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Inhibiti~m of electron I|'an~,port in broken chloroplasts by DBM1B. under light-limiting conditions, is shov,'n Io t'c bypassed by 
PMS in a manner similar m Ihc k m ~ n  effects of tile phcnylencdiamine derivatives TMPD and DAD. These bypasses were 
demonstrated and further studied by ,~oduh|tcd I]uorimctD. monitoring I)I3MII] inhibition by the shift of the steady-state 
fluorescence Io~xartls the /'~. level and the release of inhibilion by a revcr~,c ~,hilt togctt,cr with establishment of a quenching 
¢l'ft:cl b~, bat'kgrotmd fat-red liuht. ('tm~parati~,c stutlics v, cre also made with electron tran~,porl blocked by D( 'MU o r  BNT. A 
~cak bypass, by TMPI) and a wcakcr one by PMS of the block created b3 I)CMU was observed by modulated fluorimclry. The 
bh)ck created by BNT in similarly sho~n to be bypassed by TMPD hut hardly or not at all by PMS. Bypass eflccts persisted even 
in the prcscncc of w, corbatc. It appears that. follovdng reduction of Ihc different cofactors by ascorbate in the stroma side. 
illuminati~m caused the accumulation of a po~l of oxidized cofactor molecules in the lumen, which is able to mediate electron 
transport bct~ccn reduced pl~,slt~quinoll¢ and plastocyanin or P-7I)0. The existence and the size ~ff this p[~ol wcr~. found to 
depend largely on the internal pil at the lumen, presenting an artificial system in v, hich electron flow is controlled by the 
IumcnM pt I. The bypassing electron lr:mr, p~)rt in the pre~ence of DBM1B presumabl~ a~oidy, the participation of the cytt~hrome 
b,f complex. During its occurrence, there is also a ~tmng imbahmcc in the activitic~ of the two ph~tosystcms for linear clcctron 
tlnw. in favor ol PS II. Thc,:c experiments may lhu'~ serxe to establish an in vitro model system for a luturc investigation of effects 
rclulcd to c l l a n g c s  ill the  Irl lbalall t 'c  bclv,  ce l l  the t~,o pholt~s~'Mems and its rcgulati~m, l~'urlhermore, this experimental system 
may ab, o bc utdized to ,,tud~ the role ~t the interred lumenal pt t  in control of pholosynthcnis. 

Introduction 

Electron t ranspor t  be tween  P h m o s x s t e m  !! (PS 11) 
and PS 1 of grec'|t plant  pho tosyn thes i s  is inhibilcd by 
se \c ra l  po tcn t  qu inonc  ana logue  inhib imrs ,  such  as 
d ib romothymoquinone-2 ,5 -d ib r ,  mlo-3-mcthyl -6- i sopro-  
pyl -p-benzoquinone (DBMIB) ,  which blocks the oxida- 
lion of lhe p las toquinonc  (PO)  pool by b inding  to the  

Ahbrcvialion~: I~.N]. brc~monitroth3 null: I)AI).  2 . 3 . 5 ,  6-1clramethyl- 
p phcn~lcncdi~tmin~" D[:IMIB. dibr~m~lhymoquint~nc-2.5-dihrt~m~- 
3-mcthyl-t~-i~t~pr~F.~-/J-benz~qt~in,mc: D ( ' M I  r. 3-t3.4-dichhm~- 
pla,..'~ll-I ! dm:_th~.hlrc,~: I . I I ( .  lighl-h;irx'c~ling chlorophyll a ' b -  
protc ia  complex: M~V, mclhyl~iologcn: P('. i~l,tslll~?5;tllill: PMS. N'- 

mcth~.lphcnazonium nlclho~,ull'~llt?: PS, pholosyqcm:  I M P D .  N. N. 
V ', N ' - tc t ramc;hylphcnylcncdiaminc.  

(k~rrespondcncc: S. Malkin, Bio¢|lcmlMr3 Departn;unl .  ~ c i z m a n n  
In~lilutc of Science. IRcho~,~t 76100, I~racl. 

cy tochromc h.f  complex  {1-3]. P h c n y l c n e d i a m i n c  
c o m p o u n d s  such  as N, N, N', N'-tetramethylphenyl- 
e n e d i a m i n c  ( T M P D )  ~r 2. 3, 5 . 6 - t c t r amc thy l -p -pheny l -  
c n c d i a m i n e  ( D A D )  are aMe to res tore  D B M I D - i n -  
hibi led e lec t ron  t ranspor t  in b roken  ch lorop las t s  by a 
bypass  m e c h a n i s m  sugges t ed  by Trcbs t  and  R e i m e r  [4]. 
Accord ing  to this  sugges t ion ,  the  above c o m p o u n d s  
accept  e lec t rons  f rom the  reduced  PQ pool and  t rans-  
fer t hem to plasto~wanin (PC), bypass ing  the  D B M I B  
block and  c rea t ing  an e lect ron flow pa th  wi thout  the  
par t ic ipat ion o f  the  cy tochrome  h,f. Res to ra t ion  o f  
e lec t ron  t ranspor t  by T M P D  has  been  also d e m o n -  
s t ra tcd  in-vivo in D B M I D - i n h i b i t e d  cells of  c3,anobac- 
t e r ium Sym,chococcus sp. 15], where  it was sugges t ed  
that  P-700 i.~ the  site of  e lec t ron  dona t ion  to P S I  by 
T M P D .  

So far. the  above conclus i tms were  r eached  us ing  
direct  m e a s u r c m c n t s  of  whole e lec t ron  t ranspor t  (i.e., 
by m e a s u r e m e n t s  o f  oxT)gcn evolut ion,  up take  or N A D P  



reduction). We have further studied this effccl using 
the sensitive technique of modulated chlorophyll a 
fluorimetry, working under light-limiting condition,;. In 
this metht~t, the reduction ~;tate tff Ox is l olh~v.cd by 
the steady-slate fluorescence level. P~. wht~sc shill t~- 
wards the maximum level. V~. gives evidcncc for a 
block in electron transport.  The reverse shift and the 
ability of far-red light to quench the fluorescence and 
approach the minimum level, F., give evidence tot the 
release of the block. Changes in F,, relative to /.~, and 
F,,, may reflect changes in photoaclivity distribution 
between the two photosystems [6] or alternatively the 
existence of a block in the ctectron transfer chain. 

In a previous work [7] we have studied the effect of 
N-methylphenazonium methosulfate (PMS), TMPD 
and DAD+ under  limiting light conditions to increase 
the imbalance for linear electron flow photoactivitics 
of the two photosystems in light 2 more in favor of PS 
II. This was attr ibuted to the activation of cyclic elec- 
tron flow around PS 1 by the colactors, causing a 
competit ion between wclic and linear flows. Since I'S 1 
uses part of the excitation for cyclic electron flow. its 
apparent  efficiency for linear electron flow decreases, 
thus causing an apparent  shift in the imbalance for 
linear electron flow activities in favor of PS II, It was 
also shown umt such a shift in the imbalance was 
released by adding saturating far-red light (mostly ab- 
sorbed by PS I), which releases the limitation on linear 
electron transport  imposed by the cyclic flow around 
PS i. It has been suggested Ihat the cofaclor, after 
being reduced by the acceptor side of PS I. penetrates 
in its reduced form into the lumen of the thylakoid 
membrane wt'ere it is oxidized by donating electrons to 
ei ther PC or P-7t~'0. As is demonstrated below, the 
distribution of the oxidized and reduced forms of the 
cofaetors between the lumen and the stroma under 
different conditions (e.g.. changing lumenal p i t  by the 
introduction of an uncoupler t, nder illumination) de- 
termines their effect on fluorescence and on the imbal- 
ance, owing to the different ability of each cofactor to 
accept electrons ei ther in the slroma, or in the lumen 
side and donate them to PS 1. 

Previous studies discussed the role of cytochrome 
bt, f in controlling either in vivo state transitions [8-  I 1] 
or the ratio between cyclic and linear electron flows 
[12]. which serve as regulator5' mechanisms of the pho- 
tosystems' imbalance in photoactivities [13-15]. it is 
therefore important to study the photosystcms" imbal- 
ance for linear electron flow activities '*ith or without 
the participation of cytochrome b,,f in orde ~ to exam- 
ine these regulation mechanisms. Indeed. as will be 
detailed below, we prove here that a significant imbal- 
ance for linear electron flow photoacti~,'ities is estab- 
lished, when no functional electron flow through the 
cytochrome b , f  is enabled (e.g. with a bypass of DB- 
MIB block by electron flow cofactorsl. ] h i s  establishes 

5~) 

an in vitro system Io further study itnhalancc ~c~ulati,m 
".ith the sensitive fool ~1 modulalcd tlm~rirnctr\. 

Materials and ~lethods 

Materials 
TMPD v, as purchased from BI)II ('hcmicals. Other 

common binchemicad,, and buflers v.ere purchased Imm 
Sigma. Broken chloroplasts were prepared Irom mar- 
ket lettuce or from green-house-grown spinach and 
stored either m liquid nitrogen t+r in a Revco freezer 
(-- 12WC) [16]. The storage buftcr containcd 21) mM 
Hepes ( p i t  7.3), 0.3 M sucrose, Ill mM NaCl. 5 mM 
MgCI z, and 3(It;- (w/v )  ethylene glycol. Total chloro- 
phyll concentration was determined ,.pectro,~opi=ally. 
For fluorescence measurements, chlornplasts ,~'cre di- 
luted in 2 ml of reacti,m medium within a rcgular 
.,,pectrofh,~rimctric cell. such that the chhm~phyll c~m- 
centration did not exceed I(i ~u g /ml .  Standard rcactiun 
mixture was 211 mM Hepes {pH 7.3L 10 mM Na¢'l, 5 
mM MgCI: ar.d 2(10 /.tM meth}t.vioh~gcn t McVt. St~,ck 
concentrated solutions of PMS (aqueous). DBMIB ~in 
ethanol),  oxidized TMPD (aque~ms ~,oluti(m ~1 
Wurstcr 's  blue. T M P D .  p[! 73L DAD (e thano l /  
water. I : l k  gramicidin-l) tm ethanol)  I ) ( 'M[;  qn 
methanol)  anti ,odium asc~rbale (aqueous) v, ere pre- 
paied and kept at -+2WC. -rhe DAD solution v, as 
frequently replaced, due to noticeahle aging. During 
the experiments, the stock ~lutierls  were kept on ice 
and ~.ere protected from light. The final conccntralion 
of added alcohol from the stock solutions did not 
exceed O.5r; iv/v).  All measuremenls were done at 
remm temperature (22-25X_3. 

CJll, orophyff u fhlor,e~'Hce meo~tlr~'ttlelff~ 
Modulated ehh~roph~ll a tluorcsecn¢c v,a,, mea- 

sured b~ a home-bui l t  f luor imcter  ~ i th  Iwu cxeit in~ 
I;ght ~mrees an de~,crihed pre~ious l ) [17] .  One ~,ource 
prov ided the modulated l ighl 2 (4xI) nm: I h i :  cm : 
s ~). The ',econd saurce ',~a,, not modulated ~back- 
ground light) and served to exert ac:inic ellccts. It was 
either photosynthetically ,,aturating broad-band blue 
light (about 4(t~)-6110 nm: 12(l nE cm : ,, ~) t~r a 
narrm~ hand light 1 ~720 nm: 30 nE cm ~ s +). The 
modulated tluor,",ceqee signal fm.n the .sdmple v<l,. 
detected at 693 nm and v, as proce,,,,cd bx a lock+in 
amplifier. 

Exc+lali~,n ,~ith lhe modulated light 2 rc,,ulted m a 
certain stead.~--,tat,.: fluorescence signal. /+~. v, hcrc PS 
!! reaction centers ace !p':rtiall~ closed. The closure is 
attributed either to a more favorable light distribution 
to PS I1, or when inhibitors are used. to a block in the 
electron trunslcr path~,a~ d ~ n s l r e a m  from PS 11. Ad- 
dition of a photosynthetically saturating background 
[igl~t y idded  a moment;~r'; maximal fluores;cence signal. 
F . .  correslxmding ~o a ,:h~sed state of all PS II reaction 
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ccntcJ~,. Supcrinlposing surplus background light 1 nor- 
mally caused a fluorescence quenching to a minimum 
fluorescence level, taken to represent the parameter 
F,,. However. such quenching rctlects the tcmo'~td of 
the limitation in P S I  excitation ralc pnwidc'.! bv the 
modttl~llcd light :done and is not expected to take place 
when electron transfer has a block between the two 
photosystcms. 

Whenever it was meaningful, tquoresccncc paraule- 
tcrs were used to calculate the ratio of the light activity. 
distribution coefficients lbr linear electron flow in PS 
11 (~)  and P S I  (rr). Only when one can assume thai 
fr + ~  = I, /3 (and ~r~ can bc calculatcd using thc fol- 
lowing equation 161: /3 = (/-;,, /'~,/'(2/'~,, F, - E,)- 
However, the ett)ect of the cofactors in the context of 
this article is duc to a change in a with a presumably 
unchanged /3. Hence. the photosystems" imbalance for 
linear electron flow activities in favor tff PS 11 is usually 
expressed by the intbalancc teltn. [ ( / J / (~ ) -  I] which 
can be also calculated directly from the fluorescence 
parameters [~1 without the need fi~r the above assump- 
tion: (13."t~) I :11"~. I ' I , ) / (FI , , -F, ) .  These expres- 
sions are valid only li.~r /'~. greater than or equal to F,,. 
Thc¢~rctically, the v:trialion range of the imbalance 
tcrm is between zcro (i.c.. F =/:~,) and infinity (F, = 
/:,,). at which all photoactivity is distributcd to PS !! 
(i.e., a = 01. 

In all fluorescence measurements,  the choice for 
cofactor concentration was to obtain the optimal condi- 
tions for their effect on bypass and imbalance. How- 
ever. wc had to consider that these cofactors also act in 
a sccondars' way as very effective fluorescence 
quenchers, particularly of F m. This limits the range of 
concentration where the main effect of these com- 
pounds can bc studied. Similar considerations had to 
bc applied fi~r the use of DBMIB as an inhibitor. A 
complete blockage of electron transport is achieved 
with about 1[I # M  DBMIB. Wc could not use such a 
high concentration, as DBMIB at this concentration 
acts also as a strong physical quenchcr  of chlorophyll 
fluorescence [18.19]. Wc rclicd on al more specific 
block of electron transport bet~,een the reduced PQ 
(POll. ,)  and the Ricske FcS protein of cytochrome h , f  
and used a lower concentration (about 11.5 taM) of 
DBMIB. at which it still inhibits clcctrtm transport 
significantly [20,21], but with a more tolerable extent of 
fluoresccn~.e quenching. 

Measurements ~ff" eh'ctron transport 
Auxiliary measurements of election transport rate 

were carried out with a regular Clark-type oxygen 
electrode (Rank Brothers, Bottisham, Cambridge, UK), 
using 4 ml of reaction mixture containing 200 # M  
MeV. 20 mM Hcpes (pH 7.3), 10 mM NaCI. 5 mM 
MgCIz and 50 /aM total chlorophyll. The sample was 
illuminatcd through a combination of Coming 4-96 

with a 58(1 nm short-pass (Schott) filters (approx. 5(10 
nE cm -" s ~). Additions were made by carefully in- 
jecting small volumes of concentrated solutions using 
Hamilton syringes to the well-stirred reaction medium. 

Results and Discussion 

Fig. la describes the effect of DBMIB on the modu- 
lated fluorescence parameters,  excited with modulated 
480 nm light (light 2), and the release of its inhibition 
by TMPD. Prior to DBMIB addition the steady-state 
fluorescence level, F,. was quite low relative to F m, and 
was furthcr  quenched to F,, with the addition of far-red 
light. Both facts indicate the operation of an unper- 
turbed linear electron transport  between the two pho- 
tosystems with a certain degree of imbalance in favor 
of PS ii. Upon addition of DBMIB there was a signifi- 
cant increase in k~,, approaching /7,,, which was also 
increased somcwhat (sec below). The increase in F~ is 
prcsumably duc ,to accumulation of reducing equiva- 
lents in the reducing side of PS 11, but by itself still 
does not necessarily indicate a block in electron trans- 
fer. Such an increase could also be due to a limitation 
by PS ! (e.g., by a chaage in light distribution or 
quantum yield, or by diverskm of electron flow to a 
cyclic path). A more decisive criterion for the indica- 
tion of the block was the inability of additional saturat- 
ing far-red light to quench F, (Fig. i). Far-red light 
even increased F, slightly in our case, most probably 
due to its slight actinic effect on the reaction centers of 
PS I1 *. Fig. I further shows that the inhibition caused 
by DBM1B was relcascd hy addition of TMPD. This is 
indicated in particular by the restoration and increase 
of the quenching effect of far-red light to achieve hi,. 
Such an increase, caused by TMPD addition is in line 
with the same activity of TMPD, previously demon- 
strafed in uninhibited chloroplasts [7]. It was then 
interpreted to occur as a result of an apparent  shift of 
photoactivity for linear electron transport  in favor of 
PS I1 by a competing cyclic electron flow around PS I, 
which is artificially formed by the eofactor. In this case, 
such a competition takes place most probably between 
the by-pass and cyclic flov, s, both driven by TMPD. At 
a certain TMPD concentration (e.g.. 30 # M )  the cyclic 
flow competes against the by-pass flow most efficiently, 
yielding an increase in the imbalance for linear elec- 
tron flow activities in favor of PS Ii. 

* Far-red lighl lin the intensity range u~ed) did not cause any 
increase of PS I I  fluorescence in the ab~nce of the inhibitor ~e.g.. 
DBMIB) or in its presence after the addition of cofactors, which 
bypass the inhibilion (see r~elow). The slight increase obs, e~ed in 
control DBMIB-inhibited chloroplasts is thus due to irrelevant 
actinic effects which are m~lstly pronounced under inhibitor~ con* 
dilions. 
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Restoration of the quenching imposed by far-red 
light in DBMIB-inhibited chloroplasts was affected not 
only by the oxidized form of TMPD (Fi3. la) but also 
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Fig. 1. Effect of DBMIB inhibition and its release by T M P D  reflected by modulated fluorimetr~ of hrokcn chloroplasts. Th,nc-eoarsc ~)f t~.pical 
experiments. (a) Time-course in control chloroplasts fl)llowed hy sequential add!titans of DBMIB (115 p.M) and T M P D  (3tl ,aM). The Icyt.,l'~ {)f 
fluorescence parameters  are indicated before ([~m/:~t,  bml) and after  DBMIB addition (F , : ,  F,~:) and after the further addition of T M P D  ( bl, ~, 
F~3, Fro3). The  wa~3~ arrow denotes the switch-on of  m(uJulated light 2. Thin arrow~ upv, ard and downward denote rc'M~ct!hch lhc ~m amt .,ft 
switching of  background lighl I. ] h i ck  arrows, open and dosed ,  denote respectively the on and off  sv.itching ot the I,,. ~ . . . . . . . .  
light. (b) Time-course when DBMIB (I).5 p.M) was pre-added followed by the sequential addition of  ascorhale 15 mM i ,,;:J t %fi . ,  M ~ i :~ 
definitions of  fluorescence parameters  are as in (a) except h}r k '~ and /'~2 which denote, in this case. the b~,, levels obtained alk ' [  addmon~ ~1 
DBMIB and ascorbate, respectively. It is important to note (hal the tram, i~nt and tar(her oscillation ob~,erved v, ith the addition o[ a,.corbatc i~ 
only due to mixing as was verified by a control experiment in which only buffet  ~r v, atcr wa,, added (not shown) R~.uctl~n m~xturc', and other 

experimental  dc;afls are :Is described in Materials and Methods. 
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when it was kept in its reduced form in the prcscnce of 
aseorbate (Fig. IbL Fig. 2 shows that PMS can also 
release the inhibitor}, effect ~f DBMIB, both in the 
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Fig. 2. Effect of DBMIB inhibition aud iP. relea~ by PMS in the abscace (a) and pre,,~ncc IL,) of the uncouple( gramlciclin-D, l ime-tour'<', ~}f 
the experiment. In (a) DBMIB (0.5 #M)  v, as preadded to the chloroplasts. The F~. level,, are marked h~ da,,h::d h~rizontal line~ and u, cre 
measured before and after DBMIB addition ( f; , t  and F,~,: rcsp.L ~,nd after the addztion of fi ~M PMS (F,~,~) F<,r '~lmphoz~. the elf,:c( ~, of the 
saturating background light to reach F~ in each case are not ~,hc~n. Up,,aid and dov,'rlv, ald arrows represent turning ~ln and u[I the 
non-modulated light I. in (b) grarnicidin-D (1 /J M) wa'., pre-added to the chn~ropla'.t,,. DBMIH (1=.5 p M) :lnd PMS 15 ~M.I  v,t:rc added 
sequentially as indicated The F,., le.,cls obtained before (F.,i). after (F~:) DBMIB additkm and after PMS addition '~k~O, arc marked. Other 

details are as in Fig. I. 



62 

"FAILLE I 

The ,'lit'or o f  ,,~'orhan' and .gramicidm-l) on the rt'~lorallOll ¢~f j}~r-r,'d 
lig.ht-indu,','d 1", qu, 'm'hme h), or, h( ,'h'ctrtm lbn~ ~ .litct~r~ m DBMIB-  
inhihitc,I t hloropfit~ts 

The quenching el'l'dcl of Fs by far-red light is t.'*;p~cr,'~ctl as pt.'ltC,ll ill 
the steady-slate |]uoreseence obtained in each particular experimenl. 
All mcasurcrncnts wcrc performed in the pre~ence of  I).5 ~.M DB 
MIB. Other  experimental details arc as described in Fig. I. The 
slight increase (instead o |  quenching) obser~,ed upon addition of  
far-red light in control samplc~ is pre~ented as bcing a zero quench- 
ing eflet'l bee,rose il occurred only in ¢onlrol sample'; (in tht: pres- 
ence ol DBMIB) and is eon,.klercd to he a rcsull of  non-relevant 
actinic cffi:cts which slightly affc¢l fluorescence (of. text). 

C~ffactor Ascorbatc Far-red Far-red 
(mMI quenching effl:ct qucnc' . ing effect 

(e;. of / ' [ )  (G of /~1 
- g r amic id in -D  + I ~ M  

gramicidin-D 

Control 0 () t) 
5 I~ 0 

DAD(I!}t ! /~M) 0 1~8 (I 
5 24.8 2.4 

T M P D  (3()/a M~ 0 334 51.4 
5 29.5 40.6 

PMS(5 u M I  o 26.8 52.2 
5 287 11 

absence (Fig. 2a) and presence (Fig. 2 b ) o f  gramicidin- 
D. Similar effects were exhibited by DAD. Table I 
summarizes the bypass effects of the three cofactors 
TMPD, PMS and DAD, in the absence and presence 
of ascorbate and gramicidin-D, on the block created by 
DBMIB. In the absence of the uncoupler, all the above 
cofactors act to release the inhibition, whether  added 
in the oxidized form or kept reduced with excess ascor- 
pate. There is no doubt that the release of the DBMIB 
inhibition is due to the ability of these cofactors to 
ac,:cp, ,-lot,It, m., up*zt-~zK, and donate them down- 
s~'ream from the inhibition site. This idea was raised 
prc~'iously for thc effect of TMPD in restoring oxygen 
evolution in the prcscnce of DBMIB [4]. 

The majority of the incrcasc in F,,, which occurred 
as a result of DBMIB addition (Fig. la) did not occur 
in the presence of gramicidin-D (Fig. 2b) and thus it is 
attributed to the prevention of an electrochemical gra- 
dient build-up (e.g., of "energy-dependent" quenching) 
as a result of the block of electron transport  created by 
DBMIB. The small increase in Fm that still persisted in 
the presence of gramicidin-D (Fig. 2b) cannot be at- 
tributed to cnergization-dependent processes but rather 
to a possible effect of low DBMIB concentrations on 
PS !1 reaction centers or antcnna. It thus cannot be 
excluded that while high concentrations of DBMIB 
impose a physical quenching of PS !1 fluorescence 
[18,19], low DBMIB concentrations may induce the 

opposiic cffcct due to a certain intcraction with PS 11 
reaction centers or antennae.  

The persistence of the bypass effect in the presence 
of ascorbate may seem inconsistent conceptually at 
first sight as apparently the cofactor becomes totally 
reduced and cannot accept electrons. This must be 
therefore explained in terms of the existence of a 
second phase to which ascorbate cannot  penetrate ,  i.e., 
the lumen side of the thylakoid membrane,  implying 
transport  effects between the stroma and lumen side. 
Such an explanation was invoked in our  previous work 
on the effect of these eofactors on the imbalance 
betwccn the pho!osystems [7]. Without  ascorbate, the 
cofactors accept electrons at the stroma, initially from 
the PS 11 side (e.g., PQH 2) but also from PS I. Being 
reduced, the eofaetors penetrate  into the lumen and 
become oxidized by donating electrons to PS I via PC 
or P-700, bypassing the DBMIB block. As they become 
oxidized in the lumen, the cofactors may accumulate in 
the lumen, being relatively trapped in their oxidized 
form and serving as electron aceeptors in the lumen 
side (e.g., from PQH2). In the presence of ascorbate, 
all bypasses must operate  via the lumen side, as no 
oxidized form of the cofactor in any significant concen- 
tration exists outside t , ,  accept electrons from the 
stroma side of PS II or PS 1. There  must be a build-up 
of entrapped oxidized pool of the cofactor in the 
lumen side as a result of its penetrat ion in its reduced 
form through the membrane  into the lumen and the 
donation of electrons to PC or P-700 [7]. With the 
existence of an electron acceptance site (presumably 
from PQH z) also in the lumen side, besides one at the 
stroma side [4], a bypass path is formed, mediated by 
the lumenal oxidized pool of the cofactor. With the 
inner relatively lower pH (i.e., in the absence of an 
uncoupler), a protonation equilibrium is established in 
the lumen where the oxidized forms of PMS and DAD 
are charged positively and are indeed able to be en- 
trapped and accumulate in the lumen. TMPD in its 
oxidized form is always positively charged at any pH. 

A significant quenching of steady-state and maxi- 
mum fluorescence levels occurred with the addition of 
PMS or TMPD in the presence of DBM1B either with 
or without gramicidin-D (Fig. 2b and Table 1), so that  
it cannot  be related to "energy-dependent quenching'.  
Also, other processes which drive a decrease in PS I1 
fluorescence such as state 1 to state 2 transitions or 
photoinhibition are ruled out, since the experiments 
were performed in the complete absence of ATP and 
the quenching occurred only after the addition of the 
cofactors. Light-driven accumulation of a large pool of 
oxidized cofactor, which can accept electrons from 
PQH:  in the luman may be responsible for the ob- 
served cofacmr-induced quenching of F m under  illumi- 
nation, as b,:cn suggested previously [7]. The observed 
cofactor-induccd quenching of F, is simply due to the 
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release of DBM1B inhibition by the cofactors, which 
decreases the number  of reducing equivalents at the 
PS I1 side of the electron transport chain. 

In the presence of the unct~uplcr but in the absence 
of ascorbatc, only TMPD and PMS wcrc cffcdivc, and 
even more strongly so compared to their cffcct in the 
absence of the uncoupler (Table I). In the presence of 
both gramicidin-D and ascorbate, only TMPD was 
significantly effective. D A D  was not effective at all in 
the presence of gramicidin-D, with or without ascot- 
bate. The effect of the uncoupler  may be accounted for 
by its influence on setting a different internal pH. The 
inability of both ascorbate-reduced DAD and PMS to 
bypass in the presence of the uncoupler, when the 
inner pH remained relatively high, may be due to the 
fact that their  half-oxidized forms, produced by one 
electron donation to PC or P-700 in the lumen, are 
uncharged and therefore can easily leak out where they 
are reduced by ascorbate. In such a case, no significant 
concentrat ion build-up of their  oxidized forms occurs 
in the lumen, to be effective in electron acceptance 
from the PS I! side (i.e., from PQ). This is not the case 
with TMPD, which is always charged in its oxidized 
forms. The lack of DAD effect at pH 7.3 in the 
presence of gramicidin-D also in the absence of ascor- 
bate, may be explained by a low affinity for ele.~.ron 
acceptance or donation in the thylakoid system of the 
existing mostly uncharged forms of DAD (pK nearly 
8). PMS, on the other  hand, has still a high affinity in 
the absence of ascorbatc even at the high lumenal pH, 
perhaps due to the fact that  it is charged in its fully 
oxidized state, as in the case with TMPD. The positive 
charge itself is thus another  possible factor in changing 
the affinity of the cofactor at the site for electron 
acceptance or donation. 

A comparison between Figs. la  and 2a indicate,, 
another  interesting difference between the bypass ef- 
fects of TMPD and PMS. With TMPD in the presence 
of DBMIB, the initial quenching of the fluorescence 
upon TMPD addition was transiently stronger than in 
the steady-state, reversing slowly and partially during 
illumination (Figs. la and 3a). At TMPD concentration 
above about 30 u.M, the reversal after the initial 
quenching was inhibited; the initial quenching in- 
creased and predominated.  The immediate fluores- 
cence quenching can be interpreted as reflecting the 
establishment of electron transfer to TMPD at the 
stroma side, upstream from the inhibition site. The 
second phase of the gradual inc,'ease of F, (Fig. 3a), is 
at tr ibuted to light-induced accumulation of the re- 
duced form of the cofaetor, a consequent depletion of 
the oxidized form and also the establishment of a cyclic 
electron flow around PS I in addition to the bypass 
electron flow [7]. Consistently, the time for this tran- 
sient increased as the concentration of the cofactor 
increased (Fig. 3a). The competition between the by- 

(o) (b) 
* D B M r B  -DBMIB 

~-Z  if0 '~M ~ _ _  ~M 
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Fig. 3. Transient chang¢~ in modulated fluorc~,cenec following TMPD 
addition. Changc~ in stcad~,-statc fluorescence were monitored ~xith 
modulated light 2 alone. Diflerent concentrations of TMPD (~t~ 
indicated) v, erc ~lddcd to thc chloroplasts in the presence (a) or 

:lbscnce (b)of (1.5 u M DBMIB. Olher details are ~ in Fig I. 

pass electrons and electrtms arriving [rom PS 1 on the 
donation side to the oxidizing side of P S i  leads to a 
partial accumulation of reducing equivalents in PS II 
and hence an increase of fluorescence, which can bc 
quenched by excess far-red light. This last effect is 
DBMIB-independent ,  as shown in our previous work 
[7]. In the present case TMPD plays a double role, 
providing both bypass and cyclic flows. In a control 
experiment without DBMIB (Fig. 3b), there was rather  
an immediate small increase in F from an initial low 
value (close to F,,) upon the addition of TMPD. This 
increase has been interpreted to reflect an apparent  
increase in )he imbalance in favor of PS II for linear 
electron flow [7], rcsuhing from the limitation at P S I  
due to the operation of a cyclic electron flow around 
PS !. The case of PMS in the presence of DBMIB is 
similar, except that no transient in F occurred after 
the initial quenching effect IFig. 2). There was rather  a 
small additional slow phase of decline. It seems that in 
the case of PMS the cyclic flow operates almost imme- 
diatcly, which indicates a very high affinity of PMS for 
electron donation t~ PS ! vlready at a very low concen- 
tration of the reduced form. The slow phase of lluores- 
cence decline can be explained as a reflection of the 
build-up of an oxidized PMS pool in the lumen, which 
accepts electrons from PS II in a higher lumenal affin- 
ity site. 

As was shown previously for uninhibited chloro- 
plasts [7], TMPD and PMS by them~lves  or TMPD, 
PMS and DAD in presence of ascorbate increase the 
imbalance in favor of PS 11. However, above a certain 
optimal concentration the imbalance was reduced. This 
reduction in the extent of the imbalance was atlr ibuted 
to the increa-e of a bypass flow- from a lumenal site at 
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higher conccntratitm ,ff the t~xidized fl~rm, which accu- 
mulate.', in the lumen. Fig. 4 demonstrates this phe- 
nomenon in control and in l)BMIB-trcatcd chloro- 
plasts with increasing concentration of TMPD. As the 
concentration of TMPD increases ab~we the optimal 
point for the imbalance, thcrc was a dccper quenching 
of all fluorcsccncc paramcters, but still, thc stronger 
effect was that k~, approached /'i, more clo'~ely, so that 
the imbalance decreased. With DBMIB there is a 
considerable shift to a Io~er value of the optimal 
TMPD concentration for maximum imbahmcc. This 
may bc cxplaincd as follows: Without DBMIB. thcrc is 
a compctition bctwccn TMPD and cytochromc b~,f for 
electrons from reduced PQ. With DBMIB, TMPD 
becomes more favorable for electron acceptance, re- 
suiting in a requirement for less TMPD to have the 
maximum effect on the imbahmcc. Fig. 4 also shows 
that the presence of gramicidin-D enhances the effect 
of TMPD on thc imbalancc in DBMIB-inhibitcd 
chloroplasts. This is similar to the eflcct of the uncou- 
pler in uninhibited chloroplasts [7] and is due to a 
synergistic effect, as the uncoupler by itself shifts the 
imbalance in faw~r of PS II towards highcr values [17]. 
Approximatcly thc samc imbalancc in favor of PS !1 is 
obtained in the prcscnce of TMPD whether with or 
without DBMIB (Table I1), implying a restoration of 
the photosystems' imbalance by TMPD (but also by 
PMS and DAD). 

For a more direct demonstration, wc also measured 
the restoration of the oxygen uptake reaction with the 

2I ÷ DBMIB 
+ Gromicidin- D 

~ t 

I I L 

50 I00 150 

TMPD (~m} 

Fig. 4. Elh:ct of TMPD concentration on the imbalance lernl. "l'hc 
imbalance term. /3/¢~- I. was calculated from the fluc'escence 
parameters measured at differcm TMPD concentrations for the 
Iollowing ca.~cs, il~ indicated: Contnfl chloroplasls ( • ) and with 11.5 
.utM DBMIB in the presence 1,-~} or absence (o} of I /a M gramicidin- 

D. Other delail~ arc as in Fig. 2. 

J AI3LIi II 

I¢.,'~t.rtl¢..I o/ the imhtd 1nee #l phol¢utctit Jth's I)elW~'en PS ] altd PS H 
l,.v ,3'Hi, ('h'( tron ]bnv , (q~tctor.~ in IlBMIB-inhibited chhmq,la.~ts 

The imbalance Icrm. / 3 / ~ -  I. was calculated from fluorescence 
pala|nctcf~, l'~e|olc and atlt:r atldilion ol cyclic clc'clron I'low el)factors 
in the presence or absence of 1).5 t tm  DBMII3. ] 'he experimental  
condition, are an described in F i g  I. 

( 'of  actor Imbalance hnbalancc 
( - D B M I B )  ( + D B M I B )  

( 'ontrol  { I  14 
TM PD (30 ,u. M) (1.8 0.83 
PMS (5 # M )  0.q5 11.4 
D A D  ( I1111 # M )  11.19 0,10 

addition of PMS and TMPD in DBMIB partially inhib- 
ited chloroplasts without ascorbate. In these experi- 
ments we had to use light intensities closer to satura- 
tion, since at lower light intensity it was difficult to 
obtain measurable rates. Fig. 5 presents an example 
which again proves that the DI3M1B block was by- 
passed by not only TMPD (Fig. 5a), as was observed 
previously in a similar experiment [4], but also by PMS 
(Fig. 5b). 

The site of electron acceptance by TMPD at the PS 
11 region has been suggested previously to be the 
reduced PQ pool [22], since DCMU addition abolished 
the ability of TMPD to restore oxygen evolution in 
DBMIB-inhibited chloroplasts. In the present ease, 
using modulated fluorimetry, it was surprisingly no- 
ticed that PMS and TMPD had the ability to bypass 
the block exerted by DCMU. This is deduced from the 
restoration of the far-red light-induced quenching of 
fluorescence (Figs. 6a and b). Further addition of DB- 
MIB to DCMU-inhibited chloroplasts did not change 
the restoring effect of TMPD (Fig. 6a). One may 
suspect that the decrease observed in fluorescence 
upon addition of the cofactor in the presence of DCMU 
occurs as a result of 'energy-dependent quenching' 
(e.g.. Ref. 23). Addition of gramieidin-D, however, 
affccted neither the fluorescence decrease nor the by- 
pass effects by the eofactors (not shown), in line with 
prcviously-prescntcd data (Ref. 7, Fig. 5). The de- 
crease in t]uorescencc by addition of the cofactors in 
the presence of DCMU is comparable to the quench- 
ing obtained in F~ upon addition of the cofactors in 
thc presence of DBMIB (e.g., Fig. 1). However, note 
that, even in the presence of DCMU, where the 
steady-state fluorescence approaches F m, the quench- 
ing of tluorescence by far-rcd light in the presence of 
the cofaetors still persists, indicating the partial 
restoration of electron transport between PS 11 and PS 
1. It appears from these experiments that TMPD and 
PMS may accept electrons from a site closer to PS 11 
reaction center than the Qu site (e.g., from QA or even 
from pheophytinc). Such a site may be close to the 



ou t e r  sur face  o f  the  thylakoid m e m b r a n e  or within the 
m e m b r a n e  itself. It is possible  tha t  u n d e r  the  sa tura t -  
ing light condi t ions  used in prcvi()us s tudies  (where  
oxygen evolut ion and  up take  or  N A D P  rcduet ion were 
moni tored) ,  the  dynamics  o f  e lec t ron t ranspor t  is such 
that  the  O a  bypass  is l imited and  the  cyclic flow 
a round  PS 1 takes  over: t hus  no e lec t ron  flow can easily 
be  de tec ted .  

It was in te res t ing  to check w h e t h e r  an inhibi t ion at 
a s imilar  site ob ta ined  by a n o t h e r  inhibitor ,  b romoni -  
t ro thymol  (BNT),  would be also bypassed  by thcsc  
cofactors .  B N T  is a phenol - type  inhibitor  which b inds  
to the  OB si te [24] in a non-compet i t ive  m a n n e r  but  
probably  not  to the  exact s ame  region as D C M U  [25}, 
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Fig. 5. By-pass rests.nation o f  ox2,.'gen uptake by  TMPD and PMS. 
Changes in oxygen uptake were measured as described in Materials 
and Methods. DBMIB (0.5 p.M) was added to chloroplasts sus- 
pended in a reaction mixture containing 21)1) /aM MeV. 20 mM 
Ilepes, 10 mM NaCI, 5 mM MgCI 2 and 5(I ,u.M chlorophyll, tar 311 
,aM TMPD or (b) 10 p.M PMS was added after DBMIB addition. 
Rates of oxygen uptake in units of `aM O, per rain are given next to 

each uptake curve. 
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(0) In Presence of 
DCMU (10 /zM) 
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I I mm 
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(05 ,~M) 

(b) In Presence of 
DCMU (10 ~.M) 
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Fig. 6. By-pass of DCMU and BNT blocks. Time-courses of modu- 
lated fluorimcl~ experiments. Restoration of lhe modulated steady- 
slate fluorescence quenching induced by light 1 and the photosys- 
terns" imbalance were monitored in chloroplasts inhibited by either 
II) `aM DCMU or 111/.tM BNT. tar Bypass effect of TMPD 130 `aM) 
i:: DCMU-inhihited chloroplasts. Notice the persistence of the by- 
pass v, ith further addition of DBMIB 111.5 ,aM). (b) Bypass effect of 
PMS (5 p.M) in DCMU-inhibited chloroplasts. (el B-,p:tss effect of 
TMPD (3U #M) in BNT-inhibited ehl(~roplasts. The baseline of all 
measurements v,a,, similar. Other experimental details arc as in 

Fig. 1. 

which b inds  in a compet i t ive  manne r .  It was indeed 
found tha t  the  inhibit ion at the Ot~ site by BNT could 
bc bypassed  by T M P D ,  following the  res tora t ion  o f  the  
far-red light q u e n c h i n g  effect on the  f luorescence  (Fig. 
6c). In this ease  however,  PMS was ineffective (not  
~1- own). 

In conclus ion ,  we used modu la t ed  f luor imel~,  as a 
sensi t ive mon i to r  for the  recovery of  e lec t ron t r anspor t  
by certain e lec t ron  flow eofaetors  in inhibi ted chloro-  
plasts .  T h e  resul ts  p r e sen t ed  here  show tha t  modu la t ed  
f luoriraetry can  give c lues  to the  si tes and  the  dynamics  
o f  the  in teract ion o f  the  cofac tors  with the  thylakoid 
m e m b r a n e .  Th i s  should  be uti l ized in a more  quan t i t a -  
tive analysis  o f  the  effect  o f  lumena l  p H  on  photosyn-  
thes is  control.  F u r t h e r m o r e ,  the  ability to d e m o n s t r a t e  
an  imbalance  in photoact ivi t ies  be tween  PS II and  P S I  
unde r  condi t ions  where  the  cy tochromc b~,f does  not  
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p a r t i c i p a t e  in e l e c t r o n  t r a n s p o r t  (e .g . ,  T a b l e  II) o p e n s  

the  poss ib i l i t y  f o r  s t u d y i n g  t h e  ro le  o f  t h e  c y t o c h r o m c  

b , , f  in m e d i a t i n g  a n d  c o n t r o l l i n g  the  s t a t e  t r a n s i t i o n s  

a n d  c h a n g e s  in t he  r a t i o  b e t w e e n  l i n e a r  a n d  cyc l ic  

e l e c t r o n  f lows.  
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