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   The effects  of  a  quinone  analogue,  2,5-dibromo-3-methyl-6-isopropyl-P-benzo-  'qtnnone
 (DBMIB), en  the photochemical activities  of  isolated pea chloroplasts  have  been

investigated.  .DBMIB  completely  inhibits pscudo-cyclic fiow with  methyl  viologcn

(MV) and  partially inhibits non-cyclic  flow with  ferrieyanide (FeCN) in both coupled
and  uncoupled  systems.  It is also  shown  that, under  some  circumstances,  DBMIB  acts

]ike an  uncoupler  in that  it stimulates  electron  flow and  inhibi ts cyclic photophosphoryla-
tiOll.

    Trebst et al. (i) first reported  the  inhibilory effects  of  the quinone analo.crue,

2,5-dibromo-3-methyl-6-i$oprop>,･lt-benzoquinonc (DBMIB) on  electron  flow
in spinach  chloroplasts,  They  showed  that it strongly  inhibited the Hill reaction,
as we}l  as  coupl ¢ d and  uncoupled  flow with  either  anthroquinonc-2-sulphonate

or  methyl  viologcn  (MV) as  clectron  acceptors.  On  the  other  hand, DBMIB
only  partially inhibited the  same  reactiens  with  ferricyanide (FeCN) as  electron

acceptor.  Behme  et  al, (2) ext ¢ nded  these observations  and  showed  that exogenous

plastoquinone could  rcverse  the inhibitions caused  by DBMIB  and  that electron

flow became  insensitive to DBMIB  when  diaminodurene or  2,6-dichlorophenol
indophenol (DCPIP) plus ascorbate  replaced  water  as  the  electron  donor. Thtse
werkers  concluded  that  DBMIB  acted  as  an  antagonist  to plastoquinone.

    We  have studied  the  effbcts  of  DBMIB  on  electron  flow in pea  chloroplasts,

and  pres.ent results  that cannot  be explained  solely  in terms of  DBMIB  being a

specific  inhibitor  of  plastoquinone-rnediated reactions,  In particular, evidence

is presented to  sug.crest that  DBMIB  has some  uncoupling  properties.

Materials andi  methods

    Freshly harvested pt'a leaves (Pisum sativum  variety  Green Feast) were  pre-
chilled  and  homogeniscd for about  7 sec  in a  Waring Blendor  in a  mediurri  containing

O.4 M  sucrose,  1 mM  ethylene-glycol-bis-(rs-amino-ethyl  ether)-Ar,IV'-tctraacetic  acid,

   Abbreviations: DBMIB,  2,5-dibromo-3-rnethyl-6-isopropylP-bcnzoquinone; DCMU,  di-
chlorophenyl-1.1-dirnethylurea;  DCPIP,  2,6-diehlorophenol indophenoll FeCN,  ferricyanide;
HE?ES,  IV-2-hydroxyethylpiperazine-AV-2-ethanesulphonic acid;  MV,  methyl  viologenj  PMS,
phenazine methosulphate,
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5mM  MgC12,  40mM  ALtrisChydroxymethyl)methyl-2-aminoethanesulphonic acid

(T'ES) buflbr, pH  7.3 and  5 mglml  bovine serum  albumin.  The  slurry  was  filtered
through  a  Iayer of  

`miracloth'
 and  centrifuged  in a  Sorvall RC2  refrigerated  centri-

fuge, Thc centrifuge  was  accelerated  to 6000rpm,  maintained  fbr 30sec  and

quickly brought to rest  again.  The  chloroplasts  were  resuspended  in O.4 M  sucrose

containing  O.5mM  MgC12, 30mM  IV-tris(hydroxymethyl)methylglycine (Tricine)
buflEr pH  7,5 and  5 mglml  bovine serum  albumin,  AII operations  were  carried

out  at  about  3eC  and  the  chloroplast  suspension  was  stored  in ice.

    Changes  in oxygen  concentration  were  measured  at  250C with  a  Rank  oxygen

electrode  (Rank Bros., Bottisham, Cambridge,  Engl,and), illuminated by a  Rank
Aldis s]ide  prejector with  a  150 W  quartz iodinc lamp and  a  Wratten No,  29 red

filter, giving an  intensity of  about  2 × 105 ergs'cm-2'secLi  at  the  reaction  vessel,

Chlorophyll was  determined  according  to tlie method  of  Arnon  (3), ADP  con-

centration  was  determined enzymically  (4), The  oxygen  concentration  of  air-

saturated  rnedium  (IOOO,1,) at  250C was  taken as 250 l4M.
    Cyclic photophosphorylation  was  measured  by foIIowing pH  changes  according

to thc  method  of  Chance and  Nishimura  (5) using  a  Philips combined  pH  electrQde

(model CA  14!02) connected  to a  Beckman  research  pH  meter  and  a  Beckman

potentiometric recorder.  The  pH  changes  measured  were  calibrated  by adding

known  amounts  of  standard  acid  at  the end  of  each  experiment.

    Biochemicals wcre  obtained  from the  British Drug  House  Ltd., Poole, England;
Sigma  Chemical  Co., St. Louis, Mo.,  U.S.A. and  Calbiochem,  Inc,, Los Angeles,
Califbrnia, U,S.A, 90054. The  fbllowing gifts are  acknowledged:  DBMIB-Dr.
N. K. Boardman,  C.S.I.R.O., Canberra;  DCMU  Dr. C:. B. Osmond, Austra]ian
National University, Canberra, and  Du  Pont  (Australia) Ltd., Crow's Nest, N.S.W.  ;
and  Nigericin-Dr. K. R, West, Institute of  Technology,  Adelaide.

Results

    The  efll:cts of  DBMIB  on  Hill reaction  rates  with  MV  and  FeCN  as  electron

acceptors  are  shown  in Fig. I. Thc  Hill reaction  with  MV  is completely  inhibited
by 1 ,"M  DBMIB  whereas  the  Hill reaction  with  FeCN  is only  partially inhibited.
Phosphorylation (ADP plus Pi) and  uncoupling  stimulate  the Hill reaction  rate,

and  do not  alter  the  eflect  of  DBMIB  except  that  the percentage inhibition of

FeCN  reduction  becomes greater (Fig. 1). The  residual  FeCN  reduction,  in the

pres¢ nce  of  1 ,"M  DBMIB  is completely  inhibited by DCMU  (4× 10-6M) in pea
chloroplasts.  The  above  results  are  in complete  agreement  wlth  those  published
by Trebst et  al. (1), fbr isolated spinach  chloroplasts.

    It has been  reported  that  higher concentrations  of  DBMIB  have no  further
eflect  (1) on,  or  cause  further inhibition (2) og  FeCN  reduction  in spinach  chloro-

plasts. However, in pea chlorop]asts  higher eoncentrations  of  DBMIB  lead to

some  recovery  of  the  FeCN  reduction  prcviously inhibited by 1 uM  DBMIB  (Table
I). A  similar  recovery  ofelectron  flow is not  as  apparent  in the MV  system  although

higher cencentrations  of  DBMIB  do show  a slight  stimulation  in the  rate  oiO oxygen

uptake  (Table 1).

    High  conc ¢ ntrations  of  DBMIB  also  stimulate  electren  flow under  othcr  circum-

stances.  Fig. 2 shows  that  the state  4 rate  (6) and  the  ATP-inhibited  Hill reaction
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Fig. 1. DBiwrB  inhibitionof'Pheto£ vnthetic

electron  .frow, The  reaction  medium

(2.8 ml)  contained  O.33 M  sorbitol,  5 mM
MgCl2, 1 rm{  MnCl2,  12 mM  K2HP04-
KH2P04  buff'er pH  7,5, 40mM  HEPES
bufller pH7,5  and  110pag chlorophyll,

Electron acceptors  -vere  elther  64 ""{ MV
with  O.93mM azide  or  1.5mM FeCN.
-op-,

 Hill reaction  with  FeCN.  -･N-, Hi]1
reactien  with  MV,  -A-, Coupied
reduction  of  FeCINI (1.0 "mole  ADP
added).
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rate  (IB) of  ferricyanide reduction  can  also  be stirnulated  by DBMIB.  Such a

responsc  is typical  of  uncoupling  agents,  It is difficult to test the  uncoupling

properties of  a  compound  in a  system  where  the  compound  is a  potent inhibitor
of  electron  flow, Photo-oxidation of  reduced  DCPIP  by photosystem I is not

inhibited by DB]vllB (2), and  electron  flow in the reduced  DCPIP-MV  couple

can  be stimulated  by  uncouplers  (7, 8). The  strong  stirrrulatory  effect  of  CCCP
and  of  nigericin  plus K+  on  oxygen  uptake  in the  reduced  DCPIP-MV  couple  is
shown  in [I]able 2, together  with  the  eflect  of  DBMIB,  It can  be seeR  that  DBMIB
has the same  eflbct  as  the  other  uncouplers.  However,  this result  shoulcl  not  be
explained  simply  on  an  uncoupling  basis because under  the  samc  conditions  electron

flow is not  stimulated  by phosphorylation (ADP+Pi).
   If DBMIB  isan efective  uncouplcr  itshould also  inhibit cyclic  phQtopho-
sphorylation.  As can  be secn  from  Fig. 3 DBMIB  does cause  some  reduction  in
the rate  of  ATP  formation in a  PMS-catalysed system.  It is not  possible to

Fig.2,(A)  DBswB  stimulation  of ATIP-
inhibitedMll reaction  with  PleCIVL The  reaction

mixture  was  the  same  as  tbr Fig. 1. Final
concentrations  of  chlorophyll,  ATP  and

DBMIB  were  65yg, lptmole and  4.3uM
respcctively.  Rates are  expressed  as  Ixmoles
02Img  chlorophyll･hr.

Fig,2.(B} DBiWB  stimulation  of ADP-
iiniited opcxgen  eb'olution with  1;leCINr. Conditions

as  for Fig, 1, Chlorophyll and  ADP  added

were  65 stg and  O,5 "mole.  DBIMB  added

to a  final concentration  of  4.3 ttM. Rates are
expressed  as  ptmoles 02tmg  chlorophyll･hr,
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Table1  7he er7lect ofDBMIB on  nigericin-uncotEPIed  electronflow  with  fikCN and  MV  in Pea chleroplasts

DBMiB  
additio,,

 -. .ghangc in.oxyge-n-l,um6iEgt-mt7.h'IiJol6'p'hY]i'Jh' ,>' 

'"''-
 

'l-.'.//

                FeC]Nl (02 evolved)  MV  (02 consumed)

(Control)
First (1 ,uM)

Second  (4,6 pM)

3684477 320o6

The reaction  medium  (2,s ml)  contained  O.33 M  sorbitol,  5 mM  MgCI2;1 lllii 

'MnC12,
 10 m"t  kHzP04-

K2HP04  bufllrr pH  7.6, 40 mM  HEPES,  O,46 pm  nigericin,  55 "g  chlorophyll  and  either  64 pm[ MV
with  O,93 mM  azide  or  1,5 mM  FeCN.  The  first addition  of  DBMIB  gave a  final concentration  of  1 p"{
and  the  second  4,6 ""{.

Tablc 2 Efflect ofDBMre, CCCP  andnigericin  plus K+  ions en  alectron transport.frorrz Dor'Iua  to MV

     Additions Electroh transp6rt

    . .. .. ".--  .... -. ." ----  ." -.Lgpamolgg. 
02I. Ipg chll  :br)

    Control 32

    DBMIB  2.3I`M 52

    DBMIB  4.6uM  97

    DBMIB  9,2 paM 203

    CCCP  9.2 u.M 203

    Nigericin O.46 ptM 224

Reaction mixture  (2.8ml) contained  O.33M  sorbitol;  5m"{  MgC12;  1 mM  MnC12;  40mM  HEPES
bufier, pH  7.5J 35 paM DCPIP, 4.63 mM  ascorbate;  64 psM MV;  O,97 mM  azide,  4,2 ,uM DCMU  and  40
ptg chlorophyll,  21 m"{  KCI  was  also  added  with  nigericin.
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Fig, 3. Zhe edect of DBitdi[B en  ayelic Photo-
Phosphou,lation in Pea chleroplasts.  The  rcaction

mixture  contained  O.4M sucrose,  5 mtsc  MgCl2,
12mM  K2HP04-KH2P04  bufik]r pH  8.0, 15

lcM PMS,  3mM  ascorbate,  1.0"mole  ADP,

3pm  DCMU  and  84"g  chlorophyll,  in a

volurne  of  2.8 ml.
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determine whether  this is due  to an  inhibition ofthe  rate  of  electron  ffow or  to an

uncoupling  of  photophosphorylation. Nevertheless, the  results  are  in contrast

to those  of  Bohme  et al, (2) who  observed  no  eflect  ofDBMIB  on  PMS-catalvsed                                                                   '

cyc]ic  photophosphorylation  in spinach  chloroplasts.

Discussion

    Some  ofthe  above  resu]ts  confirm  the  reports  Cl, 2) that  DBMIB  can  be a  potent
inhibitor of  electron  flow in isolated chloroplasts.  Its site of  action  is between
the two  photosystems and  more  specifically  at  or  about  plastoquinone (1, 2). The
complete  inhibition ofMV  photoreduction from water  by DBMIB  is understandable.
But the incomplete inhibition of  FeCN  photoreduction and  the apparent  uncoupling

properties of  DBMIB  require  further interpretation.

Sites qf ftCN  reduction

    The  incomplete inhibition of  FeCN  reductien  by DBMIB  (1 ,uM)
 shows  that

there  are  at  !east two  sites of  FeCN  reduction.  If the  incompletc inhibition of

FeCN  reduction  was  due to  reducing  equivalents  bypassing the  site  of  DBMIB
inhibition (i,e, incomplete inhibition by DBMIB)  the complete  inhibition of  MV-
mediated  electron  flow would  not  have  been  observed.

    One  of  these sites  of  FeCN  reduction  is located near  photosystem  I and  is
coupled  to phosphorylation and  sensitive  to both DBMIB  and  DCMU.  The
other  site of  FeCN  reduction  must  occur  after  the  site of  DCMU  inhibition and

prior to the site  of  DBMIB  inhibition, [Iihese sitcs are  presented diagrammatieally
in Fig. 4.

    In agreement  with  Trebst et  al. (I) we  have found that  electroii  flow from
water  to FeCN,  in the presence of  DBMIB,  is not  affected  by phosphorylating
conditions,  energy-transfer  inhibitors or  by  known  uncouplers.  Trebst et  al.  (1)
have  suggested  that  the  DBMIB-insensitive  reduction  is non-phosphorylating,

However, their interpretation need  not  be correct  and  there  may  be a coupling  site

between  water  and  the  DBMIB-insensitive site  ofFeCN  reduction.  It is conceivable
that  the  rate  of  reaction  between  FeCN  and  this site  of  reduction  is too slow  to
detect any  rate  response  (or even  phosphorylation) indicative of  coupling.  Clari-
fication of  this point may  be diMcult because procedures which  tend  to expose

this site for FeCN  reduction  (e.g. sonication  (2) ) also  tcnd  to uncouple  (6).
    Bohme  et al. (2) regard  this  DBMIB-insensitive  FeCN  reduction  as  being due
to a  chemical  reaction  between endogenous  reduced  plastoquinene and  FeCN.
If this  interpretation is correct  it seems  surprising  that  exogenous  plastoquinone

DCMU DBMIB

           
HpH･ffL>gm---pt

l
'PQSe -

BnrllMV
                                  " Arp  stV

                                 FeCN  FeCN

Fig,
 4. A  schematic  ropresentation  of the sites  of reactien  ofinhibitors and  eleciren  accoptors.



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlant  Physiologists

1104 U, T. Nyunt and  J. T. Wiskich

should  recover  both electron  flow and  photophosphorylation  with  FeCN.  Exo-

genous p]astoquinone would  tend  to short-circuit  the  clectron  fiow without  including
a  coupling  site.

    The  precise location ofthe  sitc of  FeCN  reduction  which  is sensitive  to DBMIB,
has not  been  resolved.  The  arguments  are  discussed by Bohme  et al. (2) who  con-

clude  that  it occurs  after  photosystem I. The  only  definite conclusion  that  can  be
made  is that  it occurs  after  plastoquinone. However,  if the DBMIB-insensitive
site  of  FeCN  reduction  (from water)  is not  coupled  to phosphorylation (as current

evidence  suggests)  then  two  coupling  sites  (13) must  be locatcd between the  site

of  DBMIB  inhibition and  the second  site  of  FeCN  reduction.  The  energy  drop
between plastoquinone and  photosystem I does not  seem  large enough  to support

two  coupling  sites. In which  case  it would  be necessary  to  use  photosystem  I
energy  to reduce  FeCN  in the  absence  of  DBMIB.

DBMIB  as  an  uncompler

    The  stimulation  of  ADP-limited oxygen  evolution  in a  FeCN  system  (Fig. 2)
with  higher concentrations  of  DBMIB  suggests  an  uncoupling  property. However,
these higher concentrations  also  stimulate  a  DBMIB-inhibited system  (Table 1).
This stimulation  must  be independent of  uncoupling  because DBMIB  is a  strong

inhibitor ef  an  uncoupled  system  (Fig. I). Thcre are  three  possible explanations:

(a) DBMIB  tends  to expose  the first (DBMIB-insensitive) site  of  FeCN  reduction.

(b) Excess DBMIB  carries  reducing  equivalents  around  its own  sitc ofinhibition

    within  the electron  transfer chain.

(c) DBMIB  is reduced  by  the  chain  and  then  chemically  reduces  FeCN.

    The  first possibi]ity is censidered  unlikely.  The  second  has merit,  but, if it
were  the only  explanation,  the  pseudo-cyclic MV  syst ¢ m  sheuid  show  the same

recovery  as  the  non-cyclic  FeCN  system.  Therefbre, the chemical  reaction  between
FeCN  and  reduced  DBMIB  is the  most  likely explanation.

    Light-induced transfer  of  reducing  equivalents  from reduced  DCPIP  to MV
is usually  stimulated  by uncoupling  agents  (Table 2, and  7, 8). DBMIB  is as  efi

fective as  knewn  uncouplers  in stimulating  this  type  of  electron  fiow which  strongly

suggests  it has properties in common  w{th  other  uncouplers.  Phosphorylating
conditions  do not  induce a  similar  increase in the  rate  of  electron  flow but ATP
formation has been reported  (9, 10). Weak  uncoupling  of  photophosphorylation
by DBMIB  may  explain  why  phosphorylation lags behind electron  flow in the

plastoquinone recover"y  experiment  of  Bohme  et al.  (2).
    The  inhibition of  the rate  of  PMS-catalysed cyclic  photophosphorylation by
DBMIB  (Fig. 3) difl} rs  from  the result  reported  by Bohme  et al. who  showed  that

DBMIB  had no  effect  on  PMS-catalysed cyclic  phosphorylation. No  likely ex-

planation for this diflbrence is readily  avai!able,  however, it should  be noted  that
Bohme  et al. (2) subjected  their chloroplast  preparation to an  osmotic  shock.

    Inhibition of  PMS-catalyscd cyclic  photophosphorylation  could  be due  to an

uncoupling  property of  DBMIB.  However,  it could  also  be due to an  inhibition
of  that  part of  the cyclic  flow which  proceeds through  plastoquinone. The  latter
explanation  cenforms  with  the  model  of  cyclic  flow proposed  by  Bohme  and  Cramer

(11). However,  if the  sole  action  of  DBMIB  is the  inhibition of  plastoquinone-
mediated  electron  flow, it becomes dificult to explain  thc stimulation  by DBMIB,
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of  eicctron  fiow between reduced  DCPIP  and  ]vt[V.

   Another  quinone  analogue  2,3-dimethyl-5-hydroxy-6-phytyl-rs-benzoquinone
has been uscd  as  an  inhibitor of  electron  flow in isolated lettuce chloroplasts  (12).
This compound  also  inhibits PMS-catalysed  cyclic  photophosphor>rlation but  does
not  stimulate  electron  flow in the  reduced  DCPIP-MV  couple.  In fact, it inhibited
thc  uncoupler-stimulated  electron  fiow of  this system.  Such conflicting  results

emphasise  the caution  necded  in interpreting data obtained  with  these inhibitors.

   Although diflerences in quality of  chloroplast  prepa,ration or  in the  conditions

of  assay  may  explain  some  of  the dissimilar results  obtained  with  DBMIB,  it is clear
that DBMIB  is not  merely  a  plastoquinone antagonist.

   NSie are  gratefu1 to Dr, K.  R. West  fbr his discussiens and  valuable  suggestions.  One ofus  (U,T-
N) acknowledgcs  thc  Australian Government for a  Colombo P!an Scholarship and  the Government
of  thc  Union  of  Burma  fbr the  award  ef  this Fellowship. This work  was  supported  by  a  Grant from
the  Austral{an Research Grants Committee.
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