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           1, It has been  demonstrated that  when  the  cells  of  Cheorella pro-
       tothecoides are  grewn  mixotrophically  under  iElllmination in a  medium

       rich  in nitrogen  seuree  (urea) and  poor in glucese, the normal  green

       cells  are  obtained,  while  in a  medium  rich  in glucose  and  poor  in the

       nitrogen  source,  entirely  chlorophyll-less  cellswith  profoundly  degener-

       atect plastids (``glucose-bleached'' cells)  are  produced,  irrespective of

       whether  in the  light or  in darkness. The  
L`glucose-bleached''

 cel]s

       turn  green  wtth  regeneration  of  fully organized  chloroplasts  when  in-

       cubated  in a  nitrogen-enriched  medium  in the light ("light･greening"),
       while  in the dark they  become pale  green  with  formation of  only  par-

       tially organized  chloroplasts  (``dark-greening''). When,  on  the  other

       hand, the green  cells  are  transferred  into a  medium  enriched  with

       glucose, they  are  bleached  fairly rapidly  with  degeneration  of  chloro-

       plasts in the  light as. well  as  in darkness (``bleaching''). Using S5S  as

       a  tracer,  lnvestigatiens were  made  on  the  changes  of  contents  ef the

       algal  cells  in sulfolipid  and  other  sulfur  compounds  during the pro-

       cess.es  o'f  tr.ie gr. eening  and  h.leacliing,

           2. By  determining  the  radioactivities  of  chromategraphically  sepa-

       rated  sulfur-contalning  compounds  of  the  uniformly  35S-labeled  green

       (``G'') and  
`[glucose-bleached''

 (``W'') cells,  it was  found  that  the con-

       centratien  of  a  species  of  sulfo]ipid  (discovered by  BENsoN  et  a!.)  as

       well  as  those  of  glutathione, sulfetrioses  and  rnost  of  the other  sulfur-

       containing  cempounds  were  at  least 5 times  higher  in the  
"G''

 cells

       than  in the  
``W''

 cells,  while  sulfoquinovosyl  g]ycerol was  present in

       approximate!.y  equal  amounts  in the  two  types  of  cells.

           3. Phospholipid  contents  and  compositions  in the two  types of

       algal  cells  were  found to be practically identical,
           4. The  sulfolipid  content  of  algal  ce]ls  increased and  decreased

       almost  i'n parallel  with  the  processes  of  greening  and  bleaching, re-

       spectively.

           5, Studying the mode  of incorporation of  radiosulfate  into vari-

 .. ous
 
sulfu.r

 .gompounds 
ef

 
algal

 
cells

 during the  processes 
of

 
``light-

 
and

  i This  work  was  partly reported  at  the  Symposium  on  Biochemistry  of  Lipids,
Gored  by the  Agricultural Chernical .Society of  Japan, Sapporo,  July, 1964.
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dark-greening"  and  
``bleaching"

 (lasting about  70hr), it was  fettnd

that  active  35S-incorporation  into sulfolipid  occurredi  throughout  the

process of  
"light-greening,''

 while  in the 
``dark-greening''

 and  
``bleach-

ing'' the active  incorporation abruptly  ceased  after  the initial 24 hr

period  of  exp,eriments.  It was  suggested  that the biosynthesis of  the

sulfolipid  is closely  related  to the  formation  of  photosynthetic  appara-

tus  {n chloroplast.

   6. When  the 
35S-labeled

 green  cells  were  bleached in a  medium

containing  no  radiosulfate,  the 35S-sulfolipid  and  rnost  of  other  S5S-sulfur

cornpounds  decreased  markeclly  but the 
35S-sulfoquinevesyl

 glycerol
increased considerably.  It was  inferred that the deacylation of  the

sulfelipid,  a  surfactant  lipid, with  formation  of  water  soluble  sulfoqui-

novosyl  glycerol may  be  a  cardinal  event  of  bleaching process, causl.ng

a disintegration of  the intact archiLLechture  of  photosynthetic  apparatus.

   7. Based  on  these observations  it was  conciuded  that  the  sulfolipid

is an  integral component  oi photosynthetic  structure.

   It has been known  that  a  sulfolipid  is contained  {n varieus  photosynthe-
tic organisms  including algae,  bacteria and  green  leaves (J-4), and  it was

revealed  to be  6-sulfo-cr-D-quinovopyranosyl-(l->1')-2', 3'-di-O-acyl-D-glycerol

(2-9). In all photosynthetlc  plants thus  far examined  its content  was  feund
to  equal  or  exceed  those of  any  of  the phospholipids  (2, 4, 10). BENsoN  et

al. (4, le) assumed  that  this sulfolipid  forms-by  virtue  of  its surfactant

nature-an  important architectural  component  in the oriented  matrix  of

pigments,  enzymes,  etc.  in the photosynthetic apparatus.

    SmmRA-IsHiKAwA and  HAsE (11) have recently  demonstrated the  revers-

ible degeneration and  regeneration  of  chloroplasts  ("bleaching'' and  
"green-

ing'') in the cells  of  Chlerella Protothecoides by controlling  light conditions

as  well  as the concentration  balance between glucose  (or other  organic

carbon  sources)  and  nitrogen  source.  Taking  advantage  oi  this  character-

istic of  the  alga,  investigations were  made  ef  the  problem  as  to  whether

and  in what  manner  the  contents  ef  the solfolipid  and  ether  sulfur-contain-

ing compounds  would change  during  the  processes of  the  de- and  re-gener-

ation  of  chleroplasts.  The  observations  to be described in the present

paper  seem  to provide  strong  experimental  evidence  in favor of  the  assump-

tien made  by BENsoN  et  al.

                      MATERIAL  AND  METHODS

   The  strain  of  Chlorella prototheeoides and  the culture  (shaking) apparatus

used  were  the  same  as  those  reported  by  SHiHiRA-IsHiKAwA and  HAsE  (II).
The  temperature  and  light intensity used  in the culture  were  230 and  Z
kiux  throttghout  the present  experiments.

PreParation of the 
"green''

 <G) and  
"glucose-bgeached''

 (W) cells

    The  methods  of  preparation of  these cells were  the same  as  those de-
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scribed  previously  (12): the  green cells  were  obtained  by growing,  in the

light, the  alga  for 5 days in the  rnedium  containing  O.59･t･ urea  ancl  O.1%

glucose  in addition  to the basal mineral  nutrients  of  the  fellow･ing com-

positien:  per  liter, KH,PO,,  O.7g; K,HPO,,  O.3g; MgS04-7H,O,  O.3g; FeSO,
･7I'I20, 3mg;  ARNoN's ``As':

 soluti･on  (13) 1ml;  thiamine  hydrochloride, 10pg.
The  entirely  chlorophyll-less  

``glueose-bleached''
 cells  were  ebtained  by

culturing  tlie alga  in the  medium  containing,  besides the basal nutrients,

'O.1%  urea  and  LO%  glucose,  under  otherw{se  the  same  conditions  as  those

used  for the green  cells.

"Greening''

 and  
"bleaching''

 exPeriments

    In the 
``greening''

 experiment  the  glucose-bleached celis  separated  from
the  preculture medium  were  incubated in the  medium-referred  to  G-medi-
um-containing  O.5% urea  and  the  basal mineral  nutrients  but without  ad-

clition of  glucose, in the  light ("light-greening'') or  in darkness (``dark-

greening''>.
    In the  

"bleaching''

 experiment  the green  cells  were  incubated, in dark-

ness,  ln the medium  containing  1.0%  g. Iucose and  the basal mineral  nutrients

in the  absence  of  urea.  This  medium  shall  be called  B-medium  in the
following. In the control  expriment  the  green  cells  were  incubated  in the

basal mineral  medium.  During  the 72hr period  of  these incubations, ali-

quots o'.F the cell  suspensions  were  withdrawn  at  intervals from the cuitures

and  subjected  to  the  determinations of  packed  volume  and  chlorophyll  con-

tent of  cells  (14), as  well  as  to chromatographic  analyses  of  the sulfolipid

and  related  compounds.

Labeli7･zg of the cells  zvith  radioisotoPes

    Algal cells  uniformly  labeled with  
3JS

 were  prepared  by  growing  the

cells  in tke  above  media  containing  radiosulfate  {1 mc,'mM).  Starting with

these  35S-labeled  cells  or  with  the  non-labeled  cells,  the  following eight  sets

ef  expcr;mcntor'  were  carri-eLA. ot.'.t.

<A) Greening experiments
      (I) Labeled W-cells were  incubated  ln labeled G-medium  under  illumi-
         IlatlOTI.

     (II) Non-labeled  W-cells were  lncubated, under  illumlnation, in ltt.beled

         G-rnediuin, to investigate the  
35S-incorporation

 during the  process

         of  
"light-greening.''

     (III) The  sanie  as  above,  but without  illumination, to  investigate the

       
:SS-incorporation

 during  the  process of  
``dark-greening.''

 (B) Bleuching experiments

    (IV) I.abeled G-cells were  incubated  in labeled B-medium.

     (V) Non-labeled  G-cells were  incubated  in labeled B-rnedium.

    <VI) Labeled  G-cells were  incubated  in non-labeled  B-inedium.

 <C) Control experiments

    (VII) Non-labeled  G-cells were  incubatecl in labeled basal medium.
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   (VIII> Labeled G-cells were  incubated  in non-labeled  basal medium.

    Cells uniformly  labeled with  
32P

 were  also  prepared  fer phospholipid
analyses  using  the media  containing  inorganic phosphate-32P.

Determination  of algal  comPonents

    For the  determination of  sulfur-containing  or  phosphor-containing  com-

pounds  on  a  microscale,  radiochemical  procedures  were  extensively  employ-

ed.  Radioactivity of  a compound  from the unifermly  labeled cells  rep-

resented  its relative  molar  concentration.

    Algal suspensions,  well  washed  with  water,  were  direetly applied  to the
origin  of  chromatogram  ancl  subjected  irnmediately to chrornatography.

Quantitative extraction  oE  all  compeunds  vvere  effected  with  the chrorriato-

graphic  solvent  as  development  proceeded. The  ognission  of  previous  ex-

tractien  of  the  compounds  enabled  to avoid  the:,r possible fractionation and
oxidation.  Radioactivities of  the spots  separated  on  paper  chromatograms

were  directly measurecl  with  a  wide  area,  end-window  G. M.  tube  (Nihon
Musen  Co., Tokyo, Type  5006), and  corrected  for disintegration per minute

with  the  use  of average  counting  eraciencies  obtained  with  a liquid scintil-
lation spectrorneter.

   Two  types  of  chromategraphy  were  routine]y  empleyed:  two-dimension-

al chrornatography  on  Toyo  No. 51 paper  (Toye Roshi  Co., Tokyo)  first
with  phenol-water  (500:130 wt'w),  second  with  butanol-propionic acid-water

(142 : 71 : 100 v/vi'v)  (15), and  a  descending ion-exchange resln-paper  chromato-

graphy  of  lipid mixtures  on  Amberlite WB-2  (Rohm and  Haas  Co., Philadel-
phia) using  diisebutylketone-acetic acid-water  (8 :5  : 1 v/v/v).  The  former
chromatography  separated  most  of  the water-soluble  components,  and  the
latter complex  lipid mixtures  into more  than  12 individual lipicls.

   Identification of  the algal  cempounds  was  carried  out  either  by co-

chromatography  and  co-electrophoresis  on  paper  with  authentic  compounds

or  by  chromatographic  and  electrophoretic  investigation of  their  deacyla-
tion, hydrolysis or  chemical  modification  products  {10, 16).

RESULTS  AND  DISCUSSION

1. Changes in chloTophyll  content  and  volzame  of the algag  cells  durin.[r the
Processes of  gTeening and  bleaching

   Characteristic changes  in chlorophyll  content  and  volume  of  the  algal

cells  during  the processes  of  greening  and  bleaching are  shown  in Fig. I.
When  the "glucose-bleached''

 cells  were  incubated, under  illumination, in
the nitrogen-enriched  mineral  medium  without  added  glucose, active  syn-

thesis  ef  chlorophyll  started  after  the lag period of  about  15hr, ancl  con-

tinued  for the following periocl oi  experiment  {"light-greening''). In the
dark, on  the  other  hand, there occurred  much  less active  formation  of

chlorophyll  which  soon  came  to a  standstM  ("dark-greening''). During
these  greening  precesses the  cell  volume  increased slightly. When  the
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              Fig. 1. Changes  in volurne  and  chlorophyll  con-

              tent of  algal  cells  during  the  processes of  green-
              ing and  bleaching  in the  llght and  in darkness.

              For  explanation,  see  text,

green  cells  were  incubated in the glucose-enriched medium  in the  absence

of  the nitrogen  source  (in clarkness), a  marked  clegr･aclation of  chlA.rophyll

toek  place  after  a  slight  increase during  the  initial short  periocl, being ac-
companied  by a  considerable  increase in the cell  mass  ("bleaching''). In
the control  culture,  in which  the green  cells  were  incubated in the  basal
mineral  medium  vsTithout  addition  of  glucose,  no  significant  changes  in
chlorephyll  and  velume  of  the  cells  were  observed.

   Electronmicrescopic studies  have  revealed  that during the processes of

bleaching and  greening  a  marked  degeneration  and  regeneration,  respective-

ly, of  chloroplast  structures  were  occurring  (11 and  unpublished  data).
The  cells  obtained  in the  

``light-greening''

 contain  fully organized  chloro-

plasts, while  those  in the 
``dark-greening''

 show  only  partially organized

chloreplasts  without  lamellar structures.  It has also  been  shown  in separate

studies  that the formation and  degradation  of  chlorephyll  are,  on  the  whole,

paralleled  by the  appearance  and  disappearance, respeetively,  ef  photo-
synthetic  activities  of  the  algal  cells,  except  that in the 

``dark-greening''

no  C02-fixing capacity  of  the cells  is produced  although  their photo-phos-
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phorylating  power  is developed (OH-HAMA, SHmmA-IsHiKAwA  and  HAsE, to

be published).

2. DiZferences in concentrations  of suiflatr-containing  conzPounds  bettveen the

green and  
"gtttcose-b.Peached''

 cells

    As  shown  in Table  I, the concentrations  of  the sulfolipid,  an  unidenti-

fied lipid2 and  glutathione were  found to be markedly  higher in the green

cells  than  in the  glucose-bleached cells.  On  the  other  hand, the  deacylated

sulfolipid,  6-sulfo-cr-D-quinovepyranosyl-(1-1')-glycerol, which  was  found in

                              TABLE  I

 Concentrations of mao'oo' sudur-containing  compounds  in the green  and  gtucose-

                  bleaehed eeCes of  Chlorella protothecoides"

                             i,G-fi3.5?i,CPMIt,wi  F,eY.S-iis 
``G''!``w''

 ratio

  sulf61ipid 3s,7oo 7,s2o s

 Sulfequinovosyl  glycerol  33,70e 36,600 1

  Glutathione 40,800 3,490 11

  Unidentified lipid 32,leO 425 76
                                  tt tt tt                               '                  ttt- tt             ttt
  Total  soluble  S-compeunds  191,OOO 85,800 2
                                                          ttttt --a

 Two  
't'ypes

 of algal  cefls  uniforrrily  iabeled-wilE 3sS  (1 rnc,XmM')  were  analyzed  by

rneans  of  two-dimensional  paper  chromatography.  The  observed  
35S

 activities  represent

relative  molar  concentrations  of  individual components.  Four  compounds  listed here

constituted
 more  than  90%  of  the  algal  sulfur  content,  excluding  inorganic sulfate  and

insoluble macromolecules.

                              TABLE  II

       Phospholipia compaosition  of  the green  (G) and  gtzacose-bleaehed (PV)

                eetls  ef  Chlorella protothecoides  (32P-eabeled)"

             
'

 

'

 
.
 ,i`.G21celis%."  

`,'pW.':ceiis%

 
,,G,,/,,w:

  Phosphatidyl  choline  

'
 4.440  54.5

  Phosphatidyl  ethanolamine  2,130 26.1

  Phosphatidyl  glycerol 605 7.4

  Phosphatidyl  se,rine  431 5.4

  Phosphatidyl  inositol - .540 9"6
  Total lipid-P 8,140 100
  a s2p-Colints  per minu'te  per Oil m-1  of  pkcked  algal

phosphor  was  same  in botb  types of  ceils,  and  the

centration  of  each  lipid.

  2 Like  {n some  other  strains  of

in an  unknown  spot  obtainecl  frem  
"G''-cells

 on
                                   i
grams.  The  spot  moved  as  far as  green  pigments
may  be  a  lipid. This compound,  whose,  strueture

in extremely  high  concentrations  in some  plants

MARuo  and  BENsoN,  in preparation).

4,0203,140

 920

 862

  484

42.933.3

 9.8

 9.1

 5.1

9,430

   Specific
represents

100

 actit'it'y  ef io-
relative  molar  con-

1ooo1o

  cells.

cpm

J.7.7n5,4.9

green  algae  (16), a  considerable  35S-activity  was  found

               two-dimensional  paper chromato-

              did, suggesting  that the  cornpound

             analysis  is in pregress, is contained
            such  as  Lemna  perpusilia (SHIBuYA,

NII-Electronic  Mbrary  
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the water-soluble  fraction (16), was  present in nearly  the  same  concentra-

tions  in these two  types  of  cells.  In W-cells it formed the  major  sulfur-

containing  compound.  Experiments  also  revealed  that  the concentrations

of  most  of  the minor  sulfur-containing  components  such  as  lysosulfolipid

<17), methionine,  taurine,  cystine  and  sulfotrioses  (J6) were  several  times

higher in "G"-cells
 than  in "W''-cells.

3. PhosPholiPids

   Table  II shows  the results  of  analysis  (Amberlite WB-2･ chromatography)

of  phospholipids in 32P-labeled
 

"G''
 and  

``W''
 cells.  In sharp  contrast  to

'

.
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the  results  obtained  with  the sulfur-containing  compounds,  essentially  the
sarne  composition  of  the major  phospholipids was  iound with  these two

types  of  algal  cells.  A  repeated  analysis  gave  practically the same  result.

4. Changes in qttantities of suifur  comPounds  of algnl  celis dzfring the Pro-
cesses  of greening and  bleaching

(i) Greening (Empt. A-I)-The  glucose-bleached  cells  uniformly  labeled
with  

S5S
 were  incubated, in the  light, in the  greening  medium  containing

radiosulfate  of  the  same  specific  activity  (1 mc/mM)  as  that in the preculture,

and  the process  of  cell greening  was  followed  for 72 hr. The  specific  activity

of  
35S

 was,  therefQre, constant  throughout  the experiment,  and  the  deter-
mlnation  of  the radioactivities  ef  the sulfur-containing  compounds  separated

from the algal  cells served  as  a  measure  of  their  relative  molar  cencentra-                          '

                              TABLE  III

    Change in relative  quantities of  the maj'or  sulfur-containing  compounds

         of  S5S-labeled  algae  celes otzaring the process of light-greeninga

                                           Time  (hr)

o   3 9

S,710 

'7;lttO'
 9

9,280 13,OOO 19

15 24 48 72

ptotein and  polysaccharideb 5 g'218                          ,

,570  19,500 22,OOO  21,400
,600

 38,5eO  67,800  80,500

S04; 1 7,610 12,800 13,OOO 13,900 25
2 13,50e 20,800  23,700  28,5eO  5e

                       1 3,810 5,080 5,140 4,440 5sulfoquinevosyl glycerOl 2 6,76o s,26o g,380 9,110 10

,700,800,oio,ooo2s,ioo  i6,o65
77,300  60,200

 4,710 4,950
14,500 18,600

Glutathione 12'1'21292 335
518 545472

 677 2,710 2,490 3,610
862 !,390 5,350 7,670  13,6eO

Sulfolipid 640,130
 1,

Lysosulfolipid
157
2  101

Methionine
12  89158

802 1,100 1,190
300 2,OIO 2,440

 ss i4ti lg7
138 318 404

172 338 
'
 387

280 617 793

1,6403,240

 475
 938 1,

 3,79011,7004,87018,300

354 571
090 2,150

283 4e6  1,250
558  1,250  4,700

                       ti 16,500 24,700  27,300  3e,400  55,400 58,9eO  52,700
TotalC
                       4 29,300  4e,600  49,900  67,200  109,OOe 181,OOO 198,eOO

  
a
 The  algal  cell  suspensions  were  withdrawn  at  intervals as  indicated, and  allalyzed

by  two-dimentional  paper  chromatography.  The  radioactivity  of  
35S

 in this  table  re-

presents relative  molar  concentration  of  each  eompottnd  since  the specificactivitywas

censtant  throughout  the  72 hours' period  of experiment.

   1 : 35S  dpm  per ptIiter of  packed  algal  cells.

   2 : 35S  dpm  per ml  of  culture.

   3 : 35S  cpm  per pt liter of  paeked  algal  cells.

   4 : 35S  cpm  per ml  ef  culture.

 b
 Radioactivity remained  at the origin  of  the  chromatogram.  Repeated  extraction  of

this area  did not  cause  loss of  the  activity.

 
C
 Radioactivity oi  the  cell  sample  was  rneasured  on  planchet  without  subjecting  to

chromatography,

t
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tions in tlne cells.  Figures 2- and  3 are  the  typical  auteradiegrams  of  the
35S-coinpouRds

 in the  starting  
"W''-cells

 and  the  72 hours-greened  cells,

respectively.

   Table III shows  the result  of  the  determination of  the radioactivities

of  sulfur-containing  compounds  in the  cells  at  various  stages  of  the  light-

greening. Figure  4 i.IIustrates the  changes  in concentration  of  the  major

sulfur-containing  compounds  in the  cells  during the process of  light-green-
ing. The  sulfolipid  increased graclually and  its intracellular concentration

became  approximately  5 times  higher after  72 hours' incubation.

ca"JtuoDwMoqaJ=NeoxEaa

¢
on

25

2e

iS

!o

5

                     o
                      O 20  40  6Q
                                  TIME,  HR,

                 Fig, 4, Changes  in content  of  major  sulfur-

                 containing  compounds  of algal  cells  during
                 the process  eS, light-greening. Specific activi-
                 ty of  35S  was  constant  throughout  the  72

                 hours' experiment.

   Other ininor  compounds,  such  as  sul'fotrioses,  behaved  in almost  the

same  manners  as  the  sulfolipid.  Radioactivities of  the  protein and  poly-
saccharide  fraction as  well  as  of  inorganic suliate  pool increased most

rapidly  after  15 hours  and  soon  reached  the maximum.  Sul'foquinovosyl
glycerol  w,as  the  only  compound  whose  content  in cells  rernained  almost

constant  throughout  the  experiment.  It should  be noted  that  the  greening
medium  contained  only  urea  besides the  basal mineral  nutrients,  and  the

growth  of  the  algal  cells  did not  take  place  markedly  because  of  the lack
of  exogenous  carbon  and  energy  sources.  The  cells  at  the  end  of  the
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greening  (designated as  
"greened''

 cells  in Fig. 3), therefore, may  be dif-
ferent from  the 

"G''-cells,
 and  the disagreement between  the  data obtained

with  the, "greened"
 cells  (Fig. 4 and  Table  III) and  those with  the 

"G''-

cells  <Table II) is understandable.

(ii) Bleaching  (Expt. B-IV)-A  similar  experiment  at  a  constant  
35S-specific

activity  was  conducted  for the process of  bleaching. Table IV  shows  the
radieactivities  of  the  major  sulfur  compeunds  separated  on  two-dimensional
chromatograms  of  the uniformly  

35S-Iabeled
 cells  withdrawn  at  intervals

during the process of  bleaching. It is seen  from  the  table  that the amount

of  sulfolipid  (expressed per  unit  volume  ot  culture)  increased during
the initial 24 hr period and  decreased in the later period of  experiment,

while  its content  in cells  (expressed per unit  volume  of  packed  cells)  "Tas

almost  constant  during  the  initial 24hr  period but afterwards  clroppecl sharp-

ly. As  will  be  seen  frem  the  results  of  later experiments,  these changes  in
'

                           TABLE  IV

Changes in reeative  quavetities of  the mao'or  szelftir-containing  compoun･ds  of

         
35S-tabeled

 algal  eells eluring ehe process  of  bleaching"
in.r.

Time  (hr)

o 3 9 15  2414,60044,500

 3,92012,eoo

48 72

protein  and  poiysaccharide'  }gg;g88 gg;Z8: Z8;Z6'8
121,2,25140 3,

050 6,500400,850,400
4,1508,300

16,70040,600

 2,940
 7,140

 7,70038,200

 7,70038,200

 5,61027,800

,6,56037,700

S04=

Sulfoquinovosyl glycerol1212  ,900

 ,2202,2704,090

13 2,880 3,18e 4,650
5,76e  7,730  14,200

53

Glutathione

39

9,250
 ,2006,790

 ,100

1,6903,0902,1603,9501,140 790 152
2,280 1,920 1,200

 95472  78449

Sulfolipid
1 2,230
2 4,elO

Z,91e 2,350 2,460 1,080 945
3,820 5,710 7,510 5,400 5,440

Lysosulfolipld
12397  594

715 1,090426852351
 339

853 1,e40199
 192

986 1,110

Totalc
3 1,530 1,490 1,460 1,21e 1,090 727 763
4 2,760 2,730 2,920 2,940 3,320 3,6QO 4,390

 
"
 The algal  cell suspensions  were  withdrawn  at intervals as  indicated, and  analyzed

by  two-dimensional  paper  chromatography.  The, specific  activity  of  
35S

 was  constant

throughout  the  72  hours' transition,  and  the radioactivity  in this  table  represents  rela-

tive  molar  concentration  of each  compound.

   1 t 35S  dpm  per gliter of  packed  algal  ce!ls,

   2;  
35S

 dprn  per ml  of  culture.

   3 : S5S  cpm  per  "liter of  packed  cells.

   4:S5S  cpm  der rn1  ef  culture.

  
b
 Radioactivity remained  at  the origin  of  the chromatogram,  Repeated extraction  of

this area  did not  cause  any  los$ of  the activity.

  
C
 Radioactiyity of the cell suspension  was  directly measured  on  planchet  without

chromatography.  Correction for counting  eMciency  was  not  made.
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                          TABLE  V

Ineo7'poration of racliosulfote  into varieus  algal  suifter  compuozmds

             during the process of  eight-greeninga
                                     tt          ttttt t tttt ttttt

277

                                                 Time  (hr)

                               ob 3 g ls 24 48 72

 p,,t.i...d,.i,,.,.h..id.b  ,zg g3g glg;s ,zlg,ss gglgsg gglbss sgl?gs
                                                                          ..t. -
                         

-i
 

''
 sbM 77g 21s26" 6,sso 4,s2o 7,s7o 9,290

 S04== 2 3s2 3,710 12,900 35,2ee 23,600 46,800  59,OOO
                                           tt  ttt t                                         '                         tt                             ttttt

 Gi.t.thl･... 
"

 i : ,z ,7,? ,,ligg ,,gag gsg: llggg
                           i  6'- 6i 

-264
 i,'ioo i,72o S,o3o 6,i6e

 Sulfoquineyosyl  glycerol 2 o 2ss 1,oso s,6so g,o3o 31,OOO 38,800

                                                            861 2,450 3,15e                           1 O 10 82 293
  Sulfolipid 2 o 4.7 417 1,490                                                          4,500 15,leO  19,800
                                                  . ..... t.                                               tt                                 tt   -ttt-t- ttttt tt tttt t
                           1 O 19 111 303 427 828 753
  Lysosulfolipid 2 o sg s6s 1,s4o 2,230 5,080 4,760･
L-iN6n･i'gbEiEa'

 algal'Eells  were  iA6ubti{efi in an  3ss-r-adioictive.  m-edium  ana  the  aii-

quotes were  withdrawn  at  intervals as  indicated. The  values  i" this  table  show  the

radioact'ivity  in:crporated  inte the  chrernatographically  separated  sulfu.r  compouncls.

Fer  further explanati'on  see  the legend  of  Table  III and  text.

  b Intracellular radioactivities  found  at  zero  time  are  due to the  incorporation during

a yery  short  period of  time  elapsed  betwecn  the  inoculatien and  withdrawal  o'f the

aliquot.

                             TABLE  VI

Incorporation of radiosuZfdte  into various  algat  suifteT  eompounds  during

                     the precess  o.f dark-greening"

                               0 3

protein and  pelysaccharide  b gg eg2 ;;

   Time  (hr)
9
 

15
 IPr.4.. 

48 ,2"

540 7,200 15,700 17,200 15,500
7eo 37,4oo s3,2eo lo3,ooo g3,eoo

S04=`
1 492

 192
  4gs 2,21o
2I9.80

 
11,loo

   18 105
   75 525

634

1

,580
 5,830 7,110 5,520

,200
 30,900  42,400 33,100

                          1
Glutath!one
                          2

                          1
Sulfoquinovosyl glycerol 2

oo

ll204

380 588

,980
 3,120

oo oe

 
'9605,720

  9175,500

  406 1,220 2,710 2,
2,110 61460 16,200

 
16,700200

Sulfolipid
12o o

o o
 75 297 80e
376 1,540 4,240

  7284,340  6573,940

Lysosulfolipid
12oo oo  72358  52 297

269 1,570
  5613,340138828

"
 For explanation,  $ee  the legends of  Table  V.
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the total amount  of  sulfolipid  are  the resultant  of  its synthesis  and  break-
down.  Marked  net  increase in the  amounts  of  sulfate  and  sulfoquinovesyl

glycerol were  observed  in the cells  during the process of  bleaching. The
total 35S-activity

 in the protein and  polysaccharide fraction remained  almost

constant  throughout  the  experiment,  its content  in cells  (per packed  cell

volume)  decreasing censiderably  with  the  increase in the  cell  mass.  The
cellular  concentration  of  glutathione  markedly  decreased as  the bleaching

proceeded,  while  those  of  several  other  water-soluble  sulfur  compounds  de-
creased  only  gradually.

5. .bucorPoration of 
35S

 into the suifbliPid  and  other  sztifur  comPounds  by
algtzl  cells  during the Processes of .oreening  and  bleaching

   The  modes  of  incorporation of  radiosulfate  into the suliolipid  and  other

sulfur-containing  compounds  by  algal  cells  were  studied  during  the  pro-
cesses  of  their  greening  (in the light (Expt. A-II) and  in darkness (Expt.
A-III)) and  bleaching (Expt. B-V). Tables V, VI  ancl  VII  show  the  results

                        TABLE  VII

incorperation of  radiosubute  into variozas  atgal  stelfur  compounds  eluring

                   the purocess of bleachinges

Time  (Ei)-

o 3''M 
'-9-'

 15 24

 4o2' 
"'"ttl'g"'

 1,
1,930 4,660 12,

48

Protein  and  polysaccharide121212i'"2
195356163260905 5007QO

 33

722.620

 ,200

S04= 2346551,70e 3,990 3,leO 4,510 5,680 6,810
4,890 13,900 14,900 23,OOO 47,800  86,200

Glutathione oo oo36126104499151  144 189
770 1,220 2,390

Sulfoquinoyosyl  glycerol

Sulfolipid

oo12oo oo2882oo 913172bs713 2661,280

 3921,880

l,170 2,120  2,610
5,970 17,900  33,OOO

 769 481 496
3,920 4,060  6,280

Lysosulfollpid 12oo 1346  43205  77392 22 50
181 628

a
 For  explanation,  see  the  legends of  Table  V.

of  the experiments.  During the greening  and  bleaching processes investi-
gated  the rnost  striking  mede  of  radiosulfate  incerporation was  observed  ior
the  sulfolipid.  Figure  5 reproduces  the time  courses  of  

35S-incorporation

into the sulfolipid  in the three different transition processes. In the  control

experirnent  shown  in the figure, the non-S5S-labeled  green  cells were  in-
cubated,  in the dark, in the basal mineral  medium  containing  radiosulfate

(Expt. C-VII). The  time  courses  ef  the 
35S-incorporation

 under  these  dif-
ferent conditions  were  found  to be identical cluring the  initial 24 hr period of
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                Fig. 5. Incorporation of  35S  lnto the  sulfolipid

                in the four  different transition  processes ef

                algal  cells.

the experiments.  During the following period of  experiments,  however,
sharply  different courses  of  the incorporation were  observed:  active  incor-
poratien continued  throughout  in the  light-greening, while  the  incorporation
ah.rllptly  ceased  in the dark-greening  anHu  bleaching.

    It has been revealed  in the  previous  stttdy  (12) that  the  process of

greening  of  the glucose-bleached cells  consists  of  two  consecutive  phases:
an  early  light-independent phase  in which  nucleic  acids  play an  important
role  and  the iollowing light-depenclent one  in which  full organization  of

chloroplasts  takes place. It is during  the latter light-requring phase  that
the  formation  of  lamellar structures  as  well  as  active  syntheses  of  chlorQ-

phyll and  protein with  the  appearance  oi  full photosynthetic activities  takes

place. In the dark, on  the other  hand, these light-requiring processes re-

main  arrested.  The  results  obtained  here strongly  suggest  that the sulfo-

lipid is an  integral part oi  the  photosynthetic structures,  and  that the
biosynthesis of  this lipid is closely  related  to the  formation  of  the photo-
synthetic  apparatus  in chloroplasts.  The  observation  that 35S-incerporation

into the sulfolipid  came  to a  standstill  at about  the 24th hr in the
bleaching experiment,  may  be taken as  an  indication that a  repressive

action  of  glucose  on  the sulfolipid  synthesis  started  around  tha'L' stage.
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                 TABLE  VIII

in radioactivity  of the S5S-tabeled  sulfur  compounds  of  the green

dzaTing the process of  bleaching in  za mealium  containing  no

       radiosulftLte  {``chasing" experiment)"

Time  (hr)

0 3 9 15 24 48

Protein andpolysaccharide1
 14,800 14,OOO 12,600 11,leO 9,740  6,170
2 41,900  39,4e0 45,900 46,6eO  49,700  48,800

 724,8304S,100

S04=
1 1,sso 2,lso 1,13o
2 5,280 6,120 4,110

Gluta.thiofie
1 2,830 1,570 1,090
2 7,950  4,520 3,990

1,l60 1,040 898
4,9eO  5,310 7,100

1,e6o4,48e3,682 239
500 1,890

Sulioquineyosylglycero!1
 3,030 3,780 2,740 2,940  ,500  2,900
2 8,500 11,OeO 9,940 12,4eO

 
17,9eO

 
22:9.00

1 1,k'80 1,500 1,ilO'  664'  638 139 96
2 3,s8o 4,21o 2,g7e 2,7go 3,260 

932
 

92i.

i'  56 
'72'

 33 26 29 8 7
2 156 200 120 111 147 64  71

 labeled iith''5ss were  incuba{e'd in a  n6n-radioactive

 explanation,  see  the  legends  of  Tables  III and  V,

1,14011,o09,

 igg  'tt2,44023,500

Sulfolipicl

Lysosulfolipid

 
a
 The

bleachinggreefi
 cells

rnedium.

 unifermly

For further

6. FZ#tes of the 
25S-labeled

 comPounds  of the green  cells  during the Process
of bleaching ire a  medium  containing  no  radiosuhate  (``chasing'' exPeriment)

   The  "G''-cells  uniformly  labeled with  
35S

 were  transferred  to the
"bleaching  medium,''  on  the one  hand  (Expt. B-VI),  and  to the  basal me-

dium  containing  no  radiesulfate  on  the other  <Expt. C-VIII). Table VIII

shows  the changes  in radioactivity  of  the  major  sulfur-containing  compounds

ef  the cells  in the  bleaching  process. In the  control  culture  incubated in

the basal medium,  the radioactivities  of  all compounds  studied  did not

change  significantly.  During  the process ef  bleaching, however, the  con-

centrations  of  various  labeled compounds  changed  in different ways  sug-

gesting different rnetabolic  turnover  of  the  compounds.  Most  striking

were  the behaviors of  sulfolipid  and  6-sulfo-cr-D-quinovopyranosyl-(1-1')-D-

glycerol. Figure  6 reproduces  the  characteristic  changes  in radioactivity

of  the sulfolipid  and  glycosicle. The  
25S

 activity  of  the sulfolipid  showed

a  slight  decrease at  an  early  stage  but remained  constant  during the  iol-

lowing  period up  to  the  24th hr, after  which  time  a  marked  decrease took

place. This characteristic  change  may  be interpreted as  fol!ews: (i) the

degradation of  the 
SSS-sulfolipid

 proceeds  continuously  from  the beginning

of  bleaching process except  during the  initial very  short  period,  (ii) an

actlve  incorporation of  
35S

 from intracellular sources  such  as  
a5S04=

 into

the sulfolipid  occurs  cluring the  initial period of  about  24hr, and  (iii) the

resultant  of  the  degradation (loss of  
S5S>

 of, and  
35S-incorporation

 into, the

sulfolipid  gives rise  to the characteristic  change  in the 
35S-activity

 of the
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sulfolipid  as  observed  above.  The  lnference mentioned  under  (ii) is based
on  the  observation  described in the preceding  section  that an  active  incor-

poration of  radiosulfate  into the sulfolipid  occurred  during the initial 24 hr

period of  bleaching, becoming repressed  afterwards.  It seems  highly likely

that  the  degradation oi  the  sulfolipid  is a  cardinal  eveRt  in the  bleaching

process, proceeding  in close  association  with  the disappearance  of  chlorophyll

and  chloroplast  structures.

   The  radioactivity  of  sulfoquinovosyl  glycerol,  unlike  those of other

sulfur-containing  compounds,  inereased markedly  during the bleaching  pro-

cess.  It was  surmised  that  the 35S
 of  the glycoside carne  from  the 

35S-sulfo-

lipid. Although  the  pathways  of  biosynthesis and  metabolism  of  the sulfo-

lipid have  not  yet been elucidated,  the unlque  structure  of  this glycoside,

the  deacylated form  of  the sulfolipid,  suggests  its close  metabolic  relation

to the sulfolipidS.  Taking  into consideratien  the fairly well  establishecl.

biosynthetic pathways  of  galactolipids (18), we  are  led to a  plausible as-

sumption  that  sulfoquinovosyl  glycerol is not  a  biosynthetic precursor but

hlsli8JNe9xEaaenmpt

2

2

                  
                   

                  o
                   o 2o  4e  6o

                               TIME,  HR,

                Fig. 6. Changes in radioactivity  of  the  
3iS-

                labeled sulfolipid  ancl  sulfoquinovosyl  gly-

                cerol  during  the process of  cell  bleaching

                in a  medium  containing  no  radiosulfate

                (``chas;'ng" experiment).

 3 The  glycoside has  never  been found  in organisms  without  photosynthetic activity

so  iar investigated. Recently YAGI  and  BENsoN  demonstrated  an  enzymatic  hydrolysis

of  the sulfolipi'd  with  formation  of  lys,osulfelipid and  sulfoquinovesyl  glycerol (17).



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

282
 I. SmBuyA  AND  E. HAsE  Vo!.6(1965)

the  direct degradation product  oi  the sulfolipid3.  It is seen  from the data
in Fig. 6 er  in Table  VIII that  during  the  p-rocess of bleaching the  35S  in-
crement  in t･he glyceside was  much  higher than  the 

35S
 decrement in the

suliolipid.  This result  may  appenr  to  contradict  with  the  above  surmise.

As  mentioned  earlier,  however, the  sulfolipid  seems  to be rapidly  turning
over  dur;'ng the initial 24hr  period of  bleaehing, incorporating 35S

 from
intracellular sources  on  the one  hand, and  being degraded, cn  the  other,  a

situation  that meLkes  the  apparently  contradictory  observation  rnentiened

above  understandable.  In any  event,  it may  be quite plausible that  the
35S-glycoside

 was,  at  least partly, a  product  of  degradation  ol the 
S5S-

sulfolipid.

   The  deacylation of  the sulfolipid,  with  formation of  the  water  soluble

ggycosid.e, will  naturally  lead to a  degradation of  photosynthetic  appara'tus,

if the sulfolipi･d  is-by  virtue  of  its su.rfactant  natur,e-an  architectural

cofnponent  in maintainlng  the functional structure  of  the  apparatus,  as  has
beell suggested  by BENsoN  (J9). It may  be added  that the behavior  of

glutathione, which  also  showed  a  marked  decrease in its 35S-activ'ity
 during

the process of  bleaching, ls worthy  ef  netice  in connection  with  the processes
ei  de- and  re-generation  of  chloroplasts.

                      CONCLUDING  REMARKS

   The  present, study  has demonstrated  that in Chlorella Protothecoides the
de- and  re-generatioR  of  photosynthetic  apparatus  are  causally  related,  re-

spectively,  to the  degradation  and  synthesis  ef  the sulfolipid  diseovered by
BENsoN  et  al. in various  photosynthetie  organisms.  The  important role

of  the sulfolipid  in the maintenance  of  photosynthetic  micro-structur.  es, as
has  been suggested  in the present study,  seems  to be also  e'videnced  by
our  recent  findin.ff (SHiBuyA and  MAEuo,  submitted  to publication) that the
･su]folipid

 and  the lysosugfol･ipid are  specifically  cencentrated  in tlie quanta-
･some,

 a  particulate fraction obtained  from  chloroplast  (20).
   During  the  course  ef  this study,  RogENBERG and  PEcKER  (21) reported

sirnilar  results  with  Euglena cells in their process of  light-induced green-
ing.

   The  authors  are  indebted to Mr.  K. TAKAsmMA  and  Miss  S. MmARA  of  this In-
stitute  for the  preparation  of  algal  ce]ls,  They  are  grateful to ?rofessor B. MARvo
for his critical  discussion and  to Professor H. TAMIyA  ior his valuable  advlce  in prepa-
ration  ef  the manuscrl･pt.  Thi'swerk  was  supported  by the grants from  the Ministry
of  Educat:'on and  Charles F. KETTEB:,NG  Foundation.

                           REFERENCES

<1) M.  CALvlN,  R･ C. FuLLER,  G. MII.llAvD and  A.  A. BENsoN. Unpublished  data;

    quoted  in A. A, BENsoN.  1961. Chloroplast li･pid metabolism,  Vth 
.Pnternational

    Co･vagress of Bioehemistry. Moseow, August. Symposium  No.  VI, preprint No. 66.



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlantPhysiologists

(f )

( ,r, )

(tf)

gi)

<6')

// 7)

(8)

r,
 ,v)

<10)

(11)

(IP.)

(fs.)

(.1-tx)

tl1,･1)

(16)

(t7)

(IS)

(.IP)

(20)

,t2I)

       SUiLFOLIPID  OF  C.'･-iLOP.ELLA PROTOTffE.COIDES  2S3

R. V･ilssR. 1958. Tl,iFv radioc:.ie.imical  j.cle.ll-t;.ficRtio.ll ci  the  r･naj,or･ sulfollpid  in

plants, Pg'z, D.  Thes"ls, TL?･e .Pe･ewt-s".f7,xapt.ies SlaCe U?ziv･
A. A.  BENsoN,  H. DANIEL  and  ]t WI,r:.!･-]･.. IP.59, A  su･il/io!.,!･pld in pl'u'nts. Proc.

k)ate, Acncaf. Seo;., U.S., A･5, ]582-･1587.

A.A.  BE}"soN  a:,id I,.SHmuyA, 1･9,61, E'turf'n- ctant  1･:,pids. ]nig-}ysioiogy a7･?.d Bio-

ehe?nis･tr･y of  .4.lgffe. Edited  bv. R. A.  LEwyN.  p. 371-･3S3. Academl/c  Pres:-, 
New

Yor, k, N. Y.

H.  DANIscL, 1･I. MIyANo,  R. O, Muwt]･,[,A,, 10. YAC･I, )'/t. LZI:?LGE, I, S}I'IBVYA and

A, A. BENso}l,. 1961. The  plapt  stAfolipid.  Identifi.cat:'on of  e-F.i..,lie-quinDy･os,J', ,J.

Am.  Chet-?s.. So･",., S3, 1765-1766.

}vl. LT.P.At-,'s., H.  D.,i.NI,EL ttr,d A. A, ]ENr-.'oN. 1961.  Th' e  plant suUolltttg".  !I. Iso-

i,at'ion  a/i.d pro',]:-r,.t'{es ef  sulfsglyccElyl  gl'.v'c:.."ro]. 
･t/inOaZ.,

 83, 157-159.

I, SI,IIBvylt" and  A. A. By,Nt}oN. 1961. 
'tl:,drolysis

 of  cr-s"lfo-qui,iiovos'/･5./.s  by ig-

galactosicl.:me. NtLt7,Lre, l92, 1186-1187,

M. )'{Iv,',:To and  A. A. B],NsoN.  1962,  The  plant  q,.ul[o!ipli.  VI.  Conngur,atton

of  the  glyce.rol moiety,  J, A?7･z. Ch･er-.. Sce,, 84, 57- 59,
'pt{.

 :v'ITuy,",To an.cl/ A.  A. B ¢ /gso:.T. 1962. The  p!,t'.nt suliol-].pid. VII. Synt!'iesis of

6-sul/ ie-a-D-c./uinovopyranos:,/ 1-(1-1')･glycerol and  radl,ochemic:.1  syntheses  of  svlfo-

lipids. i5ttcg., g4, 59-52,

A, A. Bsl"soN, 1963, plant sulfor,1'p:,d.  Au"va7zces 
･gn

 Lipid･ P.es.'earch.,1,387-

394.I.
 Sulm}eA-Im,nlf,AwA and  E. H,･ys'E. 1964. Nutritioiial control  of  cel]  pigment/a-

tl'on 
:Ln  Ch.i',orel･ia f,rvt･/o:he/oic',.es ",G.ti] .=,pecl･al, r･eierez,ce  to L'he tlsgep.s.rution 

of,

chl'e:ropla,]-t  induced  by  g'lucosc. Plestzt de Cell･ Ph{v"i,ci., 5, 227-24e.

th. AoK!  and  E. I.Itssx, 1964, De- and  r･e-gar"gration  of  claloroplasts  in ±Lhe  c.ells

                                               r-  1'

c･f Chloi'e;'.eg p;.'ot･othecc,ide,g. I,. Sy'nt.hDvs:es sf  nucl･si,'w' acids  and  protem  m･ 
i'eit).tion

to the  process  of  regeneratioii  o't! cl].Ioroptiust.  t:bt/[l,, 5, 473-484,

D. I. Ap"ToN, 1938. }tr･licreeleTn/ttn-ts in c"Iimre-solution  experr"nents  with  higber

plants.  A.wl. .T.  Bot,, 25, 322-325,
'tL'.

 SI-II'!?,iL'r-･x, 1959. Spectrornetry o/E transl,tece"t bl,ologlcal rnaterials-Opal  gla,=.s

trai･sml.",s,'toi't method,  I/n .;nMethods  of  Bioch･etn･gc-e x4･nag?,lsis.  7, Edited  by  I).

C.rmc/,t'. p. 77 109, Intt:･.r.".cience Publ:,shers, Inc., New  York,  N,  Y.

A, A. BENsoN,  J. A.  L'･e,ssH,'iM', :N'[. CALvi.N, 
'I/".

 C. GooDALE,  V. A. Httis.s and  W.

STE-p.v.".. 1950. T･ he/nth  of  carhon  in photosynthesl･s. V, I'aper chrotnatcsrraphy

and  radSt･autographv.  cf  the prvc'lucts. J. A?T.e. (J;hc.?,n. Soc., 72,, 1710-lri'IS,

l. SulBu'.,rA, 
'P,

 YAG!. aud  A. A.  BENseN.  1･963. Su'lfonic acids  in alg-ae.  Ill

St',zeli･,?s. of'v･ Mrt/crca4gae g7'.･d i'h･otosy?ethet{c Rffctee-t"a,. Edi±ed  by  Jap:-mese Soc.

Plant ]'1'iybl'{ologists. p. 627-636. Univ.  Tokyo  P･ ress,  Tekyo.

T, YALC.1 rmd  i't.A. BENsoN.  1962. Plant' s,ulfolipl･d,  V.  Lysesulfolipid formation.

Bioe.hi･77z, Bn;e/r,)hys･ A.c'SQ, 5]. 601,-603.

E･ F, N.E'JFELD and  C. W,  HAIL.  1964. Forrnation oi' galactollpl'ds 
'."y

 chloro-

pla:ts･ Biec.hem. LR.iopuho.us, Res, Conz?n,, 1'4, 503-50S.

A. A.  B/,i]Nso:.;. 1954. r.-'lai'it membrane  lipids, In An-;･ettal Rev･ie･iv of  i'lcm:.t

t"k,".-t,o.iolougy. 1,ft.. Edited 
To'b.

 L. ),･TAcl,-z' 
Tks

 and  W.  R. B'h'IaGs. p, 1-16. Aitnuzl K'e-

viewb'.  Inc., Pale  Alto, Calif.

R. B. ?.IR]c and  N, G. Parg, l'.a8!, Cerrelation of  structure  wi'/l/i 
'iunction

 in

SpiTvacefi oleracea  chlorepl'.ds,t.  .r.  -n,,.rol, Biol., 3, 1-10.

A, Ros!NBEF.G  and  M.  I'EcKER. 1964, L'lp{d alterations  in Eztgleiia g'f'act/lis

cells during  light-induced greening. Bioc,hemist7'y, 3, 254-258.


