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   1. RuDP  carboxylase  was  active  mainly  in chloroplasts  and  PEP  carboxylase

active  principally outside  of  chloroplasts  in Chlpreila Protothecoides.
   2. During  the  process ol'ch]oroplast  degeneration in algal  cells  inducecl by  addition

ofglucose,  the actii,ity  of  RuDP  carboxylasc  significantly  dccreased, whereas  the  activities

of  PEP-carboxylase and  -carboxykinase markedly  increased.

   3. During  the  process efchlorop]ast  regeneration  in ``glucose-bleached;'

 al.cFai cclls,

which  containcd  no  detectab]e amounts  of  Fraction I protein and  showed  onl},  traces of
RuDP  carboxylase  activity,  a  Iight-dcpendent dei,elopment ofRuDP  carbexy]ase  pro-
ceecled  almost  in parallel with  the  light-induced formation ot' chlorophyll,  Thc
activities

 of  PEP-carboxylase and  
-carboxykinase,

 which  wcre  negligibly  low in glucose-
bleached cells,  developed independently ol' Eight.

   4. Both  chloi'amphenicol  and  cycleheximide  severely  inhibitcd  the development
of  RuD?  carboxylasc  activ{ty.  A  rclatively  low concentration  of  glucose also  caused

a  significant  suppression.  Under  these  condltions,  chlorophy]I  formation ",as  inhibited
only  slightly  by  chloramphenice]  and  x,ery  sLrongly  by cycloheximide  and  glucose,

. 
Earlier papers (1-S) dealing with  the  development  of  RuDP  carboxylase

in  various  plants and  autotrophic  microorganisms  under  different environmental

conditions,  have  shown  that  the devclopment of  this enzyine  was  greatly affbcted

by  environmental  factors, such  as  light and  the  organic  source  of  carbon  in the
medium.

   enlorella Protothecoides displays degeneratien and  regeneration  of  chloroplasts

depending  upon  nutritional  and  light eonditions  C4), When  thc  alga  is grown
in media  rich  in glucose or  other  metabolizable  organic  carbon  compound  and

poor in nitrogen  source,  chlofophyll-less  cells  with  profbundly  degenerated plastids
-called

 
"glucose-bleached"

 cel]s--are  produced  either  in the light or  dark. On
the other  hand, when  it is cultured  in media  rich  in nitrogen  source  and  poor in
organic  carbon  source,  norrnal  green cells with  fully-organized chloroplasts  are

   Abbreviations: RuDP,  ribulose  1,5-diphosphate; PEP,  phasphoenolpyruvic  acid;  EDTA.  ethyl-

enediaminetetraacetic  acid;  Tris, tris(hydroxymethyl)  aminomethanel  CH,  cyclohexane;  CHI,
cycloheximide;  CP,  chloramphenicol.

i
 Deceased, ll June, 1972.
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'
 of the Processes of' dageneration

C:hlorella protothecoides.

and

obtained  in the light, while  in darkness pale green cells  containing  only  partially
organized  plastids-called 

"etiolated"
 cells-are  produced, These three  diflltrem

types  of  algal  cells  are  transformed  into each  othcr  as  schematicallv  illustratcd                                                             '

in Fig. I. When  the  green ce.11s  are  incubated in a  medium  containing  a  high
concentration  of  glucos¢  but no  nitrogen  source,  they  are  strongly  bleached, eventu-

ally  becoming  glucose-bleached cells,  The  glucose-bleached cells are  turncd  inte

green ceils  when  incubated, in the light, in a  mcdium  containing  nitrogen  source

but no  organic  carbon  source,  and  into etiolated  ce}ls  with  dark incubation, De-

generation and  development of  photosynthetic C02-fixation and  r¢ lated activities

havc  been shown  to occur  during the  processes of  degeneration and  regeneration

of  chloropiasts  in algal  cells  (5, 6).

    XN'e studicd  the feLte of  Rul)I' carboxylase  in the  degenera tion and  regenerat,ion

of  chloroplasts  in anlorella protothecoides. Our  resuits  disclosed that  the  activity                                                                      '
ofRuDP  carboxylase  is markedly  degraded and  actively  developed in parallel with
degcneration and  regcncration  of  chloropiasts,  respcctively,  Strikingly clifi'erent
modes  ef  changes  in activitv.  x･vere  observed  with  PEP-carboxylase and  -carboxy-

kinase,

                         Material and  methods

    The  strain  ef  Chlorella protothecoides used  was  originally,  supplied  from  the  algal

culture  collectien  at  University ofIndiana,  U,S.A. (ACC No. 25), and  is maintaincd
at  the Algal Culture Collection of  our  institute,

    ptCethods of' preparation of  green and  glucosc-bleachedi al.cral cells, which

were  used  as  starting  rnaterial  in the  
"bleaching"

 and  
C`greening"

 experiments,

respectively,  have been described previously (7, 8).

Soparation of subcellular  ,fractions in non-aqueotts  media

    The  procedures are  schematically  shown  in Fig. 2. 
rl-hey

 were  essentia]ly

t.he same  as those  used  in our  previous work  (9).
Bgeaching and  greening e.mperiments

    Procedures for the bleaching experiment  were  the  s'ame  as  those  described
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7

previeusly (brr), In the  greening experiment,  g.lucose-bleachcd algal  cells  were

incubated in a  medium  containing  glycine (O.075 or  O.037M) as  the  nitrogen

source  and  basal minerai  nutrients  (4), 
'I'he

 cuiture  was  illuminated with  white

light fiuorescent Iamps to give a  ]ight intensity of  2,OOO lux at  the level of  culturc,

Other procedures have  been described previously (7).

AnaCvtical methods

    Determination of  chlorophyll  content  of  algal  celis  was  described in our  pre-
vious  paper  <10). Measurements of  photosynthetic C02-fixation by algal  cells

were  perforrned by the  method  of  Oh-hama  et  al.  (5). In the  assays  of  enzyme

activities  and  soluble  p'rotein content,  the  harvested cells  (2-3 ml  in packed-ccll
volume)  were  washed  xvith  2mM  K2S04  solution  and  suspended  in 10ml  of  a

mixture  of  O.1 M  Tris-HCI bufler, pH  7.5, 5 mM  mercaptQethanol  and  1 mM  EDTA,
The  suspcnded  cells  were  sonicated  at  IOkHz  for 80min,  and  the homogenate
obtained  was  centrifuged  at  27,OOOx.o for 20 min,  An  aliquot  (O.5ml) of  the

supernatant  was  passed through  a  Sephadex G-25 column  (1.8× 10cm)  which

had  been equilibrated  with  a  mixture  of  O.Ol M  Tris-HCI  buffer (pH 7.5), 5 mM
mereaptoethanol  and  l rntsf  EDTA,  and  then  used  as  the  enzyme  preparation.
Assay methods  for enzyme  activities  will  be described elsewhere  (11). The  protein
content  of  the  supernatant  obtained  above  was  determined by Lowry's method

(12) and  expressed  as  soluble  protein,
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                                Results

Distribzation of RuDP  carboAlvtase  and  PEP  carboayiase  amDng  non-aeueousip  soparated

subceltular  .fraclions

    Table I shows  the  distribution of  the  two  carboxylases  among  thc  subcellular

fractions separated  in non-aqueous  media.  Thc  data sho}･v  that  RuDP  carboxylase

was  activc  mainly  in chloroplasts,  and  PEP  carboxylase  mainly  outside;  a  minor

part of  the latter activity  existed  in the  chloroplast  fraction,

Changes in enevme  actii,ities during chloro.plast  deg. eneration

    Fig. S-a and  b show  that  thc activity  of  RuDP  carboxylase  decreased al)-

proximately in parallel with  that  ofphotos>;nthetic  COL)-fixation during chloroplast
dcg ¢ ncration.  Similar results  were  obtained  when  the bleaching ofcells  was  induced

by addition  of  O.l }c acetate  (c£  8). (During dark incubation without  addition

of  glucose or  acetate,  no  significant  dccrease of  the cnzyme  activity  was  observed.)

In contrast,  thc  activtties  of  PEP-carboxylas ¢  and  -carboxykinase  conspicuously

increased. Chlorarnphenicol did not  afibct  the  decrease of  RuDP  carboxylasc

activity,  but caused  a  slight  suppression  of  the increase in PEP  carboxylase  activity

and  a  greater suppression  of  the  increase in PEP  carboxykinase  activity.  Whether

                      Table  I

Distribution of RuDP-  and  PEP-carbosylase among  non-agueously  separated

        j'ubcellular  fiactions of Chlorella protothecoidesFraction
 
"

C)hloroplast
 fi/actioil 

b Pl.so Pl.4o

RuDP-carboxylase

 Activit'tr' (cpin/'10 ]nin)C

 
rl'etai

 activity  ot' each

 Ratio (?,a)
PEP-carboxylase

 ilctivity  (cpmf1O min)C
 Total activitv  of  each

 Ratio (%)
Chlorophyll

 ]n  mg

 Ratio (U/.)
Dry  weight

 in gd

 Ratio (%)

per  rnsT  proteLrl
fi'action

per mg  proteln
fraction

 3210694

 × 103

   60

 16100350

 ×  104

   27

73.0mo

 1381154

× I03

   13

175eOl94

× I04

   15

25.421

 1506310

× I03

   27

36400750

 × 104

   58

22,619

ab

ed

                                      1.3 O.9 2.0

                                     31 21 48

see Fig. 2 ibr the  proced{IJ'Es' 

'of
 fractfon'a{i6'n"' proced'ir'e'k-, 

"
 

"
 

'''"'-"""
 

'
 

''''
 

"'M""---
 

'

This fraction is Pi.oo plus Pi,2o in Fig. 2, and  was  composed  of  intact and  fragmented

chloroplasts.

cpm  of  NaHi4C03  fixed in 10rnin.  See reference  (11).
The  starting  algal  material  used  in fractionation was  5.1g  in dryweight, and  the recovery

was  82?,'..
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the
 
decrease

 gf BuDP carboxylase  activity  is due to changes  in the enzyme  protein
or  to a  certain  mhibitor(s)  produced  by addition  ef  glucosc or  acetate,  is an  in-
teresting problem  to be studied  in the future. Because the enzyme  preparation
used

 
fbr

 the activity  assay  was  passed through  Sephadex  G-25, it was  probably
f'ree of  Iew molecular  weight  inhibitor(s), if any  had  been present.

enanges in enayme  activities during chioroplast  rageneration

    
Fig. 4-a and  b and  Fig. 5 show  the  modes  of  development ofRuDP  carboxylase

and
 
PEP

 carboxylase  activities,  and  Table  2 that of  PEP  carboxykinase  activity,

undcr  various  conditions.  These  enzyme  activities  were  negligib]y  low in glucQse-
bleachecl
        algal  cells.  When  extracts  of  glucose-b]eached cells  were  subjected  to

polyacrylamide gel-electrophoresis and  to Sephadex G-200eolumn  chremato-

graphy, no  appreciable  amounts  of  Fraction I protein were  detected. This implies
that the  observed  clevelopment of  RuDP  carboxylase  activity  was  the result  of

net
 synthesis  ef  the  enzyrr}e  protein. This is supportecl  by the  result  that  the
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DeveloDment

LightDai'k

J

           Table 2

of PEP  carbou/kinase  aativib,  during the greenifrg Process
'""'

 II--:'-['"-!p.-c.ubatign.IL{I}e (h.r-)-..-
     O 22 4e 72

           (.eu}.o-le!tt/-m-1--cumelltLmrip.)-- -.-..

Negligibly
 sniallNegligibly

 srnall

Negligibly
 srnallNeg}igibly

 small

7.9 × 10-?10.8 × 10-2

8.1 × 10-2 14.5 × le-2

developmcnt  ot' this enzyme  was  strongly  inhibited by  chlorarriphenicol  and  cy-

cloheximidcL,  potcnt inhibitors of  protein synthesis.  Fig. 4-b clearly  indicatcs that

the development of  the activity  of  this carboxylase  was  greatly dependent upon

light, whereas  those  of  PEP-carboxylasc  and  
-carboxykinase

 (Table 2) were  totally

independent  of  light Fi.cr, 4-a  indicates that  a  larger amount  of  soluble  protein
was  produced  in the  light than  in darkness. The  increase in soluble  pretein was

inhibited only  slightly  by chloramphenicol  and  very  severely  by cycloheximide,

Fig, 5 shows  that  the  increase in R.uDP  carboxylase  activity  in illuminated algal

cells  was  stopped  by  turning  off  the  light or  by addition  of  chloramphenicol  or

cycloheximide  in the light, How ¢ v ¢ r,  the  formation ofchlorophyll  was  only  slightly

suppressed  by addition  of  chloraTnphcnicol.  i'X  relatively  Iow concentration  of

gliicose has been shown  to severely  inhibit chlorophyll  fbrmation in algal  cells

(I3). Fig. 5 shows  that  a  low  glucose concentration  also  considerably  suppressed

the development ef  RuDP  carboxylase  activity.  Fig, 5 also  indicates that  the

increase of  soluble  protein under  these  conditions  was  not  inhibited but accelerated

by ch]oramphenicol,  as  in the case  of  
.vlucose,

 Lvhereas  it ",･as strongly,  inhibited by

cycloheximide,  as  mentioned  earlier.

                              Diseussion

    Fractien I protein, which  displays the  activity  of  RuDP  carboxylase,  has been

shown  to be present in plant cells  in concentrations  as  high as  about  50%  of  the

total  chloreplast  soluble  proteiR (14). Our  results  suggest  that  the  level of  this

enzyme  in algal  cells  is sharpiy  regulated  by environmental  conditions,  The

marlced  rise  in activities  of  PEP-carboxylase  and  -carboxykinase  observed  on

addition  of  glucose to  green cells  seems  to be related  to a  regulatory  mechanism

operating  in the glucose metabolism,

    Chloramphenicol has been  reported  to repress  protein synthesis  on  chloroplast

ribosomes  (70S-type), and  cycloheximide  tliat on  cytoplasmic  ribosomes  (80S-type)
in plant cells  (15). The  fact that  both antibiotics  inhibited devclopment  ofRuDP

carboxylase  in glucose-bleached algal  cells  suggests  that  subunits  of  the  enzyme

pretein might  be synthesized  scparately  at  diflerent cell  sites, in the  chloroplast

and  cytoplasm.

2 The  concentration  ofcyc]ohexlmidewas  15 xigtml  in the  experiments  shown  in Fig, 4 and  5. Further

 experiments  (M, Arai: unpublished)  showed  that  similarly  strong  inhibition was  brought about  by

 this antibiotic  at  a  concentration  of  3,uglml,
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    Fuller and  Gibbs (1) reported  that  extracts  from  bleached cells  of  Chlorella
vart/egata obtained  by crbrowing

 the  alga  on  an  organic  carbon  source  in the light,
showed  no  RuDP  carboxylation  to  give PGA.  They  also  demonstrated  that  dark-
grown  Euglena extracts  showed  a  slight  activity  of  RuDP  carboxylation.  Smillic,
Scott and  Graham  (15) showed  that  when  dark-grown cells  of  Eu.agena 

.aracilis
 were

illuminated, a  marked  ificrease of  RuDP  carboxylase  activity  was  induccd concomi-
tant with  an  increase in the level ofFraction  I protein. The  increase was  inhibited
b>,･ chloramphenicol,  but not  by cycloheximide;  this observation  difurs in part ft'om
ours  with  Chlorellaprotothedoides. Graham, Grieve and  Smillie (16) found that  when

etiolated  pea scedlings  were  exposed  tQ red  light fbr short  time  periods, the activities
of  not  only  RuDP  carboxy]ase  and  other  Calvin cyc]e  enzymes  but a]so  enzymes

associated  with  respiratory  metabolism,  consiclerably  increased. They  also  tbund
that the increases induced  by red  light were  reduced  by subsequent  irradiation with

lar red  light. They  sugge.sted  that  phytochrome participates as  the primary
photoregulator in the syntheses  of  thcse enzymes.  Th ¢  nature  of  thc  light-de-

pendency  of  RuDP  carboxylase  development  in Chtorella ceils must  be elucidated

in the  future; we  can  onl>,  note  here that  in algal  cells,  light does not  scem  to aflect
so  widely  diffl rent  types ofenzymes  as  in pea seedlings,  and  that light is continuously
required  for the development  of  RuDP  carboxylase  in enloreUa.

    App  and  Jagendorf (17) reported  that  synthesis  of  alka!ine  fructose 1,6-di-
phosphatase, as  well  as  chlorophyll,  in etiolated  2Tug. gena gracilis cells  in the  light
was  repressed  by  metabolizable  organic  coinpounds,  Rcccntly  McMahon  and

Bogorad (18) reported  that  when  etiolated  leaves of  Zea mays  were  illuminated,
a  rapid  increase in the  activity  of  RuDP  carboxylase  occurred,  and  in the presence
of  a  high concentration  of  sucrose  (O.5 M)  the  increase in enzyme  activity  was

suppressed.

   1'Ve are  g'rateful to Dr, S. ]vfiyachi for his adi'ice  in the  assay  ol' enzyme  activity.
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