  to amplify  a  DNA  fragment (1,538 bp) that
included the entire  coding  region  of chM  connected  to Sphl and
BamHI  sites (unclerlined). PCR  was  conductecl  under  standard

cenditions  using  pYFA4S  that had been linearized by digestion
with  BamHI  as  the template. The amplified  1.5-kb DNA  fragment
was  digested with  Sphl and  BamHI,  and  ligated into the ophl and
BamHI  sites of  pQE-70  to generate pQEB4.  E. coli  JMle5  carry-
ing pQEB4  was  cultivated at  37OC for 2 h in LB  medium  that con-
tained 50 ptg ml-'  ampicillin  after  inoculatien, at a dilution of 1 to
100, with  an  overnight  culture.  IPTG  was  added  to a final con-

centration  of  2 mM  to induce the expression  ef  the ChlB-6xHis fu-
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sion  protein, and  cultivation was  continued  for a  further 5 h. The
E, coti  cells were  harvested by centrifugation  and  disrupted by

sonication  (Sonifier 350; Branson Sonic Power Co., Danbury,

CT, U.S.A.),  The lysate was  centrifuged  at  20,OOO× g for 1O min,
The ChlB-6xHis protein was  extracted from the pellet in 50 mM

sodium  phosphate buffer (pH 6.8) that contained  8 M  urea  and  10
mM  2-mercaptoethanol. The solubilized proteins were  loaded

onto  a  HiTrap  aMnity  column  (HiTrap Chelating; Pharmacia
LKB  Biotechnology, Piscataway, NJ, U.S.A.) that formed part of
an FPLC  system  (Pharmacia LKB  Biotechnology).  The protein

that absorbed  to the column  was  eluted with  a  linear gradient
of imidazole from O to O.25 M  in the sodium  phosphate buffer.
The pooled  fractiens containing  the ChlB-6xHis fusion protein
were  further fractionated by gel filtration on  a  HiLoad  column

(HiLoad 26160 Superdex 200pg; Pharmacia LKB)  that had been
equilibratecl  with  the sodium  phosphate  buffer.

   Preparation ofantibodies-Polyclonal antibodies  against  the

ChlB-6xHis fusion protein were  raised  by immunization of a white

rabbit.  The purified ChlB-6xHis protein (1 mg)  was  emulsified

with  an  equal  volume  of  Freund's complete  adjuvant  (Difco Lab-
oratories,  Detroit, MI, U.S.A.) and  injected subcutaniously

into the rabbit.  A  second  injection of  the pretein emulsified  with

Freund'sincompleteadjuvant,asabooster,wasgiventhreeweeks
after the initial injection. Fer Western blot analysis,  the ChlB-spe-
cific polyclonal antibodies  were  purified from the rabbit  serum  as

described by Fujita et al. (1989). Antiserum against  the 33-kDa

protein of  spinach  was  kindly provided  by Dr, Takashi Ideguchi
(OsakaUniversity).
   Preparation of a  membranefraction  

.from
 P. boryanum  cells

and  PVlestern blot analysis-P.boryanum  cells, grown  in BG-11
medium  supplemented  with  20 mM  HEPES-NaOH  (pH 7,5) and
30mM  glucose in the  light for 10 d at 30eC, were  harvested by

centrifugation  (3,OOO× g, 10 min)  and  stored  at 
-800C,

 The cells

were  disrupted by sonication  {Sonifier 350) in 50mM  Tris-HCI

(pH 8.0), The suspension  was  centrifuged  at 3,OOO× g for 10 min
at 40C  to remove  cell debris, Soluble and  insoluble membrane  frac-
tions were  prepared  by ultracentrifugation  at  180,OOO × g for 1 h.
Proteins separated by  SDS-RAGE  were  e]ectro-transferred  from
the gel to a  PVDF  membrane  (Immobilon P; Millipore, Bedford,

MA,  U,S,A,) as described by Fujita et al, (1989). The PVDF
membrane  was  incubated with  affinity-purified antibodies and

then with  alkaline phosphatase-conjugated antibodies  raised  in

goat against  rabbit  IgG (Bio-Rad Laboratories, Hercules, CA,
U.S.A,). The specific proteins were  visualized  by the generation ef
the colored  reaction  products the alkaline  phosphatase  eonjugate

in the  standard  manner.

Results

   CloningofthecyanobacteriatchtBgeneanditsnucleo-

tide sequence-Southern  blot analysis  of  the genomic  DNA
from P. boc),anum was  performed  with  the fragment of  the

liverwort chtB  (ORF513) gene as the probe, Clear positive

signals were  detected in several restriction digests and  a

DNA  fragment of  about  6 kb hybridized with  the probe in
the Hindlll digest (data not  shown).  The  6.e-kb Hindlll

fragrnent was  cloned  from a  partial library of P. boryanum
cig5 (Fig, IA) to yield pYFA45.  Southern blot analysis  of

several  subfragments  of  the 6.0-kb Hindlll insert indicated
that the hybridizing region  was  localized in the 

"left"
 part

of  the lfindlll fragment (data not  shown).  Therefore, the

nucleotide  sequence  of  4,437 bp from the left Hindlll site

to the unique  EcoRV  site  was  determined (Figs. 1, 2). We

found two ORFs, ORF508  and  ORF306,  and  two  partial
ORFs,  URF4  and  URF5.

   ORF508  encoded  a  polypeptide of  508 amino  acid  res-

idues with  a molecular  weight  of  56,819. The  deduced
amino  acid  sequence  encoded  by ORF508  was  very  similar

(61-73%) to those encoded  by the chloroplast  chLB  genes

from liverwort, C7ilanrydomonas, pine and  ginkgo (Fig, 3).
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Fig. 1 (A) A  physical map  of  the 6,O-kb Hindlll insert of

pYFA45  including the  chtB  (ORF508) gene. The thick line
indicates the region  whose  nucleotide sequence  was  determined in

this study. ORFs found in this region  are shown  by the thick ar-
rows  (ORF508 is shaded). Solid triangles indicate the sites at

whieh  the neo  gene (1,9kb) was  introduced in each  mutant,

(B) Southern blot analysis of  the genomic DNA  of  the wild  type

(ag5; lanes 1 and  5) and  the mutants,  narnely,  YFB11  (lanes 2 and

6), YFB14  (lanes 3 and  7) and  YFB16  (lanes 4 and  S),

Genomic DNA  (O,4"g each) from ag5 and  the mutants  was

digested with  Hindlll (Ianes 1-4) and  SspI (lanes S-8) and  frac-

tionated on  an agarose  gel (O.8%), After transfer to a  Hybond-N
membrane,  the fragments of  DNA  were  probed  with  linearized

pYFA4S  that hacl been  labeled with  digoxigenin-dUTP,
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 AAGCTrcCAGAAAAGCGAGGA7rT<]GTCTTACrcATCGGTTCTGGAAncGCTerTGGTGTAGTTCTCATCGAAGCTCCAATTCACCTTTTTAeTTCTACTC

 K L  A  E  K  R  G  F  G L T  D G  F  W  N  R  F  G V V L  I E  A  P I H  L F  T S  T L

 TVrGCTAACTACTTVrCGAGCAGILATATGArcCCGACATCTTTCCTGCATCATTTAATGAACAGGAGILAACATrTTCTTTGGCAATArcCTGGACATACCTG

   A  
N
 

Y
 

F
 

R
 

A
 E Y D  A  D  I F P A  S F N  E  Q E K  H F  L  W  Q Y  A  G  H T  W

 GACAGTTTt]GTGGGCATTTTCGTCT(]AAGAGGTAGCATTTK]CACTTt]CTCTTVrTCCTAGILAACCAAGGCTATT<]TCATTACTCATCAAGGAACTAGT(;AA

  T  V  W  W  A  F S S  E E V  A  F  A  L  A  L  F  L  E T  K  A  I V  I T  H  Q G T S E

 T(]GAGTACTt]TAAAAATCTTCTATCAGGACAGGrcGACTGIVLTACTATCACTTCGGATCTGATGACTATGATGACCCTAATGAGAAGATTGGCGATCGCG

 WSTVKIFYQDRWTEYYHFGSDDYDDPNEKIGDRG

 
GTesGGgGTfiCTgGC:ACwTGGSATETT:AAeTceCT:AT:AA:AC:TCgTAgCTSAAgAGECT#CT:TC;CAiTT8AG#CG:GG:AT:TT]:TCgCC:GCgT

 CATGCGAAAAGTTACTt]AATCT(]AIVLrcAAATCAGT(]CTTAAATCTGGAACAGGCAAATTTGGTTTTCTTCATGCAACTCTTCAGCACTATGGAGCTTAT

 MRKVTESEMKSVLKSGTGKPGFLHATLQHYGAY

 CTTCCCGATXI(;CILArcAAACGCCCCTTILACrACTCACGCTCCGATTTT(;ACTTTCATCCAGTTCGGTCAGACTTTGAGCGAGTTGATGCTTTAGTCTTAC

 L  P  D  C N  E T  P  L N  Y  S R  S D  F  D  F H  P  V  R  S D  F E R  V  D  A  L V  L P

 CCAAAGAAACGTTTTATTGGeGAAILTATGCTGCCTGTTCCAGAGCAT(}TAGCACCATAACAATCCCIVLTGCACACCGACCGCCGAGAAGTTATCGGTTAG

  K E T F Y W R N M L P V P E H V A P -

ACGTCGACerTATCrcCGGCooGrcATrcGGAACGTTAGGCrcAGTCATCGTTTAGTATATAILGTACGAATAACTrcCACGAAGTATTTTCTGArcGCAA

TGCAAAAGGTGAGCTTAACTATTATTT(;TGCAATTCrcAGCAAGAGATATTCACGCTCGTGrcCTTGTGAAACT(;CGATCGACAGAACTAGTTCACCACG

ATAAATCT(}ATAGGAAGATAGGGATTACTCTAATTCTAGGTTCTCCCCGCTCCAAATTCATTCATAGAGTTTCTTGTAGTTTAGCAACGAACTATTAILGA

ATCACT(]GCrcTGAAATCACGCTCTAGCCCCTCCTGAGAACGGTTTGCAGCTTTTTTAATGGCAGTGCGATCGCGTAACACATCACAAAGCAAGCCCAAA

CGCGGTCAGTAACTTT(;AGAGILATGCAAGAGCAATCTCCACATCATCATTTCACGCTTCArcAAATTAGCTTATTGGATGTACGCAGGTCCCGCGCATAT

                                
･
 chlB(ORF50S)>M  KLAYWMYAGPAHI

TCGCACTCTCCGCATTGCCAGCTCTTTTAmaATGTTCArcCCATCATGCACGCGCCGCTCGGCGATGACTATTTCAACGTCATGCGATCGATGTTGGAA

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

CGAGAGCGTGATTATACTCCAGTCACAACCAGTGTCGTCGATCGACArcIX]CTGGCGCGGGGTTCTCAAGAGAAILGTCGTTGATAACATCACCCG(]AAAG
RERDYTPVTTSVVDRHVLARGSQEKVVDNITRKD

ATGCTGAAGAACATCCTGACTTAATTGTGCTGACTCCGACTTGTACCTCTAGTATTTTt]CACGAAGATTTGCAGAATTTCGTCGAGCGAGCACAACTCGA

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

AGCCAAAGGCGATt]rcAT(;TTAGCGGArGTGAATCACTACCGCGTCAAT(]AGCTACAAGCCaCCGATCGCACGTTACAGCAAATCGTTCAGTTCTATATC

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

GCCJLAAGCTCGCAAGCAAGGCAATCTCGTCACTCAGAAJVLCCGAAAAACCTTCCGTCiVtTATTTTCGGAATGACGACGCTCGGATTCCATAACAATCACG

AKARKQGNLVTEKTEKPSVNIFGMTTLGFHNNHD

ATGCGACTGAACrcILAItAAGTTAATGTCGGATTTGGGCATTGAAGTCAATGCGATTGTGCCTGCAGGCGCAAGTGTTCATGAACTAAAATCCCTTCCTCG
  A  T E L K  K  L M  S D  L  G I E  V N  A  I V  P  A  G A  S  V  H E  L  K  S  L P  R

GGCTTGGTTTAACCT(]GTGCCTTATCGCGAAACAGGGTTACTAGCAGCCGAATTTTTACAGCAAGAATTCAILCATGCCTTATGTTGACATTACGCCGATC

 AWFNLVPYRETGLLAAEFLQQEFNMPYVDITPI

GGCATTGTGGAAACGGCACGCrcTATTCGCAAAATTCAGCAAGTGATCAATGCTCAAGGTGCAAATGTTGACTATGAACCCTTCATTGATCAGCAAACGC

G  I V  E  T  A  R  C I R  K I Q Q V  I N A Q G  A N  V  )  Y  E  P F  r D Q Q  T  R

GATTTCT(]TCTCAAGCGGCTT<}GTTTTCTCGATCGATTGAeTGCCAAAATCTCACAGGCAmmGCAGTCGTTTTCGGAGATAACACTCATGCAGCAGC

  FV
       SQAAWFSRSIDCQNLTGKKAVVFGDNTHAAA

CTTGACCAAGATTCT(]GCACGCGAGATGGGAATTCACGTATTGCT(]GCAGGAACTTATTGCAAATACGATGAAGCATGGTTTAGAGAACAAGTCAGCGAA
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                                         Fig. 2A
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     ATTCTCTACTCGCTncaATTACACTGGATCTCTGTCTTTCACAAGCGCTGTCCATGTCTGTTTTCGCTGAGTTAATCGasCAATCTCAAGCTGTCGAATT3200

                                     
MORF3e6,M  SVFAELIGQSQAVEL

     GCTAGAAAGTGCGATCGCGCAAGATCGTCTCGCTCCGGCTTATCTATTTGTGGGTTCTCCGGGCATrcGGAAAAGTCTAGCTGCTGAATGTTTTCTCGAA3300

     LESAIAQDRLAPAYLFVGSPGIGKSLAAECFLE

     ACCTTACTCGCATCGTCTCGATCGCGGATTCTCIVICCGTAATCATCCTGATTGGTTTGGGGTTGCACCGACTTATCTCCATCAAGGTAAAAGACTAAGTG3400

     TLLASSRSRILNRNHPDWFGVAPTYLHQGKRLSA

     CTGCCGIVLGCTGAGGCTGCTGGAGTCAAGCGCAAAACTCCCCCAATGATCCGCTTAGAACAGATTCGAGAGGTCAGCCAATTTCTCAGTCGTCCGCCATT]500

      AEAEAAGVKRKTPPMIRLEQIREVSQFLSRPPL

     AGAAGCGGTTCGATCGACCGTTGTAATTGAGCAAGCTGAIVtCCArcCCCGAAGCGGCGGCIVVLT<]CTCTACTCAAAACCTTAGAAGAACCCGGACGAGCA3600

     E A V  R  S T  V  V  I E  Q A  E  T  M  P E  A  A A  N  A  L  L K  T  L E E P  G  R  A

     ACCATTATTCTCCTCGCGCCCAGTCTTGAGTCAGTTCTCeCAACMTTGTTTCTCGCTGTCAACGCATTCCTTTCTCCCGACTCGATGCGACTTCAATGG37eO

     T  I I L  L  A  P  S L  E  S V  L  P T  I V  S  R  C Q R  I P F  S R  L  D  A  T  S M A

     CAGAAGTCTTGAGTAAAACTGGACATGAAGCGATTCTGGCACAGCCGCAGTTACTAGCACTAGCACAGGGCAGTCCT(]GAGCCGCGATCGCACATCAGCA3gOO

      EVLSKTGHEAILAQPQLLALAQGSPGAAIAHQQ

     AAAGCTCGATTCAATTGACCCAGAACTCTTACAGGCTGCAArcACCCTTCCGAGAACATTACGAGAAGCCTTGACCACGGCAAGAGCGATCACGAAAAAC3900

      K  L D  S I D  P E L  L  Q A  A  M  T  L P  R  T  L R  E  A  L T  T  A  R  A  I T  K  N

     ACCGATAGTt]AAACACAACTTTGGCTGATTGATTACTtirCCAGCAAGGCTATT(]GGCACACArcCAGCATCAGGAGCGACCTCTGCAACTTTTAGAACAIXG4000

     TDSETQLWLIDYLQQGYWAQMQHQERPLQLLEQA

     CGAAAACAArcTTACTGGCTrACGTTCAGCCGCAGCTTGTCTGGGAAGTGACTTGGATGCAGTTAATCAATTAACCGTGATGATCCCCTGATAAACCAGC4100

      K T M  L L  A Y  V  Q P Q L V  W  E  V T  W  M  Q L r N 
+

     GCATATTCTACACGGGCATACGTTAGTCTAGGTAAGGTGTTrrAAAGGTGAGCGCTt]ATAGCATTCTATTTCGGTGCGGAATCATAATGTGAGCGCAGAG4200

     TCTTTCTATCCTTTAAAAACACCCTCTAGGTAAATCTCGATCGGCACTTAGGAAATGACAGAGCAAGTTTATGATGTGGTTGTAGTGGGCGGTGGCGTTG4]eO

                                           UTEF5)M TEQVYDVVVVGGGVA

     CAGGAGCCGCTTTACTTTATTCCCrcGCAACGTTCACGGATTrcAAACGTVTGGCACTGATTGAAAAATACTCACAGGTTGCGACGGTCAATTCCAAATC4400

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

     AACGAACAATAGTCAILACCATTCATTGCCCCGATATC  4437
     T  N  N  S  Q T  I H  9 G  D  I

                                          Fig, 2B

Fig. 2 Nucleotide sequence  of  the 4,437-bp Hindlll-EcoRV fragment and  the predicted amino  acid sequences  of  URF4,  chLB

(ORFS08), ORF306  and  URF5.  The  nucleotide  sequence  is shown  in the  direction of  transcription, Candidates for ribosome-binding
sites are  underlined.  The sequence  data will  appear  in the DDBJIEMBLIGenBank  Nucleotide  Sequence Databases under  the accession

number  D7820g.

Thus, it appeared  that ORF508  was  a  homologue  of

chtB,  In a  comparison  with  the ch  ts homologue of  a  photo-
synthetic  bacterium, bchB from Rhodobacter  capsulattLs,

the extent  of  similarity  was  found to be only  28.1%.

   ORF306, located 367 bp downstream of  ORF508, en-

coded  a  polypeptide of  306 amino  acid  residues  with  a  mo-

lecular weight  of 33,745. The  deduced amino  acid  sequence

of  ORF306  showed  similarities to those of  some  subunits  of

DNA  polymerase III･from E. coli (Flower and  McHenry
1986, Yin et al, 1986, Carter et al. 1993, Dong  et al. 1993)
and  Bacilltts subtilis (Alonso et al. 1990). The  extent  of  se-

quence similarity was  24.9%  to the amino-terminal  region

(residues 1-217) of  the 7 and  T  subunits  of  the enzyme  from
E. coli, and  29,O%  to the central  region  (residues 94-270)
of  the j' subunit.  A  hypothetical 37.6-kDa protein found in
the xpaC-abnB  intergenic region  of  B. subtitis (Ogasawara
et al. 1994) was  found to show  21.1%  similarity to ORF306

over  the  entire respective  stretch of  polypeptide. The

protein encoded  by ORF306  had an  ATP-binding motif

(GxxxxGKS) in the amino-terminal  region,  as  is also found
in the y and  T subunits  of  DNA  polymerase  III and  the

hypothetical 37,6-kDa protein.
    T2xrgeted mutagenests  of ORE508-To  identify the

function of  the protein encoded  by ORF508, we  pefformed
targeted mutagenesis  with  a kanamycin-resistance cassette.

Plasmid pYFB14  was  constructed  by the insertion of  the

neo  gene cartridge  into the EcoRI site  at  the 237th codon  of

ORF508  in the same  direction as  that  of  the transcription

of ORFS08, In addition,  two other  plasmids were  also con-
structed.  Plasmids pYFB11  and  pYFB16  carried  aneo  gene

cartridge  at different EboRI  sites outside  the coding  region

of  ORF508  (Fig. IA).

   The three plasmids pYFBII,  pYFB14  and  pYFB16
were  linearized and  electroporated  into cells of  the parent
strain  cig5. After screening  on  kanamycin-containing agar

plates, three mutants,  namely,  YFB11,  YFB14  and  YFB16,

were  isolated, Insertion of  the neo  gene cartridge  at the ex-

pected sites in the genomic  DNA  of  the mutants  was  con-

firmed by Southern blot analysis  (Fig. IB).

   To  examine  whether  these mutants  could  synthesize

Chl in darkness, the  mutant  cells  were  cultivated  in BG-11
medium  supplemented  with  glucose in darkness, The wild-

type ((ig5) strain and  the dg5-derived mutant  YFC2  that car-

ried  the neo  gene cartridge  in the chtL  gene, which  was

identical to YFCIO04  (Fujita et  al.  1992), were  also  exam-

ined as  controls.  As  shown  in Figure 4A,  all of  the mutants
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Fig. 4 The time course  of  chemoheterotrophie  growth  of  ag5
cells and  the mutants  cells (YFB11, YFB14, YFB16  and  YFC2)  in
darkness, (A) Growth  was  monitored  by measuring  the opti-

cal  density at 730 nm  (ODi3o), (B) Growth was  monitored  in terms
of  the levels of  Chl in the cultures,

grew as well  as the tig5 strain in terms of increase in turbidi-

ty (OD73o). However,  the levels of Chl in YFB14  and  YFC2
did not  increase, while  those in YFB11, YFB16  and  cig5 in-
creased  with  increases in OD73e (Fig. 4B). The  culture  of  the

dark-grown YFB14  cells was  an  anomalous  bluish color,  as

was  that  of  YFC2,  contrast  to the normal  blue-green color

of  the cultures  of  the other  strains (data not  shown).

   Methanol extracts  of  the dark-grown YFB14,  YFC2

and  cig5  cells  were  analyzed  spectroscopically  to compare

their pigments. Figure 5 shows  the absorption  spectra  ob-

tained from YFB14, YFC2  and  tig5  (panel A) and  the fiuo-
rescence  emission  and  excitation  spectra  obtained  from
YFB14  and  YFC2  (panels B and  C). The  methanol  extract

of  dark-grown YFB14  cells had the same  spectroscopic

properties (peaks of  absorbance,  emission  and  excitation  at

630, 637 and  436 nm,  respectively)  as those of  YFC2, which

accumulates  Pchlide instead of  Chl as the major  pigment

(Fujita et al. 1992). This result  indicated that the dark-

grown YFB14  cells accumulated  Pchlide, When  YFB14  was

cultivated  in the light, no  such  accurnulation  of  Pchlide oc-
curred  irrespective of  the presence or  absence  of  glucose
(data not  shown),  From  the phenotype  of  YFB14, which  is
indistinguishable from that of the chLL-disrupted  mutant

YFC2, we  concluded  that ORF508  corresponds  to the third
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Fig. 5 Absorption  (A), fluorescence emission  (B) and  excitation

(C) spectra  of  the methanol  extracts  of  dark-grown cig5 (a),
YFB14  (b) and  YFC2 (c) cells, The emission  spectra were

elicited  by excitation  at 436 nm  (B), The excitation  spectra  were  re-

corded  at 637 nm  (C),

gene involved in the light-independent reduction  of  Pchlide,
together with  two  otheT  genes, chLL  and  chifV  (Fujita et al,

1992, 1993).

   immunological ana4)Lsis  of the  ChLB protein-To  raise

antibodies  against  the ChlB protein, we  expressed  the chLB

gene in E. coli as a  fusion protein with  a 6xHis tag. A  DNA
fragment  corresponding  to the entire coding  region  of  the

chtB  gene was  amplified  by PCR  and  introduced between
the sphl and  BamHI  sites of  an  E. coli expression  vector,

pQE-70.  The  constructed  plasmid pQEB4  encoded  a fusion

protein (ChlB-6xHis) with  the  6xHis tag  fused to the  carb-

oxyl-teTminus  of  the ChlB protein, E. coli cells harboring

pQEB4  overexpressed a protein with  a molecular  weight

of  about  59,OOO only  after  induction by  IPTG  (data not
shown).  This molecular  weight  is in good  agreement  with

the theoretical value  for the ChlB-6xHis fusion protein
(58,141). This protein was  recovered  in the insoluble frac-
tion of  a  lysate of  bacterial cells  after  sonication,  and  it was

solubilized  in 8 M  urea.  The  solubilized  fraction was  load-

ed  onto  a  chelating  athnity  column.  The  ChlB-6xHis pro-
tein was  eluted  from the column  by a gradient of  imidazole

(O to O.25 M), and  it was  further purified by gel filtration
to give a preparation that yielded a single band in SDS-
PAGE.  An  antiserum  against  the ChlB-6xHis protein was

prepared by immunization  of  a  rabbit  with  the  purified
ChlB-6xHis protein,

Fig. 3 Comparison of the amino  acid sequenees  deduced from various  homologues ofthe  chLB  gene, the bchZ gene from Rhodobacter
capsulatus,  the chUV  gene  from P. boryanum  and  the ntfl(  gene  from Clostridium pasteurianum. CHLB  PLEBO,  chtB  of  P. bory-
anum;  CHLB  CHLRE,  chB  of  C, reinhardtii  (Li et al, 1993, P36437); CHLB  MARPO,  chM  (ORF513) of Marchantia polymorpha

(Umesono et al. 1988, P26238); CHLB  PINTH,  Pinus  thunbergii (Tsudzuki et al. 1992, Qoo846); CHLB  GINBI,  chtB  of  Ginkgo biloba

(Richard et al. 1994, P36208);  BCHB  RHOCA,  behB ofR.  eapsutatus  (Burke et al. 1993a, P26163); BCHZ  RHOCA,  bchZ of R. cap-
sutatus  (Burke et al. 1993b, P26179);  CHLN  PLEBO,  chLN  of  P. boryanum  (Fujita et al. 1993, D12973) and  NIFK  CLOPA,  nijZk of

C. pasteurianum (Wang et al. 1988, P 1 1347). Accession numbers  are  given after  names  of  authors,  These sequences  were  aligned  accord-

ing to the results  of a homology search  with  the FASTA  program  (Pearson and  Lipman  1988), Amino  acid  residues  identical te those in
ChlB from P, boryanum  are  indieated by white  letters on  a  black background, Percent similarities  between the cyanobacterial  ChlB and

the respectiye  protein are  given in parentheses. The  ChlB protein from C, reinhardtii has two regions  for which  homologous  regions  are

not  found in the other ChlB proteins, These regions  are  indicated only  by the  number  ef  amino  acid  residues  and  are  omitted  from this

aiignment.
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Fig. 6 Western blot analysis  of  the ChlB  protein of  P. botzy-
anum,  Total extracts  from ag5 (lane 1) and  YFB14  (lane 2)
cells, and  the soluble  (lanes 3 and  5) and  membrane  (lanes 4 and  6)
fractions of  ag5 cells were  subjected  to SDS-PAGE. Proteins were
transferred to a PVDF  membrane,  which  was  incubated with  an-

tiserum  against  ChlB-6xHis (lanes 1-4) or the 33-kDa protein of

spinach  (lanes 5 and  6). For other  details, see Materials and
Methods.

   Cells of  P. bot:yanum were  fractionated into soluble
and  membrane  fractions, and  Western  blot analysis  was

performed  using  the antiserum  raised  against  ChlB-6xHis

(Fig, 6), As a  control  for assessment  of  cell  fractionation,

an  antiserum  against  the 33-kDa  protein of  spinach  was

also  used,  The  33-kDa  protein is a  thylakoid  protein found
on  the lumen side  of  the membrane  (Berry et al. 1994). The
anti-ChlB-6xHis  antiserum  reacted  with  a  single  major  pro-
tein with  a molecular  weight  of  about  58,OOO in the  total ex-

tract (Fig.6, lane 1) and  also  in the insoluble membrane
fraction (lane 4), in which  the 33-kDa protein was  also  de-
tected  (lane 6). The apparent  molecular  weight  is in good
agreement  with  that ef  the ChlB protein (56,819) deduced
from the nucleotide  sequence  of  the corresponding  gene,
Furthermore, this signal was  not  detected in a total extract
of  YFB14, with  an  inactivated ch  tB (Fig, 6, lane 2). This im-
munochemical  analysis  indicated that the ChlB  protein is

accumulated  in the membranes  of  the cyanobacterial  cells.

Disc"ssion

    7he cyanobacterial chM  gene and  the light-independ-
ent  reduction  ofPchtide-In this study,  we  cloned  a 6.0-kb
Hindlll fragment from the cyanobacterium  P. boryanum

using  the chloroprast  chB  gene from liverwort as the pro-
be. An  open  reading  frame contained  in the fragment,

ORF508, encoded  a  protein that  was  homologous  to those
encoded  by the  chloroplast  chtB  genes from a variety  of

plants and  algae, The cyanobacterial  mutant  YFB14,  in
which  ORF508  had been specifically inactivated, lost the
ability to synthesize  Chl in darkness. Its phenotype  was

essentially the  same  as that of  a chtB-disrupted  mutant

of  Chlanrydomonas (Li et al. 1993, Liu et al. 1993). Thus,
ORF508  was  concluded  to represent  the cyanobacterial

chM  gene,
    Liu et al. (1993) noted  that the ChlB proteins from two
green algae  (C, reinhardtii  and  C. moeu,usiD  have four
"highly

 variable  sequence  domains"  designated V1, V2, V3
and  V4, that are absent  from plant forms of  ChlB.  In

the case  of  ChlB from C, reinhardtii  shown  in Figure 3, the
two domains designated Vl  and  V3 are indicated only  the
number  of  the amino  acid  residues,  

"<101aa>"

 and
"<46aa>",

 respectively, and  V4 corresponds  to the 32

amino  acid  residues  in carboxyl-terminal  region  (SENN-
GSSR). V2 is too short  to be identified in the alignment

shown  in Figure 3, The  molecular  weight  of  ChlB from
C. reinhardtii  is 76,822, namely,  about  20,OOO greater than
those  of  plant and  cyanobacterial  forms of  ChlB, as  a  re-

sult of  the presence of  these  domains, Since it seems  like-
ly that such  long domains would  interfere with  the struc-

ture of  ChlB, the transcripts for these domains might  be
removed  by splicing. If, however, they are indeed included
in the  ChlB protein, they might  be located between two
functional domains on  the surface  of  the protein (Liu et al.
1993), and  they might  help us to understand  the structure-

function relationships  of  ChlB. With respect  to the evo-
lution of  chloroplast,  Richard et al. (1994) assumed  that

these domains might  have formed part of  the primitive chlo-
roplast  gene and  have been deleted during the evolution  of

land plants. No  such  the domains  were  found in the cyano-
bacterial ChlB, suggesting  that these domains might  have

been added  during the evolution  of  green algae  after  bran-

ching  from the land-plant lineage.

   The  two genes, chtL  and  chtlV  (formerly 
.f}TxC

 and

ORF467, respectively),  form a single operon  and  are  in-

volved  in the Iight-independent reduction  of  Pchlide in
the cyanobacterium  P. bot:yanum (Fujita et al. 1992, 1993).
Therefore, it is concluded  that the cyanobacterium  harbors

a light-independent system  for the reduction  of  Pchlide
that consists  of  the products of  at least the three genes.
These  three  genes, chtB,  chtL  and  chLN,  have been found  in

a wide  variety  of  photosynthetic organisms,  such  as  green
algae (C, reinhardtii,  and  C. moewusii;  Liu et al, 1993,
Li et al, 1993), red  alga (Porphyra pui]purae, Reith and
Munholland  1993), liverwort (Marchantia polymorpha,
Ohyama  et al. 1988), ferns (Adiantum copiUus-veneris,

Yamada  et al, 1992a; Pteridium aquilinum,  Yamada  et

al. 1992b), pines (Pinus thunbergii, Tsudzuki  et al.  1992,

Wakasugi  et  al.  1994; Pinus contorta,  Lidholm and  Gus-
tafsson 1991), and  ginkgo (Ginkgo biloba, Richard et  al,
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1994). By  contrast,  there are  no  homologous genes in
the chloroplast  DNAs  from angiosperms  (tobacco, Shino-

zaki  et  al. I986; rice,  Hiratsuka et al. 1989, and  beechdrop,
Wolfe  et al. 1992) and  Euglena gracilis (Hallick et al, 1993),
all of which  become etiolated in darkness. In these organ-

isms Pchlide is reduced  by the light-dependent enzyme,

POR,  which  seems  to be distributed in essentially  all organ-

isms from cyanobacteria  to higher plants. Thus, the distri-
bution of  the chB,  chth  and  chllV  genes in photosynthetic
organisms  seems  to be very  well  correlated  with  that of

greening ability in darkness, The coexistence  of  light-in-
dependent and  light-dependent systems  for reduction  of

Pchlide has been conserved  from  cyanobacteria  to gym-
nosperms  during the evolution  of photosynthetic organ-

isms, and  the light-independent system  might  have been
lost during the evolution  from  gymnosperms  to angio-

sperms.  Purple non-sulfur  bac.teria, such  as  Rhodobacter

capsulatus,  have the ability to synthesize  bacteriochloro-

phyll in a  light-independent manner  and  they have bchB,
bchL and  bchN  genes as  homologues  of  chtB,  chtL  and

chifV, respectively  (Burke et al, 1993a, Yang and  Bauer

1990). However, the light-dependent system  is not  present

in the synthesis  of  bacteriochlorophyll.

   Similarity between tight-independent Pchtide reduc-

tase  and  nitrogenase-Three  proteins, ChlL, ChlN, and
ChlB, exhibit  significant similarity to the three  subunits  of

nitrogenase;  ChlL is homologous to NifH protein (Fe-pro-
tein; Fujita et al, 1989, Burke et al. 1993c), ChlN  is homolo-

gous  to the NifD  and  NifK  proteins (a and  6 subunits  of

MoFe-protein, respectively;  Fujita et al. 1993), and  ChlB is
homologous to NifK (Fig,3). Limited similarity  (15.6%)
was  found between ChlB and  ChlN, as is the case  when  the

two subunits  of  MeFe-protein are compared  (Holland
et al. 1987). These similarities between subunits  of  the

Pchlide reductase  and  nitrogenase  suggest  that  the  light-

independent Pchlide reductase  has a molecular  structure

similar to that of nitrogenase  (for review,  see  Burris 1991);
ChlL might  function as a specific reductase  for the other
component  that  consists  of  ChlN and  ChlB, which  might

provide the catalytic site for the reduction  of  Pchlide.

    The ChlB protein exhibited  significant similarity to an-
other  protein (Fig, 3), namely,  the protein encoded  by the

bchZ gene of  R. copsulatus  (Burke et  al, 1993b) whose  se-

quence  exhibits  21,6%  similarity to that of  ChlB, This pro-
tein is involved in the reduction  of  the chlorin  B-ring in the
synthesis  of  bacteriochlorophyll, and  this reduction  re-

quires two  proteins encoded  by  bchX  and  bch Y, which  ex-

hibit similarity to ChlL and  ChlN, respectively.  Thus, it ap-

pears that the chlorin  reductase  has a  molecular  structure

similar  to those of  Pchlide reductase  and  nitrogenase

(Burke et  al.  1993b).

    Loealization of the light-independent Pchlide reduc-
tttse-We  detected the ChlB protein for the first time in

cyanobacterial cells using  polyclonal antibodies  against  the

ChlB-6xHis fusion protein. Our  immunochemical  analysis

indicated that the ChlB protein was  located in the  mem-

brane fraction of  the cyanobacterial  cells, even  though  no

typical transmembrane  domains  were  found in a  hydro-

pathy profile of ChlB (data not  shown).  This localization

of  ChlB seems  to be consistent  with  the observations  of

Peschek et al. (1989) who  reported  that the activity  of  the

light-independent reduction  of  Pchlide was  associated  with

the cytoplasmic  membranes  of  the cyanobacterium  Ana-

q}tstis nidulans,  Further studies  are required  to determine
whether  ChlB is distributed in the cytoplasmic  or thylakoid

membranes.

   The ChlL (FrxC) protein can  be recovered  in the  solu-

ble fraction of  chloroplasts  from liverwort (Fujita et al.

1989). If the ChlL protein is also  present in the soluble  frac-
tion of  cyanobacterial  cells,  it seems  likely that  both selu-
ble and  membrane  fractions are  required  for the light-
independent reduction  of  Pchlide in cyanobacteria.  For
clarification of the molecular  structure of  the light-inde-

pendent Pchlide reductase  and  its subcellular  localization,

P. boryanum  appears  to provide a promising system  since a

series of  mutants  that lack the chtB,  chUL  and  chtN  genes,
respectively,  has been isolated and  a  genetic complementa-

tion  system  using  a shuttle vector  has recently  been estab-
lished (Takagi et al. unpublished  results).
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