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   Twelve  new  strains  ofnonphotosynthetic  mutants  of  Chlanlydomonas reinhardtii  having

impaired functioning of  Photosystem Il were  studied  with  respect  to their quihone and

chloroplasticcytochromecententsandtevariousphotooxidationreactionsofcytoehromes

b-559 and  c-553.  The  quinones were  analyzed  by chromatography,  cytochromes  b-563
and  c-553  were  measured  spectrophotometrically  after  solubilization  by Triton X-100,
and  cytochrome  b-559 was  studied  by means  oflow-temperature  difference spectra.

   None  of  these  mutants  showed  a  great deficiency ofplastoquinone  A, ubiquinone  QP,
cytochrome  b-563 or  cytochrorne  c-553.  But all  lacked an  ascorbate-reducible  pool of

cytochrome  b-559 photoDxidizable at  77eK. In spite  of  this deficieney, five mutants

(IiZ 1B, Fl 29, lil 47, Fl 50, Fl 59) showed  an  appreciable  photooxidation of  cytochrorne

b-559 in the  presence  ofFCCP  at  room  temperature.  The  ether  strains  perfbrmed  only

weak  cytochrome  b-559 photooxidation in the  presence of  FCaP,  DCMU  ancl  DBMIB

or  p-benzoquinone (N 39, fi1 42, Fl 52, FZ 54, FZ 57, I7Z 60); in the  mutant  Fl 33, no

cytochreme  photooxidation was  observed.

   These results  peinted out  that the pool of  ascorbatc-redueible  cytochrome  b-559

photooxidizable at  77eK is diflbrcnt from the pool photooxidizable in the presence of

FCaP  at  room  temperature.
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   Various electron  carriers  (plastoquinone, cytochromes  b-559, b-563 and  c-553,

plastocyanin, ferredoxin) participate in photosynthetic electron  transport  (see re £

16). Despite many  papers on  the  subject,  the  role  of  cytochrorne  b-559 in photo-
synthesis  and  its localization in the membrane  have not  yet been clearly  elucidated.

   Abbreviatiens: A-F,  ascorbate-reduced  minzas  ferricyanide-oxidized; CqCP,  carbonylcyanide-

m-chlorophenylhydrazene;  C-550, pigment  indicator of the state of  Photosystem II centers,  respons-

ible for absorbance  changes  around  546-550  nm;  D-A,  dithionite-reduced mintLs  ascorbate-reduced;

D-F,  dithionite-reduced minus  ferricyanide-oxidized; DBMIB,  2,5-dibromo-3-methyl-6-isopropyl-

p-benzoquinorie;DCIP,2,6-dichlorophenolindophenol;DqMU,3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea;  FCCP, carbonylcyanicleip-trifluoromethoxyphenylhydrazone;  HQ-F,  hydroquinone-reduced
minus  fetrricyanide-oxidized; P700, chlerophyll  a  holochrome, active  pigrnent in Photosystem I; SDS,

sodium  dodecylsulfate.
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One  of  the features of  this cytochrome  b-559 is that  it exists  in several  forms with

difllerent redox  potentials: a  high-petential hydroquinone-reducible form which  is
unstable  and  can  be transformed  by various  factors into the  other  forms, a  middie-

petential form that  is ascorbate-reducible  but not  hydroquinone-reducible, and  a

low-potential form that  is only  dithionite-reducible. The  cytochrome  b-559 re-

actions  are  mostly  Photosystem  II-dependent and  several  possible roles  haye been

proposed for this cytochrome  such  as  a  role  as  an  electron  carrier  in a  cycle  around

Photosystem  II or  in the  main  chain  between the  two  photosystems, as  a  proton  carrier

or  as  an  active  agent  in the  water-splitting  process. But wh4t  occurs  really  in vivo
has net  yet been clearly  elucidated:  for instance, Photosysfem II-related photoox-
idations of  cytechrome  b-559 were  observed  only  under  artificial  conditions  (low
temperature,  presence ofCCCP  or  FCCP,  Tris-washed  chloroplasts)  which  generally
inactivated, at  least partia]ly, the  natural  water-splitting  system;  in addition,  many

experimental  treatments  are  known  to  modify  the  potential of  cytochrome  b-559

(see reviews  4, 6).

    Epel et al, (7, 8), studying  chloroplast  fragments of  various  nonphotesynthetic

mutants  of  enlan!J,dbmenas reinhardtii,  pointed out  the  existence  of  two  functionally
distinct peols ef  ascorbate-reducible  cytochrome  b-559, both acting  in the  water-

splitting  oxygen-evolving  apparatus.  One  ef  these pools, photooxidizable at  770K,
was  missing in the high-fluorescent mutants  but present in the  low-fluorescent
mutants.  In our  laboratory, we  stuclied  the  cytochrome  b-559 photooxidation  in
chloroplast  fragments ofthe  wild  type  and  of  three  nonphotosynthetic  mutants  (IiZ 5
devoid of  P700, ]FT  9 and  N  15 deficient in cytochromes  b-563 and  c-553)  of  C. rein-
hardti/' in the  presence'of antimycin  or  FCCP,  We  observed  that: (1) two  types of

photooxidation  occurred  which  were  either  Photosystem II-dependent or  Photo-
system  I-dependent, and  (2) part of  the  cyto6hrome  which  was  oxidized  by Photo-
system  II was  hydroquinone-reducible while  the  other  part was  ascorbate-reducible

(14, 23). ,

    Several new  strains  of  nonphotosynthetic  mutants  of  C. reinhardtii  have been
recently  isolated in our  laboratory and  their properties concerning  pigment  contents,

photochemical activities  (Hil1 and  Mehler reactions),  chlorophyll  fluorescence
induction kinetics and  SDS-polyacrylamide gel electrophoresis  of  the chlorophyll-

protein complexes  CP  I and  CP  II, have been described in a  preceding paper  (10).
Twelve of  these  .strains showed  impaired functioning of  the  Photosystem II: eight

mutants  (N 39, Fl 42, FZ 50, Fl 52, Ft 54, ]F:e  57, IJI 59, jFl  60) did not  emit  any  variable

chlorophyll  fluorescence and  their chloroplast  fragments could  not  carry  out  any

DCIP  photoreduction, while  four mutants  (IZ 18, Fl 29, Ee 33, FZ 47) showed  some

variable  fluorescence and  their chloroplast  fragments performed weak  Hill reactions
with  DCIP.  Therefbre we  thought  it would  be  interesting to  investigate the cyto-

chrome  b-559 contents  and  the  possible occurrence  of  seme  cytechrome  photooxida-
tion  reactions  in these  various  new  mutants,  In order  to more  precisely examine
the  properties of  these  strains,  their plastequinone A, ubiquinone  Q9, cytochrome
b-563 and  cytochrome  c-553  contents  were  also measured.  The  results  indicate
clearly  that  all the examined  mutants  lacked the  pool of  ascorbate-reducible  cyto-

chrome  b-559 phetooxidizable at  770K. Nevertheless, five of  them  performed the

photooxidation  of  another  ascorbate-reclucible  cytochrome  b-559 pool, in presence
of  FCCP  at  room  temperature.
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Materials and  methods

    The  characteristics  ofthe  new  strains  of  mutants  FV... of  C. reinhardtii,  recently

isolated in our  laboratory, and  of  the  wild  type  have been described in a  preceding

paper (10). The mutant  ac-115  from Dr. R. P. Levine's laboratory (Harvard
University, Cambridge) lacks functional cytochrome  b-559 and  does not  show  any

Photosystem II activity  (13, Ie, 20).
    The  algae  were  grown  in light in Tris-acetate-phosphate medium  (15) as

previously reported  (11, 12). To prepare chloroplast  fragments, the  cells  suspended

in a  buffer ofO.Ol  M  K  phosphate,  O.02.M KCI  and  2,5× 10"3 M  MgC12  (pH 7.5),
were  disrupted for 30 sec  in a  sonic  oscillator.  Next, the  chloroplast  fragments

were  separatcd  by  two  successive  centrifugations  at  480  × g for 6 min  and  at  20,OOO × g
for 15 min,  then  suspended  in fresh buffer. The  chlorophyll  contents  were  measured

according  to MacKinney  (21) and  Arnon  (2). .

    T'he quinones were  extracted  from whole  cells  with  acetone,  chromatographed

on  silicic acid  columns  then  on  silica  gel thin  layers, and  spectrophotometrically

titrated as  previously described (Il). Cytochromes b-563 and  e-553  were  solubilized

from chloroplast  fragments with  the detergent Triton X-1OO fo11owing the  method  of

Hind  and  Nakatani  (18), then  measured  by diffbrence spect.rophotometry  as  pre-

viously  indicated (22).
    The  low-temperature  diffbrence spectra  of  chloreplast  fragments were  measured

using  an  Aminco-Chance  spectrophotometer  in split  beam  mode  with  an  accessory

device including Bonner's cells  and  Iiquid nitrogen  containing  Dewar's vessel.

When  necessary,  the  frozen preparations were  illuminated in the  spectrophotometer

compartment  by  a  microscope  lamp  through  a  Iight guide. For the  approximate

calculation  of  the  respective  absorbances  due to cytochrome  b-559 and  cytechrome

c-553  in the  ascorbate-reduced  mintts  ferricyanide-oxidized spectra  (A-F), the

fo11owing equations  were  used:

'

          Ass7(eyt･ b-ssg) 
=1･12  Ass7mO･24  Ass3

          Ass3ccyt･ c-ss3)  =1･12  Ass3'O･58 Ass7

where  Ass7,eyt,b-ssg) represents  the  contribution  of  cytochrome  b-559 to the

total absorbance  at  557 nm  (Ass7) and  Ass3(eyt,c.ss3) the  contribution  of

cytochrome  c-553  to the  total absorbance  at  553 nm  (Ass3). These equations  had

been calculated  using  the  absorbance  ratios  Ass31Ass7==O.52 for cytochrome  b-559

and  Ass7/Ass3=O.21 for cytochrome  c-553  from diflerence spectra  obtained  fbr the

cytochrome  c-553-deficient  mutant  Fl 15 of  C. reinhardtii  and  for purified cytochrome

c-553  (Il).
    At  room  temperature,  the  photooxidation of  the  cytochromes  b-559 and  c-553

in whole  cells was  measured  as  previously described (23) using  the  dual wavelength

mode  of  the  Aminco-Chance  spectrophotometer.

Results

Qptinenes
   During our  Previous studies,  only  the  chloroplastic  plastoquinone A  and  the
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Table 1 Ptastoguinone A, ubiguinone  QP, aytochrome b-5a3 and  aytochrome c-sc3  contents  ofthe witd  tld)e and

matant  strains  of C, reinhardtii

Strain
Qsiinone Cytochrem,e

Plastoquinone A
(a) (b)

Ubiquinone  Q9
(c) (d)

b-563
 (e)

c-553

 (f)

'

Wild type
 Fl 18
 rv 29

 N  33

 N  39
 IV 42

 N  47

 N  50

 FV 52

 Fl 54

 n  57

 rv 59

 11 60

 6. 9
 9.0

 7. 9
 6. 01O.Ol5.

 030.

 013.
 58.9ILOIO.

 O'

 7.66.0

(O. 32)(O.
 52)(o.

 ")(O.
 30)(O.
 43)(O.
 62)(O.

 63)(O.
 55)(O.
 53)(O.

 50)(O.

 45)(O.
 39)(O.

 31)

2.53.32.

 92.32.48.

 19.
 7,2.63.33.53.02.32.2

(O. 12)(O.
 19)(O.
 15)(O.

 12)(O.
 10)(O.

 34)(O.
 20)(O.
 11)(O.

 20)(O.
 16)(O.
 12)(O.

 12)(O.

 11)

3. 22.S3.2L82.72.42.12.52.62.

 72.

 42.42.2

1.81.82.2LOL7L6L4L2L3L31.61.8L3

Contents: (a), (c), (e), (f): pamoles!mmole of chlorophyll  a+b;  (b), (d), numbers  in parentheses:
ptmoles/g of  

dry
 matter.  The  plastoguinone and  the  ubiquinone  were  extracted  from  whole  cells  with

acetone;  the cytochromes  b-563 and  e-553  were  solubilized  from  chloroplast  fragments with  Triton X-
100 (see Materials and  methods).  

'

mitochondrial  ubiquinone  Q9 were  detected in cells  of  the wild  type and  the three
mutants  Fl 5, Fl 9, FZ l5 of  C. reinhardtii  (Il). The  quinene contents  of  the  new

mutants  strains  and  of  the  wild  type  are  summarized  in Table 1. These results

indicate clearly  that  none  of  the  twelve  new  mutants  analyzed  showed  any  deficiency
in plastoquinone A  or  ubiquinone  O.-9; ,indeed the  various  values  obtained  for the
mutants  are  close  te the  values  of  the  wild  type.  It is diMcult to attach  any  great
importance to the  difflerences which  appeared  between the  contents  of  the  various

strains  because, as  prcviously observed  (11), the  quinone･content ofthe  same  strain

may  vary  largely from  one  harvested culture  to another.

Otochromes b-56L3 and  c-M3

    The  cytechrome  b-563 and  cytochrome  c-553  centents  of  chloroplast  fragments,
which  were  measured  after  solubilization  in Triton X-1OO,  are  also  given in Table 1.
The  values  concerning  the  wjld  type  are  ofthe  same  magnitude  as  those  we  obtained

in a  previous work  (2.7 nmoles  of  cytochrome  b-563 and  2.1 nmoles  of  cytochrome

c-553  per psmole of  chlorophyll  a+b)  (II, 22). This corroborates  average  contents

of  about  1 mole  6f cytochrome  b-563 per 340 moles  of  chlorophyll  and  1 mole  of

cytochreme  c-553  per 500  moles  of  chlorophyll  in the  wild  type  of  C. reinhardtii,

    Though  the contents  of  some  strains,  like Ee 33, were  lower than  those  of  the
wild  type, all the  examined  mutants  clearly  appeared  to  have both cytochromes

b-563 and  c-553.  None  of  them  showed  any  great deficiency equivalent  to the

previously observed  deficiencies of  the  mutants  jFl  9 and  Fl 15 of  C. reinhardtii  [less
than  19%  of  cytochrome  b-563, only  traces  of  cytochrome  c-553  (22) ].'
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Clytochrome b-559: difibrence spectra at 770K

    The  total cytochrome  b-559 contents  of  Triton X-100-treated chloroplast  frag-

ments  of  C. reinhardtii,  could  not  be reproducibly  measured  because most  of  this

cytochrome  remained  masked  or  had been damaged  (see re £  22). In addition,  no

sadsfactory  results  were  obtained  from acetone  depigmented chloroplast  fragments.

Therefore, in order  to rnore  precisely examine  the cytochrorne  b-559 contents  of  the

various  mutants,  several  difference spectra  were  measured  at  77eK  using  chloroplast

fragments, In the  wild  type  (Fig. 1), the D-F  (dithionite-reduced minus  ferricy-

anide-oxidized)  spe ¢ trum,  which  corresponds  to the  sum  ofthe  reduced  minus  oxidized

spectra  ot' all the  diffbrent chloroplast  cytochrornes,  shewed  a  very  distinct maximum

at  557 nm  and  a  sma]1  shoulder  around  561 nm.  The D-A  (dithionite-reduced
minas  ascorbate-redu'ced)  spectrum  shbwed  a  broad maximum  around  559nm,

indicating the  presence ofboth  low potential (only dithionite-reducible) cytochrome

b-559 (peak at  557 nm)  and  cytochrome  b-563 (peak at  56I nm).  On  these  D-F

and  D-A  spectra,  negative  peaks' around  547 nm  were  indicative of  the  presence
of  the  Photosystem II pigTpent CT550, which  is also  dithionite-reducible. And  the

HQ-F  (hydroquinone-reduced minus  ferricyanide-oxidized) spectrum  showed

only  the presence of  cytochrome  b-553 (peak at  553 nm  and  shoulder  at  548 nm)

which  is the sole  hydroquinone-reducible  one  in these  preparations･ The  Adark-

Fdark (dark ascorbate-reduced  mint"f  dark ferricyanide-oxidized) spectrurn,  which

showed  a  maximum  around  555-556 nm  and  a  shoulder  around  548 nrn,  indicated

VV71d 7)pe
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                          ht"e  Xc"[) k--

Fig. 1. Lew-tmperature difrerence spectra of-chloftiptdst.fragments ofthe wild  e{Pe ofC. reinhardtii.  D-F:

dithionite-reduced mintts  ferricyanide-oxidized; D-A;  dithionite-reduced minus  ascorbate-reduced;

HQ.-F:  hydroquinone-reduced  minus  ferricyanide-oxidized; A-F:  ascorbate-reduced  minus  ferricy-

anide-oxidized.  The  reactives  (O.04 M  Na  ascorbate,  O.O04 M  K  ferricyanide or  few cristals  of Na

dithionite or  of  hydroquinone> were  added  to the chloreplast  fragments which  had  been  suspended  in

O.Ol M  phosphate buffer (pH 7.5), at  concentrations  corresponding  to 250 ptg of  chlorophyll  a+btrnl,

then  the  suspensions  were  frozen in Bonner'p cells  having a  2-mm  light path  using  liquid nitrogen.

Adark, Alight: after  the  recording  of  spectrum  a,  the  same  frozen ascorbate-reduced  sample  was

preilluminated in the  spectrophotometer  compartment  then  spectTum  b was  measured.  Except  for

b, al1 spectra  zzrere  rneasured  with  nonpreilluminated  samples.
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the  presence of  ascorbate-reducible  cytochrome  b-559 and  ef  cytochrome  c-553.

But on  the  Aiight-Fdark (light ascorbate-reduced  minus  dark ferricyanide-oxidized)
spectrum  (for which  the ascorbate-reduced  sample  had been preilluminated
at  lew temperature),  the maximum  appeared  at  553 nm  and  the  cytochrome  b-559
contribution  was  lowered to a  shoulder  around  557 nm.  This lndicated that  part
of  the cytochrome  b-559 had become  oxidized  in light; indeed, the light minus  dark
diflerence between both these  A-F  spectra  (Fig. 1, b-a) clearly  showed  two
negative  peaks respectively  around  546-547 nm  and  around  557 nm,  which  gave
evidence  of  both  classical  Photosystem II-dependent  low-temperature reactions:

the  C-550  photoreduction  and  the cytochrome  b-559 photooxidation.

H39:

'
 rv 6o,

rv 18,

rv 50:

: ::;

,

lIIfiilil

'i'i

g mis

D-A':iF:elIIIII

:- gie1A-F[iil11

l

A-

                          il

                     
'
 IliI                        Sm-r  -fi-J

                        
-ee-  -pt ute  qpt umo

                      sto sso sEo 
A[nm)

 sto ise seo Ainin: s4o sso  sEo  hinm:

Fig. 2. Loev-temperature dtt77erence spectrn ofchteroptast"fragments ofllive  mutants  ofC. reinhardtii,  See the
legend'of  Fig. 1 for abbreviations  and  experimental  conditions.  All spectra  were  rrieasured  with

nonpreilluminated  samples.  For A-F  spectra,  notice  that  the relative  size  of  the shoulders  around

557 nm  increased from the upper  part (Fl 39) to the lbweb part CFI 29) of  this figure. 

'
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    Diffbrence spectra  of  five typical  mutants  are  shown  in Fig. 2. We  can  see

easily  that  al] these  mutants  contained  less cytochrome  b-559 than  the  wild  type:

on  the  D-F  spectra,  only  a  dip (IiZ 39) or  shoulders  (other mutants)  were  observed

instead of  the peak  which  was  obtained  in the  wild  type  case  (Fig. 1).; on  the D-A
spectra,  the  maxima  were  shifted  to  near  561 nm,  Nevertheless, the  shoulder

areund  557 nm  on  the  D-A  spectra  (Fig. 2, except  in the  case  ef  Fl 60) indicated
the  presence oflow-potential  dithionite-reducible cytochrome  b-559 in these strains.
A]so note  that  on  the Fl 18, F7 50 and  Fl 29 D-A  spectra,  little negative  peaks around
547  nm  showed  the presence of  reduced  C-550. But the  most  interesting infbrma-
tion  came  from the A-F  spectra.  Indeed  fbr all the mutants,  these A-F  spectra

(Fig. 2) measured  using  samples  kept in the  dark, were  of  the  same  type  as  the

Aiight-Fdark spectrum  of  the wild  type  (Fig. I, b): maxima  
'around

 553 nm
and  only  shoulders  around  557  nm.  And  no  significant  differences were  observed

when  A-F  spectra  of  the mutants  were  measured  using  preilluminated ascorbate-
reduced  preparations (not shown).  Therefore it appeared  that  all  the  mutants

Table  2 E:,aluatien of absorbanees  due to aytechreme b-559 in lew-tmperatttre A-F  dthrerence spectra of
chtoroPiastfiagments  of the wild  (J{Pe and  mutant  sttains  of C. reinhardtiiAbserbance

 ratio

Strain
   Absorbance
Ass7(eyt.b-ssp)(× 103) Ass7Ass3 Ass7(eyt.b-559)

Ass3(cyt,c-553)

Wild type:  dark

        light

ac-llseFV

 18Fl
 29Fl

 33FZ

 39H

 42FZ

 47N
 50Fl
 52rv

 54N

 57Fl

 59M

 60

8.74.62.

 13.65.3O.8L93.85.75.65.24.75.93.54.9

L3O.9O.5O.

 6O.
 8O.
 4O.4O.7O.9O.81.0O.7O.8O.7LO

3.1L3O.4O.6L3O.3O.3O.8L21.1l.6O.71.0O.8O.9

  Ass3, Ass7: absorbance  at  55Snm  and  at  557 nm  directly measured  on  the  spectra;  Ass3(eyt.c"ss3),

  Ass7(cyt.b-ssg): calculated  absorbances  due respectively  to thc  cytechrome  c-553  at  553 nm  and  to

. the cytochrome  b-559 at  557nm. Dark: values  corresponding  to Adark-Faark spectra  mcasured

  with  nonpreilluminated  samp.les;  light: values  cerresponding  to Aiight-Fdark spectra  measured  with

  ascorbate-reduced  samples  which  had  been  preilluminated (see Fig. 1); all values  relative  to the

  mutants  are  for Aaark-Fdark  spectra.  For the  measurements  of  the absorbance  values  on  the  original

  spectra,  the isobestic points at 570-575 nm  were  used  as references.  The  absorbance  values

  atuibutable  respectively  to cytechromes  b-559 and  c-553  were  approximately  ealculated using  the

  equations  given in Methods;  they  correspond  to algal  suspensiens  containing  250ug of  chlorophyll

  a+btml  which  were  frozen in Bonner's cells  having a  2-mm  light path.
  

a
 Levine's mutant  strain.



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlant  Physiologists

1036 J. Marec  and  J. Garnier

lacked the  pool of  ascorbate-reducible-  cytochrome  b-559 photooxidizable at  770K.
In addition,  no  C-550 photoreduction  was  observed.  Nevertheless all were  not

identicalry deficient. On  the A-F  spectra  of  Fig. 2, the  size  bf the  shoulders

around  557  nm  was  significantly  smaller  for strains  Fl 39 and  N60  than  strains  Ft 50
and  rv 

'29.

    The･spectra of  the  other  examined  mutants  were  like those  shdwn  in Fig. 2.
All were  deficient in ascorbate-reducible  low  temperature-photooxidizable  cyto-

chrome  b-559 and  
-the

 extent  of  their total deficiencies in cytochrome  b-559 varied
depending on  the strain.  In an  attempt  to quantify these  deficiencies, we  have
indicated in Table  2 absorbance  values  and  absorbance  ratios  relative  to cytochrome

b-559 calculated  approximately  from the  spectra  A-F  fbr the  different strains.  In
the  case  of  each  mutant,  the  absorbance  attributable  to the  cytochrome  b-559,
Ass7{eyt. blssg), and  the  Ass7{cyt, t}-ssg) /Ass3{cyt. e-ss3)  ratio,  which  corresponds

to the  ascorbate-reducible  cytochrome  b-559fcytochrome c-553  ratio,  were  close

to the  values  obtained  for illuminated preparations of  the  wild  type.

(lytechrome b-559: photooxidotion in thepresence qfFCCP  at room  temperatwre

    We  have  previously studied  at  room  temperature  the  photosidation of  cyto-

chrome  b-559 in the  presence of  FCCP  in whole  cel]s  and  chloroplast  fragments of
the  w.ild  type  and  three  non-photosynthetic  mutants  (Fl 5, Ee 9, rv 15) ofC.  reinhardtii

(14, 23)･ Two  typcs  ofcytochrome  b-559 photooxidation  were  observed:  a  Photo-
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Fig. 3. Phatoexieintien of aytochrome b-559 in u,hote  ceUs  of the wild  4zPe and  three mutants  of C. reinhardtii
at  room  temperature, The  cells  were  suspended  in a  mixture  of  O,Ol M  phosphate buffler (pH 7.5) and  5%
dextran T  80, at  concentrations  corresponding  to IOO ptg of  chlorophyll  a+blml.  Actinic light:
690-730nm  at  half transmission  of  the  filter, 20W･mL2.  Analytieal light: 559 nln  (reference A:
570nm).  Concentrations of  the  reactives:  1.2× 10-5M  DCMU,  1.2x10"4M  FCCP,  4.8x10-5M
DBMIB,  1.2× IO-4Mp-benzoquinone  (BQ.). T: light on;l:  light eff  The  nUmbers  indicate thg
total absorbancc  changes  ( × 103) for IOO 

,ug
 of  chlorophyll  a+blml.
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system  II-dependent  photooxidation which  occurred  in the  presence of  FCCP  and

was  inhibited by DCMU  but occurred  again  in the  presence of  FCCP,  DCMU
and  DBMIB,  and  a  Photosystem  I-dependent  photooxidation  which  was  observed

in whole  cells  in the  presence of  FCCP,  DCMU  and  p-benzoquinone. In the

present work,  we  examined  which  cytochrome  b-559 photooxidations occurred  in
whole  cells of  the  new  mutant  strains.  The  results  are  given in Tab]e 3 and  the

three  types  of  responses  observed  are  illustrated in Fig. 3. Five mutants,  Fl 18,
I71 29, Iil 47, Fl 50 and  Fl 59, carried  out  a]1 the  photooxidatiens described above
but their  amplitudes  were  weaker  than  in the  wild  type.  Six other  mutants,  FV 39,
]Fll  42, jFZ,  52, Fl 54, I7Z 57 and  ]Fl  60, did not  perform any  cytochrome  b-559 photooxi-
dation in the  presence of  FCCP  alone  but carried  out  weak  phetooxidations when
exogenous  carriers  like DBMIB  or  p-benzoquinone were  added.  These  latter
mutants  behaved like Levine's mutant  ac-l15.  In the  case  ofstrain  ]Fl  33, no  cyto-

chrome  b-559 photooxidation was  observed.

    The  values  relative  to the  photooxidation of  cytochrome  c-558  by untreatecl

cells  are  indicated in Table  3. The  cytochrome  c-5S3  photooxidation, a  Photo-
system  I-dependent  reaction,  was  observed  for all  the  mutants  except  three. In
mutant  Fl 47, cytochrome  c-553  reduction  instead ofoxidation  occurred  in light and

Table  3 Photoexidetien of nytochrome,r b-559 and  c-553  in whele  cetls of the toitd  ope and  mutant  strains  of
C. reinhardtii

Cytochrome  b-559

Strain
                         +FCCPNeacld.  +DCMU  +FCCP
                        +DCMU

                Cytochrome
+FCCP  +FCCP  c-553
+DCMU  +DCMU  Noadd.
+DBMIB  +BQ

Wild  type

 ac-115a

 N  18

 N  29'
 N  33

 N  39

 N  42

 N  47
 ru 50

 FV 52

 n  54

 Fl 57

 Fl 59

 rv 60

oooooooooooooooooooooooooo.ooO. 50o.
 ooO.
 17O.

 19o.

 ooo.
 ooo.
 ooO.

 15O.

 35o.

 ooo.
 ooo.

 ooO.

 23o.

 oo

O. 21o.

 ooo.

 oso.
 oso.

 ooD.

 OOo.
 ooo.
 ooo.

 ooo.

 ooo.

 ooo.

 ooo.

 ooo.

 oo

O. 46O.

 I2O.

 21O.
 25o.

 ooO.

 17O.

 12O.
 23O.

 27O.

 19O.

 19O.

 15O.

 19O.

 i5

O. 62O.
 I2O.

 15O.

 25o.
 ooO.

 23O.

 12o.

 oaO.
 23O.

 23O.

 27O.

 27O.
 15O.

 19

 O. 22

 O. 22

 O. I2

 O. 22

 o. oo
 o. oo

 O. 12-O.

 34 b

 O. 18

 O. 25

 O. 11

 O. 12
 O. 31

 O. 11

Results: ptmoles  of  exidized  cytochromelmmole  ofchlorophyll  a+b.  The  cells  were  suspended  in a
mixture ofO.Ol  M  phosphate bulller (pH 7.5) and  5%  dextran T  80  at  concentrations  corresponding  to

100 "g  ofchlorophyll  a+btml.  Actinic light: 690-7SO  nm  at  halftransmission ofthe  filter, 20 W-m-2.
Analytical lights: 559 nm  for cytochrome  b-559, 553 nm  for cytochrome  c-553  (reference A: 570 nm).
Cencentrations of  the  reactive$:  1.2× 10-iM  DCMU,  1.2× 10-4M FCCP,  4.8x10-5M  DMBIB,
1.2× 10-4MP-benzoquinone  (BQ.). No  add.:  no  addition.
a
 Levine's mutant  strain.

b
 A  photoreduction was  observed  in place ofphotooxidation,
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was  inhibited by  DCMU  (not shown).  We  also  observed  that  in this mutant  with

very  weak  Photosystem II activity,  Photosystem I activity  also  appeared  weaker

than  those  of  the ether  strains.  This weaker  Photosystem  I activity  was  corrobo-

rated  by the  very  small  amount  of  cytochrome  b-559 photooxidized in the  presence
of  FCCP+DCMU+p-benzoquinone  (Table 3). Therefore the  photooxidation of
cytochrome  c-553  by the  PhQtosystem I seems  to occur  more  slowly  than  its reduction

by the  Photosystem II. Finally, in the  cases  of  two  strains,  Fl 33 and  FV 39,
no  cytochrome  c-553  photoreaction was  observed.  In these  mutants  with  a  function-
ing Photosystem I, cytochrome  c-553  may  be fu11y oxidized  in the  dark; a]so  note

that  the  cytochrome  c-553  content  of  mutant  Et 33 was  relatively  sma]1  (Table 1).

-

                               Discussion

    None  of  the  twelve  mutants  of  C, reinhardtii  examined  here showed  any  great
deficiency ofplastoquinone,  cytochrorne  b-563 or  cytochrome  c-553.  Therefore the
weakness  or  total absence  of  Photosystem  II-related photosynthetic activity,  pre-
viously  observed  in these  strains  (10), cannot  be imputed to the  lack of  these  electron

carriers.  Besides, cytochromes  b-563 and  c-553  act  in the  electron  transport  systems

towards  or  around  Photosystem I and  mutants  devoid of  both these  cytochromes,

like Fl 9 and  Ee 15, have Photosystem II-dependent  activities  (12, 13). Nevertheless
the  fact that  the  total  plastoquinone contents  of  these  new  mutants  were  comparable

to the  wild  type  content  does not  allow  exclusion  of  the  possibility that  some  moles

ofplastoquinone,  which  are  normally  closely  bound  to active  Photosystem II centers,
are  not  functional in certain  mutants  because of  eventuaL  membrane  structure

defects.

    All the  strains  which  had impaired Photosystem II function showed  anomaties

concerning  cytochrome  b-559. According  to the results  Qbtained  by Epel et  al.

(7, 8) for various  low-fluorescent and  high-fluorescent nonphotosynthetic  mutants

of  C, reinharntii,  there  is one  mole  of  low temperature-photooxidable  cy･tochrome

b-559 per mole  of  C-550, i.e., half the  ascorbate-reducible  cytochrome  b-559 present
in the  wild  type. In the  sarne  way  in higher plant chloroplasts,  various  authors

Cl, 3, 9, 24) estimated  that  the  amount  ofcytochrome  b-559, which  was  photooxidized
at  770K, cerresponded  to ha]fthe  total cytochrome  b-559 present. The  results  we

obtained  show  that  all  the twelve  new  mutants  of  C, reinhardeii  lacked this  ascorbate-

reducible  and  low temperature-photooxidizable  pool of  cytochrome  b-559, These
new  mutants  are  fbr this  reason  comparable  to the high-fluorescent mutants  described
by Epel and  Butler (7).
    In spite  ef  their deficiencies in low temperature-photooxidizable  cytochrome

b-559, five mutants  clearly  performed  photooxidation  of  cytochrome  b-559 in the

presence ef  FCCP.  We  have shown  elsewhere  that  the  cytochrome  b-559 photo-
oxidized  in the  presence of  FCCP  in chloroplast  fragmepts  of  C  reinhardtii  was

ascorbate-reducible  and  even  partly hydroquinone-reducible (14, 23). This pool
ofcytochrome  was  also  detectable at  low  temperature  (Fig. 2, Table  2).

    The  other  rnutants  carried  out  we4k  cytochrome  b-559 photooxidation only  if
exogenous  electron  carriers  (DBMIB or  p-benzoquinone) were  added  and  no  C-55e

photoreductien  at  77eK was  seen  in these  mutants,  though  this latter pigment,
chemically  reduced  by dithienite, had been detected in several  strains.  Both these

NII-ElectronicMbraryService
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   'facts
 are  indicative ef  anomalies  of  the  electren  transfer  around  Photosystem  II.

    The  ascorbate-reducible  cytochrome  b-559 missing  in these  mutants  did not

seem  to have been transformed  into a  low-potential fbrm. Indeed, the D-F
difTbrence spectra  showed  that  all  these mutants  had lower cytochrome  b-559 total
contents  than  the wild  type  and  on  the D-A  difference spectra,  none  appeared  to

have more  dithionite-reducible cytochreme  b-559 than  the  wild  type.

    We  have previeusly pointed eut  that FCCP  or  antimycin  were  necessary  for the
occurrence  of  cytochrome  b-559 photooxidation in chloroplast  fragments or  whele

cells  of  C. reinhardtii  We  have also  shown  that  cytochrome  b-559 photooxidation
occurred  at  a  FCCP  concentration  (1,2 x  10-5 M)  which  only  caused  slight  inhibition

(less than  20%)  of  the oxygen  evolution  of  the wild  type (14, 23). In this present
work,  we  observed'  that  in five mutants,  which  showed  no  Photosystem II activity

(Ft 50, Fl 59) or  very  weak  activity  (IiT 18, rv 29, Fl 47), FCCP  a]lowed  the occurrence

ofan  appreciable,  reversible  and  DCMU-sensitive  cytochrome  b-559 photooxidation.
These  facts indicate that  the  action  of  FCCP  on  cytochrome  b-559 is not  directly
related  to an  electron  transfer  inhibition and  raise  a  question concerning  the  mode

ofFCCP  action  on  the chloroplast  membrane.  Also the  occurrence  of  cytochrome

b-559 photooxidation in the  presence ofFCCP  does not  seem  to be essentially  due  to

a  change  in the  potential of  this cytochrome;  indeed, as  previously observed,  the

cytochrome  b-559 photooxidized in the  presence ef  FCCP  in chloroplast  fragments
of  C. reinhardtii  was  still  partly hydroquinone-reducible (14, 23), But it is possible
that  FC.CP  modified  the  structural  properties of  the  chloroplast  membrane  and

therefore  the  cytochrome  b-559 accessibility  to  some  electron  donors and  acceptors.

Such modifications  would  facilitate the  trapping  of  positive charges  by the  cyto-

chrome  b-559 and  the  functioning ofa  cyciic  transfer  around  Photosystern II, even  in
mutants  with.  no  apparent  Photosystem  II activity.  Cramer  et al. (5) have sug-

gested upon  the  greund of  measurements  carried  out  with  Escherichia coli (17), that

FCCP  may  act  by increasing the  thylakoid  membrane  microviscosity.

    In conclusion,  these  results  with  twelve  nonphotosynthetic  mutants  of  C. rein-
hardtii confirmed  that there  is a  close  relation  between impaired Photosystbm II
function and  deficiencies in cytochrome  b-559. They  pointed out  that  the  ascor-

bate-reducible cytochrome  b-559 pool  photooxidizable at  770K  (missing in all  the

mutants)  is difTbrent from the pool which  is photooxidizable at  room  temperature

in the presen¢ e of  FCCP  (present in five mutants).  Further  experiments  are  in

progress to understand  how  FCCP  acts  on  the  chloroplast  membrane  allowing

photooxidation of  cytochrome  b-559 by Photosystem II.
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