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Imbalance for linear electron flow m light 2 (e.g. a < 6t~(I rim) in favor oI PS II. ma~ hc rceulalcd tw a mcchanhm ~hich change,, 
the ratio between competing linear and cyclic clcctnm llov~. In order tL~ cvmUnc thi,~ po',',ibility, artificial PS I-cyclic ,.'lcctron 
flow cofactors v, crc added to broken chloroplasts, ~hich performed linear whole electron transpor! m light 2 excitation with 
nlethyhiologcn as an electron acccptor. A qgnificant incrt.-a,,c nl lhc apparcn! photoxyslcms imbalance Ior linear electron 
transport activities in favor of PS II. monitored by modulated Iluorimctry. occmrcd upon addition of oxidized or reduced (~ith 
excess ascorhale) fl~rms of PMS and TMPI)  as well as ~ith the reduced fi~rm ol  DAD. It is suggested that |hcs, c cl['~cl.~ ari,,¢ 
from a competition with PS II on electron donation to PS !. and cstablishmcnl of a sleady-st:,lc where cyclic elcclron Ilo~ 
competes ~ilh the linear one. Mosl convincing was the observation of  a ,irnilar increase nf this imb.alancc in favor of PS II. 
reproduced in leaf di,,c.', treated wilh PMS. performing m ihb, ca>c a more direct mcasurcmcnl of oxygen evolution h,, 
pholoacouslic spectroscopy. The wa~.clcngih dependence of the imbalance lnr linear clcctnm lransptwt acli',ilic', ~as checked m 
chloroplasts fi~r the case of PMS. and had maxima at wavelengths whc~c absorption of chlorophyll h predominate-. These 
ohser~';.ltions suggest that the final photoacti~ity distribution hct~cen the tt~o pholos~stcm,, for the linear electron 11o~ (aflcctcd 
by the colactor) dcpc0d ~, on the basal photosyslenl'~ imbalance of quanta,, ab',orhcd in each pholo%stcnl duc to the pigment 
distribution pattern holy, con P S [  and PS II. a.', inllucnccd by lhc cationic level and lhc ttbolilion of membrane cncrgizali{,n The 
relevance to a pox,dblc regulation mechanism in-xivo, which controls the ratio bct~,.cn c.wlic lo non-cyclic clcclroll flow,., is 

disctls>,cd. 

Abbreviations: DAI). 2.3.5.fi-telramethyl4,-phcnylenediaminc: DM- 
BIB. 2 . 5 - d i h r o m o - 3 - m e l h y l - 6 - i s o p r o p ~ . l - p - b e n z o q u i n o n e  (dlhmmo 
lh.~moquinone): I)CMI.i. 343.4.dichlorophen~,l~-l.l-dimethqurca: 
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phenqcncdiammc. 

('orre,,l~mdcncc: S M,dkm. Biochcmisl~ l)q~artmcnt. \~.~i/mann 
irl,~lilulc o[ Scl~lzcc. Reh~)~.ol. 7fitlRt. I~,r,lcl 

Introduction 

i t  has been demons l ra t cd  in who lc  ch lorop las ts  that  
the  imba lance  in the pho tosys tems  act ivi t ies  for l inear  

e l ec t ron  t r ans fe r  in favor of  P h o t m y s t c m  <PS) !1 (as 
expressed  by E m e r s o n  e n h a n c e m e n t )  d e p e n d s  on the  

type o f  the f inal  e lect ron aceeptor  [1-3 ] .  in  this depen-  
dence, the  imba lance  increa~,ed when  the  A T P / e  

r e q u i r e m e n t  for the  r educ t ion  o! the  final ac¢cp to r  was 
higher .  Thi,, result  could  be i n t e rp re t ed  by assuming  
thai  duc  to an extra d e m a n d  for A T P ,  a c~clic e l ec t ron  

pa th  a r o u n d  P S I  is ac t iva ted  to p roduce  more  A T P .  
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l h c  conlpct i t ion bct~cun cyclic and l ineal clcctrtm 
1-1o~ al '<i cc r la in  ~ i lc(s l  i l l the I hwa r  c lcc l i l~ i ,  l ra l l s f c r  
+'haill I~lelt~,ct.'ll the I%vtt ph~[os.vntclll~, is expected 1o 
rcstlll m a:: ;~pparcnl shifl of  the hllbalancc ill l inear 
cl¢ctroll l'lo~ tt~ ,4rtulgl} htvoi I>S il. 

In a prc~ious stttd_', [4] x~,~." Iia',c demons t ra ted  a vo l t  
strong dependence  uf Ihc phott~%ntcnls imbalance for 
l inear e lectron ilo~v aclixilics in light 2 (e.g. A,  f~i)ll 
nm) on cations, tmctmplcrs and it)iltiphores. 1 o  obscl+c 
such an hnl+ahincc in la~tu + of  P,% II lhc thvlakoids n'iust 
hc stacked, i.c suspended in a high enotllah cation 
C{~llccnlralion (c'.g. 5 11i~4 M T ( ' ] , ) . . &  part icular high 
level t+f tiffs imbahinec is tibscl~.ed m tile prcscnct: of  
ttnctitlplcrs tll iontiphtircs i t .  7. gr~imicidin l )  tu  ~,alillO- 
nlvcin ,ind 1/x('l). ()t ic ~I the pt~ssibilitics. +vhich ++its 
c-l+llSictc.l+ctt fo ;iccoutlt her thin cl lccl .  +~ais lhal mcnl- 
I'll+;.inc Cl l¢lgiZ+lt i t i t l  Ci+ltll-Olk Ihc cxlu ' l l l  t l f  an cndt igc-  
Iltltl:~ C~CliC electron t]t+~,', al l i t lnd ll,~ I [41: ~l lcn  mcm- 
I-ii-;illC cncrgi / : l l i t l l l  is ;il+olishcd (i.e. by the : lddi l ion of 
ti l l UllCOtiplcr). the cyclic path nla% i've accch. ' ralcd and 
ct~inpclc miirc liixt+tabl) for mt~rc cxcilal i t)n in PS I. 
lhus t lcctcasing the cfl icicnc~ of I'S I lowalds dcct rons 
fli+nl p l~ I1 alltl gi~ing rise Io ;ill ;ll-~Pat-Clll imbalilllCC for 
ihc l inear elcclroi l  lh~+~ in favor of PS i l .  This idea. 
however, scumcd unacceptable since the ui lctmpler 's 
cl fecl ~,as ~irongly x~avcleitglh-t lcpcntlei l l  [41. indicat- 
ing nttirc favor+ibl) that the rlholtis),,4lcrlls imbaihmcc in 
photoactixi t ics for l inear electron lllln'a, plll+l is rchi tcd 
Io excitation distr ibut ion via specific pigment colnptlsi- 
l ion of erich pht~los)sicnl, 

Ncxcrlheles<+. it, obtain lll(tl-C COtllprchct~i'++,.' knt+wl- 
cdgc, it is hnpi l r ianl  to ntudy lhc effect of t i le change 
irl the ral io bct~,~ccu cyclic and ntm-cyc{ic flow~. This 
could be Illanipui;,llcd t'w lhc addit ion of  d i f fcrcnl  
noii-ph)siohlgic;i[  col;.iclttrs of cyclic clcctrt ln lran~,pori 
to isohllcd th)lakoids. ~h ich ;list:, perfi~rnl I i l lcar clec- 
t r t in  fiery ~hh  I'S ! ;. icccplors. Vi'c cx : i n l i ned  p; t r t icu-  
farl~ the effect of .'x,-mclh~l l~hcni i ]onium mcthosul latc 
(PMS). ;i classic cofactor l;,ll-c~clic elcclron f low arotl l ld 
PSI  [5i. ~lli~'ll dollalCS clt.'clritns ill its reduced l\*rnl Il l 
P-7iitl lft.7], as x~cll ;Is the cf iccls i/t other cl~t;.iclllf~,. 
~hich doll i i tc clcciroilS Io I>S I Ichhcr  lhrougl l  the 
cytochronlc b,J COml)lcx and P(" or directly ',i~i P-7ttll 
stich ;is 2,.1.5.~-iclrail lcth~l-/>lqlenyh.'ncdiamhle ( D A D )  
[<~] and  N,,%',N'.,%' ' - l c t r a m c l h y l p h e n y l e n c d i a m i n c  
< T M P D i  I"7.% Under  l ight- l imit ing condit ions, ihc ad- 
dit ion t,f PM~ and T M P I )  in their  oxidized stale in- 
dccd rcsullcd in a slrong shift to',vards imba[allt 'c f,i- 
~oring PS !1. A similar phenol l len~tn w;.is ~llT"l.,eB, cd ~ith  
PMS, D A D  and "I'MPI) i ,+. lhcir  reduced  static (kept hy 
excess ascori~;tlC), l :u r lhern lor0 ,  ~+1 simik, r increase of 
lhc imbahlncc for l inear  c l cc tnm flov+ acli~ilics in fa,,or 
of PS I1 ~+~l~ rcprl+dt,ced in ( ) ,  t~w+~{tlti~,~n m~.asurcmcnls 
~,hcil PMS ~+,as in l roduccd to leaf discn. The  effccl of 
c)c[ic e lcclron Ilow tt~lilCl(ll-S ell lhc ph<~ttlsystcms im- 
I~alancc in , 'clalion It) [illcar c lccl r0n t ransport  :iclixi- 

ties ii1 ]qx,kcn chhm~phists was evcrl more dramat ic  in 
thu' prc':.cncc tit gramic id in-D.  Rcscmhl ing  the effect of  
uncoupler~ per-so, tile PMS effecl was strongly wave- 
Icng lh-dcpcndent .  in contrast  to cxpccta l ions ,  indicat-  
ing invo lvement  of  the p igment  distr ibution pattern.  

~llalerials and Methods 

Jlal~'riuls 
I II-~I'F+S. gramic id in- i ) ,  valinomycin,  nigcricin,  mcth-  

yl~i¢llogcn and PMS were purchased  from Sigma. 
I)CPI P was purchased  from Fluka.  TEC was purchased  
from Alfa Pn~ducts. D A D  was given as a gift from 
Prof. Achim Trcbst .  Ruhr  University,  Bochum, Ger -  
nialiy. T M i ' D  was purchased  from BI ) t t  Chemicals .  
.<';lock ~ohtli,.ins ,,~f l M I q ) .  D( 'P l lL  PMS and Na- 
asct~rbaic (aqueous) .  D A D  (in etham~l :water .  I :  1), 
granlicidir i- l )  (in cthanol) .  D( 'M U (in met hanoi ) were 
kept at - 2(1:('. During exper iments  the stock solut ions 
wcrc kcpl on ice in the dark.  The D A D  sohlt ion was 
rcricwcd frequent ly  (ab(mt once a week). 

('hh,~q~lasls i;rtTm#ali¢m 
l :hukcn chloroplasts from markcl  lettuce wcrc prco 

pared and qo red  in l iquid ni trogen [t0]. The storage 
medium contained 0.3 M sorbitol. 20 m M  l-Icpes, Il l  
tnM Na( ' l .  5 mM MgCI_, and .~tle~- ( v l v )  eth~,leneglycol, 
pH 7.3. Total  c l l lorophyl l  concentrat ion was deter- 
mined spet. 'troscopicall~ [I t]. 

R('tlCli+Ht IPIIAItH'('.+ 

For f luorescence measurements, chloroplasts were 
dihntcd 5l)l l-II){t l t-ft i ld in a 2 ml cuvettc, st) thal the 
conccnlrat i t in of  chlorophyl l  did not exceed i i i /a  g l m l .  
l 'hc slitlld~.lrd reaction mixl t i rc ¢onta{i ied 211 nlM Hepes, 
p t l  7.3. Ill mM Na{'l,  5 mM Met ' l+ and 201)/aM MeV 
a~ an electron accepter .  In some exper iments ,  MgCI 2 
~,~.ilS t l t l l i t lcd (c'~ccpl lo t  a residual amount.  < Ill # M ) .  
Alcohol  concentra t ion  did i+ot exceed (I.5% iv /v ) .  Be+ 
fore cach exper iment ,  the chloroplas ts  were d i lu ted  
into the reaction medium and kept in the dark  for at 
least 2 rain+ All n i casu lcmcn t s  wcrc done at room 
tClllperal tire {22--25+C). 

( 7th,ophvll. l  . l l , or~'~cem'+' mt ,.~uremt'nts 
Modula ted  chlorophyll  a I luorcscence was mea-  

sured hy a h~m~e-built f luor imetcr  as descr ibed  prcvi- 
ousl~ [4], v+hich included several  light sources for exci- 
tation. One source was used to produce  modu la t ed  

._11 I t / )  exciting light 2 ( isolated by an appropr i a t e  
~:,~crferencc filter: 4Nil nm for most  of  the exper iments}  
of an intcnsit~ x~ithin ihc l ight-l imiting range of  elcc- 
lr, m t ransport  (a lxmt I nE em -~ s ~). l h c  fluores- 
ounce .sl,'.nal frum Ihc sample  (inolatcd b.x a 6b13 nm 
intcrlcr~:nce l i l ter l  +vas de lec ted  by a photod iod¢  ( E G  



and G HUV-40fl(I) and proccssed by :~ lock-in amplifier 
(PAR 12~ A). The output corresponded to the ampli- 
tude of  the modulated fluorescence only and was 
recorded on a strip chart rccorder,  l.ight from a second 
unmodulalcd source (background light) set c d  to exert 
actinic effects. Two sorts of background i;ght were 
used: (a) a strong bluc broad-band light, isolated with a 
4 -96  corning glass (about 12(I nE cm 2 s ~), sc~;'ing to 
saturate electron transport, thus causing modui:~ted 
fluorescence to rcach thc maximum levei, it,,,: eb) hrr- 
red light (light 1), isolated with a sharp-banccd intcr- 
ference filter peaked at 720 nm (aN)ut 311 n E e m  : 
s- ~), serving to maximally open thc reaction centers of  
PS !1, thus resulting in an approach of the modulated 
fluorescence to the mini.num, it,. Without any back- 
ground light, the fluore::ccnec Ic, c l  b~ varied between 
thesc two limits. An incrcasc in i t', and its approach to 
Fm indicates an increase in thc imbalance of photo- 
chemical capacities of  the two photosystems in faw~r of  
PS II. 

Fluoresccnce induction mcasurcmcnts  were made 
using thc same modulated fluorescence set-up, but 
with the photodiodc connected to a storage oscillo- 
scope and illuminating the sample with thc non-mod- 
ulated saturating blue broad-band light only. The onset 
of  illumination was controlled by an electronic shuttcr  
(Compur  - opening time about 3 ms). 

Cah'ulation o f  photoacticitv di.~trihuthm h,'tween Hw 
photo.~ystcms tn Ih¢' moduhlted light. Jr'pin modulated 
fluorimeoy 

The distribution of light 2 quanta to PS iI,/3, can be 
calculated accordimz to (4), from the fluorescence pa- 
rameters: 

t~ - (1:~, I . . ~ ! 1 2 I ~ , ,  - t I-,,~ 

However, this cxpression is wdid provided that a ~ /3 
= 1 (where t-t is the corresponding light actkity distri- 
bution coefficient of  PS ! for linear eleclron flow), 
namely, that therc is no waste of cxcitatmn energy 
except for that utilized for linear electron transport 
between the two photosystcms [12]. in the context of 
this article, wc used a parameter  termed intbalance fi)r 
linear electron flow activities, equal to ( f l / a -  1) (ab- 
breviated simply ' imbalance') ,  which can bc calculatcd 
directly, independently of  the above assumption: 

t ~ ! a l -  I = I / ' I - -  I = ( I . ] , -  l . . ) / f l - , , , -  I . ~  

where f is the fraction of open PS II reaction centers. 
deduced directly from the fluorescence parameter.', 
[4,t2}. [his expression is valid only as long as k~. > t:],. 
In the limit when F, tends to equal it':,, this imbalance 
term tends to z e r o  

P.~IS tr('atm,'nt ot Itil'is¢,t~ sl; h'at'('s 
Itil,i.~ctcs sp. leax, c,, ~crc  clot from the ttppcr pal/ ~1 ;~ 

bush growing in Ihe garden and kept in htunid c,,ndl- 
tiom,. For all measurement,,, leal di,;cs ( 1 cm in di : ,nc-  
ter) ~verc cut along the h:af vein, tt::iIlg a qa/ 'atard cork 
borer,  and incubated cnher  in water (control} , r  in an 
aqueous solutions of [)MS at specified conccntr:lti(:ns 
for 15 rain at near ( ) (  m the dark. lncubati(m was 
chosen to be at h)w temperature and in the dark m 
order  t(: prevent PMS photo-conversion 1o p,,oc,,anin 
and to avoid the damage duc to oxidized phenolic 
compounds.  Control eold-incub,fied leaf discs exhil'fitcd 
similar O .  cvoh,tion rates conlpared t(~ control Oi~,cs 
v,h~ch were n(,I prcincubatcd, indicating tha! no dam- 
age t,ccurrcd to phottls" :;.',];,tic CICCtlOll Iran",l)(irl dl.lr 
ing incuh,ition, i-ollowing incub.lti~m, the leaf thsc,, 
were rinsed dry.. punch~: ! g,'nll}' :11 sexcral pl.tcc'. ,m 
111c uppc~ ,,urlacc u, ith a h~p~xle.~ mic needle and placed 
inside the pbotoacoustic cell. 

PhOII)(I('IHt.~IiC t~l(',!Slll'('tH('tlt~ I l t ld  ('d/('ldlJltol~s 
Mcasurcments  oi  photosynthetic () ,  c~,duli,,n and 

Emerson enhancement  ~ff flihi~(,~ V~. lear disc~ x~cre 
done by the photoacouslie method, as descril,cd else- 
where [13]. Mndulated lighl was obtained from a U()(I 
W xenon- l amp /monoch roma lo r  combination 1(~5(i nm, 
about 2 nE cm -~ s I). Non-modulated I~ackgroumt 
light was eflhcr a strong, photosynthetically saturating 
lighl (~hit::. about l()(I nF_ cm 2 s i) or tar-red light 
(71(I rim. at, out 211 nl! cm -' s ' !  which x~a,. s:ttur:fling 
lkn its etfcct By superposing the tar-red light wi~h the 
modulated 65(I nm light upon the Ical disc ~,url:tcc h,r 
several nlJntlt t 's, a c,~lnlplcte [ lansJl lOn [('~ Male I, v~,hcl¢ 
the photosyslcms iml',alancc ft~r linear electron t]o'~,, 
activities in light " excitation ix Ul:txinmnl. was cn,,ulcd 
[14]. When the O.  signal reached a maxinmm, the 71(I 
nnl light was t inned off. All meast+rcrncnts ot t,x)gcn 
cx,(dution and Emcrsun cnhallcenlent ~,~,ct¢ cxccotcd ;it 
a eel|slant low modulation frequency (211 ttz). In the 
measurements,  the phase of the lock-in ~mlplitier xv:t~ 
set such that the tluadratulc channel contained ,,,nl~ 
the modulated ()~ cvoluliorl signal, while both mtxlu- 
lated pholothern!al and oxygen signals were ?resent in 
the in-phase channel. ih i s  was set by ensuring that in 
the presence of  photosynthetically saturating light, the 
quadrature channel had a zero signal. At the same 
time. the in-pha,,c channel had a maximum ph~m~- 
thermal signal (and zero oxygen). Modulated ox)gcn 
evolution was calculdted from the signal in the qua(h,l- 
lure channel when no salurating light was prcwnt .  As 
an expression fi)r the yield of  modulated O- e,.O]tl[ioil. 
we used the ratio O / T  where O is the () c~oltttkm 
signal in the quadrature channel and T is Ihc maximum 
ph,~toth.-_'rmal signal in the in-phase chmmel, l-tm:rs~,n 
enhancement  in O.  cvolu,;on I I-1 v~ds calculah_'d ;is the 
iatio bet~cen the ~,ignat t) in the presence ~ 711! nnt 
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I+;,ckgrl lund l izht  Ill t]l~ll v+hcn 111~.' ~ l ( ) i l t l l  ~.~.:l', ~,~ith- 

I ,~) . (), 

R e s u l t s  

J)¢r l+t++r l l l l l lp  l l l t l d t l J~ . l l u 'd  Jhlitl-~+'~++u'llC~+ • nl~.'~_lStll~.'lll~.'~'lt ~,. 

V,¢ e~: l l l l i l led  the c lh :c l  ttl I+M~ ;~l+tl t l l hc r  +.'~l;~cl~+~'~ +fl 
Q , c h ¢  e [ e c t r i H 1  I t , H l ~ h p O l l  t i l l  Ih~.' H l l J + i l J i l n c e  I'~L'Ix+,LCIt t i l e  

IV+O l tJ l~ t t t r ' , ) : ' , tcn t~,  i n  i~+l~,Or i+ l  Ih~ I i .  !+,~I' l i l l e a r  u'J++..'clroll 

l l t l+,, a,+ti~, i l i c s  < a h b l C ' +  J i t t c t l  ' q m p l . ~  :l,, " i n l h~ . l l ; l l lCC '  ). i ) u r -  

ill~ Itle',e Inc;.I',ulqnlcllt ~,, linear el¢cl[on fl~+~ through 
the t'++t+ l+llt+h~',~,'qcnl ", v,a', nl i~Ji l tahtcd v, ith M c V  ;.Is +~ll 
clcctn+n ~ICCeptt+r. ( ) t t r  initi ', iI ; lnStl l l lplJon ~,% ilS that  such 
c t I J i l c t t+ t " ,  x~+iJJ H ' t l O t J t l C C  ~I c t ) t l l p C l i t h H 1  h c D , ~ c c n  I"AO 

(c.~<.'lic and Iit+c~tr)clct;trtut t], v,,+ ,,,. ~esult i l :g in :~l; appar -  
ent incrc,l,,C in the imh:dm+ce to t  l ight  2 in l i~vor o f  PS 
II. Im+tuod. n~.h.lition t+t I "MS (5 p' ,'kl+ induced  an appre-  
c iable incrcu~,,: in /'~ ~md I I tL ' rc lo Ic  ;I deeper  f i t r - rcd 
light-induced qucnchinu i~+ I~. ~hich indicated ,in in- 
ClC;t',¢ ol the i++hohtsSxtcn+s "mlktl~mcc'. A n  example of 
",|lch ~,~+ experiment i,, dc,+ctibcd in Fig. ]. Nnticc in 
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l:+~ t. IHllC ++O;H,.C ,+',I the dh,H++~++ "', I11 lhL m,~dlJ); l lcd t]u',~rc-+cnc~. ,,',I 
t ' ,h lkun chlor,.q'd,r, l ' , .  +.t,:m~ul",lr,~u'~lz the ctlc+.I o t  t ' ,MS ,rod Ihc ad+.h- 
I1~.~." cll,._'~.l t~I .gr;mli++idm-I) , i ( i . I ) . )  ~n lhc  ph,~l~,.,,,,tcm,, mfl~.d.~n,.u" 
I hc  Ihlol++."+-CCllC+. ' I~41.tmclc: ", 41+,: in++hu.Mc,+J I~,,.'lorc l lw  , lddJll lol l  I /  ,, 
i . I],~ I. ,111~.'1 Ih,.' .id,dltll~Tl OI '+' +~"*1 I'",1% ( I , , .  I . ,  I' ,~ ) a n d  +llt,.'l 
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u , .me brnkclz chh~n~plzl,,l,,. '. ',as n lmlc  , , imi lar  h)  Ihal  in Fig. I. 

Fig. I that the /'i, , level is defined by the initial mo- 
mentan. ~ level when the saturating light is switched on. 
Repeti t ion of this experiment after addit ion o f  grami- 
cidin-I) c,ltlsed i111 addilional appreciable increase in 
the ' imbalance ' .  In some cases, the combined effect of  
the presence t~f both PMS and g r a m i e i d i n - D  w a s  quite 
dramatic  m increasing the steady-state fluorescence 
I.:vel /-. up to almost the /'],, level (i.e. reaching maxi- 
mum "imbalance" in l avor of  PS I1 in the modula ted  
light). A PM":, c~meentration dependence  for such a 

cm, c is shox~n in Fig. 2 and indicates an op t imum for 
this effect at 3 - 5  p_M PMS. at which point fl reachcd a 
v~duc of  about 0.7 and increased furthcr,  upon the 
uddition of  bramicidin-D, up to almost the possible 
maximum saluc of  I. A similar effect to PMS has been 
ohtaincd with "[MPI)  but not with D A D .  

While the basic '.:ffcct o[ PMS (and the o ther  cofac- 
t~r~,) ~a.', straightfi~n~ard, as shov+n in Figs. 1 and 2. it 
t>ccamc immediately cle~tr, however, that the eftcot has 
turther aspects and that additi~mal fluorescence ph~;- 
nomena exist, sume ~i v, hich v, c r e  also noted before 
[15---IS]. For example, there was a significant decrease 
~1 the I:,,, le'.el relali,.e to the control.  [cf. Fig. I - - t h e  
maxi rmm fluorescence level v, ithout PMS is d e n o t e d  

t-]~, ~t, d in its presence is denoted  Fro, or F,,,. Clearly 
i-]~,: + J,,,. Fur thermore.  the F., level wa~; fur ther  
quenched  in time with continuation of  the strong back- 
ground light ~hich was used fl~r its assessment. The 
depcndc : | ce  t~t" the initial k',~ level on the PMS concen-  
IIatJtm i,, shown Jn Fig. 3. The initial quenchcd  level of  
i-i,, rc la the  to its value ~vithoul PMS could be a result 
~1 a direct immediate independent  interaction o f  PMS 
~ith the chlorophylls in their excited stale (i.e. phy,dcal 
quenching) [15]. Thus we assume that the new initial 
k],, tc~ci noncthclcs,,  represents the state where all PS 
I! rez~elitm centers  ~lrc clused ,rod h~lv¢ considered this 
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adapted for 2 ra in  

level for the calculation of the ' imi, a:,mce'. "h) sho~ 
the rapidity of this initial quenching we have per- 
formed fluorescence induction measurements (insct in 
Fig. 3) which shorted a quenching of about 10~ with 5 
/~M PMS already at initial induction times (less than 50 
ms). Because of the rapidity, the acculacy of determin- 
ing the initial Fm value by the slower m,+~lulatcd fluo- 
rimetry [in the chart recorder) was somcwh;:, linuted 
and was estimated to be lower by about 10<;~ of the 
true value. 

Not only F,n, but also ~ and F, underwent tran- 
sient reversible changes under the of|eel of the strong 
illumination. These occurred also in control chh)ro- 
plasts but were very pronounced in the presence of 
PMS and were reversed when the background light was 
switched off. Fig. 4 focuses attention on such changes 
in the abscncc of PMS (Fig. 4a), +ts prescncc {Fig. 4b) 
and also in the presence of PMS and grz, mieidin-D 
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(Fig. 4el. In the control experiment, the I% level ~a~, 
reversibly qucnchcd by the M l+img background light (tit 
the level denoted 1";1' ' in Fig. ~t;l) and stl also ~,~.;is t '.. 
The change in 1'], was relat ively small, ln t r t )duc t io ,  of  
PMS yiclded immediately a higher I', level <tpd a lower 
t~,, level, as shown above (l:ig. II. W'hen a slrong 
background light was applied, [;, decreased :.it it con- 
spieuously faster rate and dccpcr extent than the con- 
trol. reaching a n e w  s l e a d y + M a l e  Icvcl 1"i~,. Relative t~ 
the control, big reversible changes were also induced in 
1", and in /-;, The change in all these tluoresccnce 
parametcrs, particularly the relative closer approach of 
the final /', value to the final /-], value, actually indi- 
cates a transient decrease of the "imbalance'. Using the 
time-dependent values el  the fluorescence parameters 
we calculated accordingly a time-dependent 'imbal- 
ance' term. It appears iha. ¢,'hilc th,. initidl "imb:dancc" 
in favor of PS II was indced very. high in the presence 
of PMS. it decreased significantly and rapidly with the 
strong background light, o lmpared to a slower and 
milder decrease in the control. For axample, after I 
min illuminatkm with the strong light in the presence 
of 5 /aM PMS. the "imbalance' term decreased from 
about 11.97 to about 0.28 (7IIG decrcasek compared it) 
a parallel decrease from about 11.36 to about 0.22 (4(Y.4 
decrease) in the control. Some irreversibility in the 
strong background light-induced effect on F,, was no- 
ticed repeating the background light exposure again 
and again (e.g. the two repetitions in Figs. 4b and c). 
This partial irrevcrsibility of /",, restoration may be 
attributed to an artifact due to to the photochemical 
conversion of PMS to pyocyanin under the strong blu,: 
illumination, since pyocyanin by itself did not cause any 
change in the "imbalance" (not shown). Indeed. an 
exposure of a 5 /aM PMS solution to the strong blue 
illumination under the same conditions resulted after I 
rain in about 2tie,: irrever,,ihle decrease in the ahsorp- 
:ion peak of PMS at 385 nm (not shownL A further 
exposure of about 5-111 rain resulted in a complete 
disappearance ot  PMS absorption peak. 
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+-~ituldtlrlg llgbt pcri++d Detail '-are a', m F ig  I. 
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The t imc-dcpcndcni  quenching of [~,, in strong light 
in the presence of PMS has bccn ~)bscrvcd previously. 
While initially thought to rcllcct the build-up t)f an 
clcctrochcmic~tl gradient of protons (the "high-cncrgy 
slate'i, it has bccn shown hirer to he rather affected by 
oihcr factors [15,17]. lndccd, thc reversible limc-dc- 
pendent quenching of  k;,, with PMS was ob',aincd cvcn 
in the prcscncc of an uncouplcr  (Fig. 4c). which elimi- 
nates the "high-energy state" as a sole quenching factor 
in this casc. Blocking clcctron transfcr from PS II to 
the plastoquinonc pool by DCMU still did not prevent 
the saturating light-driven quenching of [i,, in the 
presence of PMS, which still persisted in the prcscnce 
tlf an uncoupler {Fig. 5). This is in contrast to the 
control without cofactor, where the transients in /';,,. I(. 
and k;~ arc strongly inhibited by uncouplers [4]. Similar 
cffccts have bccn obtained with 30 /xM TMPD.  

It is clear that in the presence of the above cyclic 
electron flow colactors there is a rangc of t imc-dcpcn- 
dent phenomena,  which arc not obviously undcrstood 
a-priori. M~)st probably, an cxphination ~f these phe- 
nomena will bc fi~und considcring the presence of 
oxidized and reduced fi)rms of  the cofactors, their 
ratios and distributi.)n in the stromal and lumenal 
sides. Changes in tl-.cse parameters  will change the 
ratio of cyclic to lin.ear electron flows and also the 
c~tcnt of  F,, quenching. These are affected reversibly 
by thc strong background light (cf. Discussion). Never- 
theless, it is quite evident that PMS affects the "imbal- 
ance" of photoaetivities in the light-limiting range, man- 
ifcstcd particularly by thc clear increase of /'~, and the 
resulting stronger far-red light-induced quenching of 
the fluorcsccncc fr,)m #'. to the (almostt unaffected 1",~ 
level. This effect was most clearly seen with a minimum 

cxposurc to thc strong background light, just to probe 
thc t,,, level. Most tll' the "imbah ncc" data refers 
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Fig. 5. Satuiraling light and PMS-drivcn quenching llf modulated 
fluorescence of br,kcn t'hloroplasts in the presence i~f D('MU. PMS 
(5 p.M) and I)CMU (l(I #M)  were added in the dark prior to the 
experiment. Gramicidin-D ((;.D.) (I iaMI was added under illumina- 
it(in al the second stage ~lf the experiment, as indicated. Other 

details arc as in Fig. I. 

therefore to the lighi-limiting conditions, using the 
initial value of  /~m" 

One expccts a similar effect of  the above cofactors 
when they are brought to and kept in their reduced 
form by excess ascorbate. This is because the electron 
donation to PS i, by itself, is the main cause for the 
competit ion with i~S 11 and thus would cause electron 
accumulation at the reducing side of  PS II. The ques- 
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tion in this case would bc whether PS I, when over-ex- 
cited with far-red light, would hc able to over-balance 
both the cofactor and PS !1 electron dtm;dion to cause 
fluorescence quenching down to k]). It was tound that 
in the presence of ascorbate, PMS, as well as DAD and 
TMPD indeed shifted the tlza)rcscencc Icvel away from 
F() and closer to F m, while fi)r-red light caused signifi- 
cant opposing quenching effects. One may visualize 
this again as an apparent  shift in the "imbalance' 
between the two photo.,;ystcms regarding whole linear 
electron transport between them. 

A comparison between the different effects of adding 
PMS, DAD, TMPD and DCPIP in the absence or 
presence of excess aseorbate is presented in Fig. 6. All 
these compounds yielded different concentration de- 
pendencies, in the absence of ascorbate, TMPD and 
PMS are similar in yielding curvcs with low values at 
low and high concentrations and an optimum point of 
the "imbalance' in between. DAD in this case had, 
however, a very small effect at all concentrations. When 
kept reduced by excess ascorbate, PMS and TMPD 
gave different responses: with reduced TMPD, thc 
'imbalance" term tended to infinity (/:1 tends to !) as 
the concentration increased, whilc with reduced PMS, 
there was an optimal point and a decrease of the 
' imbalance '  at higher concentrations. DAD, when kept 
reduced by ascorbate caused an increase in the "imbal- 
ance'  as the concentration increased, inclining towards 
an asymptotic value. Reduced DCPIP, which donates 
electrons to P-700 [7,19,20] yielded only a small effect 
of increase in the imbalance (Fig. 6d). Neither reduced 
nor oxidized DCPIP caused any strong light-induced 
quenching of any of the modulated fluorescence pa- 
rameters. As already noted above, at relatively high 
cofactor concentrations (e.g. above 40 p.M for oxidized 
PMS, 70 # M  for TMPD, 10 # M  for reduced PMS with 
ascorbate and 20 p.M for reduced TMPD with ascor- 
bate), all fluorescence parameters  and particularly the 
initial /,',11 were very strongly quenched, such that thc 
whole span of change became small until the estima- 
tion of the 'imbalance" became doubtful, thus reaching 
the limit of the method of the imbalance assessment by 
modulated fluorimetry. With the reduced cofactors, the 
effect of /;~ quenching was even stronger, in a perfect 
agreement with the results on PMS obtained by Papa- 
georgiou [15]. 

To complement the fluorescence measurements and 
avoid thc complications due to fluorescence quenching 
phenomena,  we also obtained preliminary results of 
the rate of oxygen uptake by an ordinary, Clark ox2,.gcn 
electrode which indicated an increase of Emerson en- 
hancement in broken chloroplasts, from about 2.3 with- 
out PMS to about 3.4 with 10 p.M PMS. These inca* 

~ i i l J | l K l l  I,~ k l l t i l t  . 1 ~ .  , ~  . _  

in Ref. 4. Mo~c extensive experiments were carried out 
on the effect of PMS on oxygen evolution from leaf 
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Fig. 7. The t [loci of PMS ~m Ical photo,,,,nlhc,,i,,-o×~clt c',ohtti~m m 
light 2 and t:., cnhant :cmcnt  h_', h c k g r o u n d  light I a,, it luncli~m ol 

PMS. ltibt~,u~ W Icat di,,¢~ wcrc trc~dcd ,,~,ith PMS ;rod Ihc r~llio 
( O / l )  of the phdm~hari¢ rind pho to thcrmal  phtd();~c~nJ'qic ',igmd', 
wilh (e)  or wi lhout  ( ) add i l iona l  far-red i l luminat ion ,xa', deter-  
mined (el. [dalcrial~. and Mclhodsk  1 h e  ira, el  describe,, lhc rc~,ulling 

ca lcula ted  enhancemen t  rali~. 

discs of ttibi.wus sp.. which yielded vc~, clear result,,,. 
Leaf di,,,:s wcrc immersed in PMS .,a~lutions at various 
concenttadnns and incubated in the dark, hoping that 
some of the PMS wot,ld penetrate through the interior 
of the h.af and In the chloroplasts. Photoacoustic mea- 
surements were performed, in which the ratio between 
the modulated oxygen and the thermal signals was 
determined {Fig. 7). This ratio decreased with PMS 
concentration, impiying a decrease in the quantum 
yield of modulated oxygen evolution for light 2 alone. 
However. upon addition of saturating far-red back- 
ground light tLc. under conditions where the reaction 
centers of PS 1I arc presumably all openk this ralio 
increased and reached again the same maximum of the 
control value at all PMS concentration',. Thi,, implies 
that PMS did not induce any inactivati~m per-,,e in PS 
Ii or any dccrca.~ in the maximum quantum yield o[ 
the overall electron transfer chain, but competed with 
PS !i and thus increased thc extent of closure of PS I1 
reaction centers. This competition could bc baian*:ed 
b.,, excess far-red light. The parallel increase in t~c 
Emerson enhancement to the dccrca~,c in ( ) / T  without 
the far-red light is shov, n in the inset to Fig. 7. 

All the above results demonstrate that an increase 
in the photosystcms "imbalance" for light 2 in favor of 
PK il can be achieved artificially !-,, the addition of 
different cyclic electron transport eolactor~, under oif- 
ferent conditions, prcsumabl.~ by creating an artificial 
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cyclic electron 1]o~ pathway around PS !. In a previous 
paper [4] we have argued that such ,t cau,:c fnr an 
apparent "imbahmce" should bc wavclcngth-it~dcpen- 
denl, since lhc fraction of PSI  activity utilized for the 
~:yclic path should depend only on competition between 
two dark rates of electron feeding, either from the 
col'actor or from the reduced endogenous acccptors of 
PS I!. Wc used this argunlcnl li)r the elfeel o f  tlnCOti- 
piers [4] which was wavclcngth-dcpendcnt and thus 
cxchtdcd the possibilily thai their effect is due to the 
opening of an endogenous cyclic path. We thcrefi~re 
examined the wavelength dependence ol the I'MS el- 
feet on the "imbalance'. For this. wc checked the ratio 
f /]. vs. wavelength, where ] and ]', arc the frac- 
tion of open centers of PS ii in the modulated light as 
defined by the fluorescence parameters in the absence 
and the presence of PMS. respectively. Contrary to 
expectation, it was found that this ratio depends on the 
wavelength in a similar manner  to the imbahmcc in- 
duced by gramicidin-l) [4] (Fig. N). This raises somc 
doubts about our prcviotts arguments on the effect o f  
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,ts in Fig, I. 

uncouplers [4] and ils possible interpretation. Although 
still preliminary, it seems that the PMS effect varies 
with wavelength in a similar way to the uncouplers 
effect and to Emerson enhancement in-vivo, in that its 
effect is maximum at about 480 nm and about 640 nm 
[4.14]. 

Another comparison between the uncoupler and the 
PMS effects on the "imbalance" is brought in Fig. 9, It 
seems that even in the absence of cations (i.e. with 
unstacked membranes)  there is already a significant 
PMS effect, while the gramicidin-D effect strictly fol- 
lows the degree of stacking [4], A similar observation 
was that the additional effect of ¢oramicidin-D when 
PMS w',m present (see Fig. 2) did ~ot show up in the 
absence of cations (not shown), it follows that the PMS 
and the uncoupler effects represent independent phe- 
nomena, which may act in synergism. 

Discussion 

Compounds like PMS, DAD and TMPD arc capa- 
ble of donating electrons to P S i  when reduced. This 
causes competition to electron transfer by PS !1 to PS 
I. resulting in reducing equivalents accumulation in PS 
ll and thereby, an increase in steady-state fluores- 
cence. This competition is largely removed by increas- 
ing PS 1 activity with additional far-red light, indicating 
enough capacity of P S I  to over-balance the combincd 
PS I I  and the cofactor electron donation. The presence 



of such cofactors apparently results in a shift of the 
photosystcins 'imbalance" lot light 2 cxcitalion in l a~or 
of PS !I. 

In a morc dctailcd explanation we have to introduce 
the sideness of the membrane,  in view of the different 
membranal locations where the cofactor can bc re- 
duced or oxidized [21]. With this, we h3ve to consider 
the different affinities to the sites of reduction and 
oxidation and to the permeabilities through thc mem- 
brane. To explain the PMS concentration dependence 
of the "imbalance' {Fig. 6a), for example, one needs to 
assume that PMS at relatively low concentrations ac- 
cepts electrons mainly from PS ! at the stroma side and 
returns them to PS I at the lumen side. The competi- 
tion to the normal electron transport increases with the 
concentration of  the cofactor. This explains the rising 
part of the curve. At higher concentrations, however. 
PMS accepts electrons from a PS I! site either at the 
stroma or the lumen sides. This creates a bypass mech- 
anism similar to that which was shown for TMPD [18]. 
and independently shown recently also for PMS (Braun 
et at., submitted). The bypass serves as an additional 
route of the electron transfer from PS I1 to PS ! and 
hence decreases the ' imbalance' .  One could raise an- 
other possibility that when PMS is added at a high 
concentration, electron transfer may proceed via re- 
duced PMS to oxy.gen and thus linear electron flow 
would compete better with the cyclic one. causing a 
decrease in the photosystems "imbalance'. However, 
this idea requires that a high concentration of reduced 
PMS is accumulated, which is untenable with the light 
limiting conditions and the short time of measurement.  
This idea was anyway checked experimentally. It was 
found that indeed PMS does net act in this fashion: 
addition of high PMS concentrations {e.g. 3(R}/aM} to 
illuminated chloroplasts, in the presence of MeV, d,.'- 
creased the rate of  oxygen uptake significantly (not 
shown). Without MeV, addition of PMS resulted rather 
in a small decrcasc of the small endogenous ratc of 
oxygen uptake. These effects occurred both under 
lowdntensity or strong illuminations. This indicates a 
competition between PMS and MeV on electrons, while 
reduced PMS has no affinity for clectron transfer to 
oxygen. 

The effect of PMS persists even in the presence of 
ascorbate: PMS is reduced at the stroma side by astor- 
bate, the reduced form easily penetrates to the lumen 
side where it donates electrons to PS I. Thus. a Ixx~l of 
the oxidized form is formed at the lumen even in 
presence of a.~orbate, as the hydropiaylic dissociated 
ascorbate anions are hardly penetrable and the charged 
oxidized PMS diffuses only slowly out. The decrease c,! 
the "imbalaace' at high PMS concentrations in the 
presence of ascorbatc can bc explained, as before, b~ a 
bypass mechanism through the lumenal site of electron 
acceptance from PS Ii. ] h e  existence o! such a site has 

~5 

rcccntl~ beet1 ~ho~An 111(~rc dir~.cll~. P~,. PMS aIlc',iati m 
el I)BMIi~, mhihili~m c~tn in 1he plcscnce of ascor'.,,nc 
~Braun ctal . .  ~,uhmittcd). 

The strong k.~ quenching and the decrease m the 
imbalance induced by the saturating lighl nlUSl also be 
related to the distribution ]olios ol the col'actor be- 
tween the stroma and the lumen. The rapid stromal 
photoreduction in Mrong light rcsult:~ in a massive 
transport of the cofactor {in its reduced form) from the 
smyrna to the lumen. Thereafter.  the cofac!or, being 
oxidized by the oxidizing side of PS !. accumulates in 
the lumen. As the concentration of oxidized PMS 
becomes low outside and high inside, the extent of the 
cyclic pathway diminishes largely and that of a bypass 
mechanism incrcases. This explains the decrease of the 
"imbalance" in high light. To explain the strong /:,, 
qucnching, one must assume that the physical /'~ 
quenching by the cofactor is exerted most strongly 
from the lumen side [t5]. f-;,, and the "imbalance" are 
slowly regained, after the strong light has becn switched 
off, as a steady-stale of concentrations is re-established 
in the weak light with the oxidized fi~rm of the cofacmr 
slowly diffusing from the lumen to the stroma. 

The different concentration saturatkm curves for 
the other cofactors (Fig. 6) must be assigned to differ- 
ent affinities ot electron donation or acceptance. 
TMPD behaved in a similar way to PMS but with a 
lower affinity (Fig. 6b). it was much more active when 
kept reduced with ascorbate, probably indicating a high 
affinity for donation of electrons to PS I. DAD was 
effective when kept reduced by ascorbate but not when 
added by itself (Fig. 6c), It is possible that oxidized 
DAD has a very high affinity to accept electrons from 
PS !! in a bypass mechanism which then return to PS !. 
in this way. electrons from PS I! compete better v, ilh 
electrons or!ginating from the reduced side of PS II on 
the donation to PS I. 

it is interesting to note that DCPIP had almost no 
effect whethcr in the oxidized or thc reduced form 
despite the fact that it has becn used in its reduced 
form as an efficient electron donor in the presence of 
DCMU. Our ability to • .tect the effect of oxidized 
DCPIP was quite limited becau,,e of its strong blue 
color but nevertheless it s~,as ,,tdl teasiblc to sec no 
effect in a low concentration range. One may conclude 
that in the reduced form it had a rather low efficient2,.' 
in donating electrons to PS ! compared with the effi- 
ciency of the other compounds under the experimental 
conditions employed This pa)int, however, needs fur- 
ther investigation. 

While the fluorescence phenomena becomc complex 
and the determination of the "imbalance" may be un- 
certaiv~ at high cofactor concentrations, there is no 
doubt regarding the validity of the effect when mea- 
sured by O,  evolution. The cffcct became particularly 
clean in intact leaves ~hcre  it is clearly shown -',hat 
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PMS introduces competition bctvsecn PS II donation 
of electrons and (artificial) cyclic electron llo~v around 
PS I. 

The ~avclength dependence o f  thc oxid ized PMS 
effect tm the "iml~alancc' (Fig. ,~)w'as not as cxpccled. 
In a model where there is competition between linear 
electron flow through McV and a cyclic f low through 
PMS. such that the ratio I~ch~'eco them. p. depends 
only on the PMS concentration and is particularly 
independent of the cxcitation rate in PS I. one may 
w'rilc an equation exprc,,,,ing equal linear tluxcs through 
PS I I  and PS !: 

t 1~: I;, ~ ] ' ; ,~b ,  

Withot=t PMS (p -~ :~) the cquati~m lakc~, the form: 

t 1~ , , ,  

and hence: 

t t ~1 * I'1 P 

i.e_ tmc cxpcc',, that the / / .f .  ratio is constdnl and 
hence ~a~clcnglh-indcpcndenI.  Since this result x~;ts 
not obtained (Iqg. 8 ) and  the .f / ]  ratio was variable. 
higher when /J ~as htr~cr, the model had to be modi- 
fied. One possibility is to assume a fixed rate of the 
cyclic flow. r .  (v,:lh the ctmdition ~ > r ). In this case 
a resulting cquati¢,n is: 

/ / J : - . -  , 

lrtm~ ~hieh il I ollo~vs Ihat 

t t .  ~ ~ I .  r ) 

The left-hand side of  the last equation becomes indeed 
higher as ~ incrcasc~ (i.e. ~ decreases), l h i s  expres- 
sion may hold only within certain ranges of the param- 
ct,:rs, it is more difficult to interpret the meaning 
behind the last t~o mathematical equations in terms of 
a concrete model. Indeed, a constant low rate of  the 
cyclic 11o~ indicates it limitation ~hich is nt,t obserx- 
able in experiments where the cot'actor is added alone. 
Ih i s  may be rcsol,vcd by a P,~o site competition bc- 
t~ccn McV and PMS on electron,,, from PS 1. In such a 
model, there is a main branch, potentially a high-rate 
one. ~here  both McV and PMS arc efficiently re- 
duccd, but where the rcductkm of MeV competes 
much more strontlv, in addition there is a xidc branch 
~here  PMS is mo41y reduced, but which h;t~ a limited 
I';AIC. I" , 

In conclusion, one may consiJer  that regulation of  
the apparent  "imbalance" of photoactivitics in-vivo 
could also occur through the operat ion of  cyclic clcc- 
Iron flows. The in-vitro "imbalance" has bccn shown to 
depend largely on the inter salt levels, on the amount  
of membrane cnergization and on pigment distribution 
bctwccn P S I  and PS I! [4.12]. Hcrc. it is dcmonst ra tcd  
in broken chloroplasts that these parameters,  particu- 
larly pigmcnl distribution, play an important  role in the 
effect of cyclic electron flow cofactors, which affect the 
"imbahmcc" by changing the ratio bctwccn cyclic and 
linear electron flows. 
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