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To invcstigatc the twcrlap of the effects of Ot~ site inhibitor.,, and donors ot Photosystcm II wc anal,,zcd the binding ~f 
[~4C]chlorotoluron. a representative of Qn site inhibitors, to i~lated thylakoids in the presence otiv,  o electron donor,,. 
s vm-diphcnylcarbazidc or hydrazobenzcnc. Chlorotoluron binds to pea th~lakoids v, ith a Kd ot 3ll nM and ~ m~ximum number 
of binding sites of 2 nmol/mg Chlorophyll, which correslxmds to one ligand molcculc per Pholos~stcm !1 rc,~ctkm center. Both 
sym-diphenylcarbazide and hydrazobenzenc decreased the affinity of chlorotoluron for the O~ ,a~c The dccrc;~,,c in binding 
could not be explained by a simple competition for the Q~ niche. Compari.mm ot the dis,,oci~t~on ~t chtorot~lur~m to c l c c t , m  

transport in normal and Tris-treatcd thylakoids indicated that this effect of donors on the O~, niche is independent ~! thcir 
known capacity to donate electrons to PSII. 

Introduction 

Two classes of chemicals have been important for 
investigating electron transport in Photosystem !I of 
photosynthesis [1]. In the first class are various herbi- 
cides that block on the acceptor side of PS II nearest 
the chloroplast stroma (for a review see [4]). For exam- 
ple,ureas (DCMU),  triazines (atrazine), phenols, are all 
known to inhibit electron transport by displacing 
plastoquinone from its binding site Qt~ [2.3]. The donor 
side of PS II, which is oriented towards the lumen ot 
the thyiakoid [5], has been studied using a second class 
of chemicals which donate electrons to PS 11 [11. for 
example, sym-diphenylcarbazide [6.7] and hydrazoben- 
zene [8,9]. These chemicals are efficient donors w'hen 
the capacity for ox~:gcn evolution of PS !i is destroyed 

I~0,~11. 

Abbreviations: DCMU, 3-(3.4-dichlorot~henvl)-I.l-dlmelh~/urea. 
DPC. syrn-diphenylcarbaztde: HB. hydrazobenzene: ( hi. chloroph,,li; 
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.,,ldc ~] l~> ii v, ctc al.,,o rcportcd 112-161 and their 
inhibiting actions were overcome in the pres~:ncc of 
DPC [17-19] or hydrazobenzcne [8,9]. This led to the 
proposal of the existence of a second binding site for 
Qu-site inhibitors located at thc donor side of PS II 
[16.19]. Recent measurements of chlorophyll tluorcs- 
cencc and luminescence provided support for ,,uch a 
protx)sal [20-22]. In the context of a h.vpa~thetical model 
for the functioning of PSIi. it v~as propo,,cd that these 
apparent  interactions of donors and inhibitors resulted 
from Iheir compclition for the Q~ site at the acccptor 
side of PS !1 [23]. 

In this report, w.c investigated the physical interac- 
tion of PS !1 donors and inhibitors by analyzing the 
binding of radioactive chlorot~lur~m, a D(MU-Iypc  
herbicide (O~csitc inhibitorl t24] to th,,lak~,ds in the 
presence of DPC and HB. Wc shov, that chiorotoluron 
binds to only one site and that its dis~x:iation constant 
is increased by the presence of DPC or HB. 

Materials and Methods 

Peas i t % u r n  .~amum L.. ~'ar. Pelit Provencal. Trut- 
rand, Vierneuil. France) ~erc gro~n [br 10 days on ~,e! 
,~ermiculitc at 18"~(" v, ith photosynthetic photon flux 
density of 4~X) # E / m Z s  for 16 h per da~. The~ ~ ~ere 
kept in darkness for 18 h before use and pro-i!- 
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lumin,ncd for 25 rain a! ~I~t) ~ t../m:~. Intact chloro- 
plasts v, crc prepared as in [25]. The prcparation~ v,.~ rc 
g5-glV; inlacl ~ts judged by Icrricv;~nidc pcnclr;!~.ion 
[26]. ('hlt~rophyll c~mccntrati, m v~a,, dclcrm:'~cd accord- 
ing to Bruinsma [27]. 

A medium containing 3311 mM sorhitoi. !(I mM KCI. 
1 mM [Li)TA. and 50 mM ,-It 'pcs b~fffcr, adjusted to 
ptt 73; with K()H, prepared a', dotmtc ~trcn'.'th, wa.~ 
the basis of all other media u,,cJ. The isolalion medium 
was the basic medium diluted 25-fold wi:h 331t mM 
sorbitol. The rcsuspcndinr medium ~,a,,, the basic 
medium with the addition of I mM Mg('t:,, I mM 
Mn('l ,. and It) mg/ml of I,o~,inc serum albumin. 

For Tris-trcatmcnt [1(}] 0.5 - I ml of chloroplasts (2 
mg Chl) wcrc mixed svith l() ml of water, folhw~,cd by 
Ill ml of l.h ]k,l lri~ (pit 8). After 21~-30 rain incubalion 
on ice. the suspension wa:, centrifuged at 15(1tl ~'< g for 
10 rain. The pcllcl wa.,, rc-.,,uspcndcd in 2~ ml of 
chloroplast isolation medium and scdimcntcd as be- 
fore. The final pellet (Tn,-trcatcd thylakoids) v.as re- 
suspended in basic medium. 

Oxygen c,,otuti~m was measured at 2iF(" bv a thcr- 
mostatcd v, atcr-jackctcti ('iark-lypc oleo|rod c (Beck- 
man, Palo Alto, ('A, LISA). The reaction n~ixturc 12 
ml) con.,,istcd of basic medium with it) or 20 pg Chl, 91) 
/aM D('IP. 5 mM NH~(t. 2(I(XI units catalasc, and 
I)PC. chlorotoluron and ethanol as indicat~:d on fig- 
urcs. DCIP photo-rcduttioa was monitored ~t 550 nm 
~ith a single beam spcctn ~photomcter (DU-:lt), Beck- 
man. Gagny, France) cqu:ppcd with a them~ostated 
sample holder, a magnetic stirrer, a Kinetic Soft-Pak 
Mot!ule and homc-madc fil,cr-optic illumination acccs- 
sor~ The photo-detector ~a~, protected with a bluc 
gla~,s tilter (4-9¢~, Corning, New York. USA) from thc 
actinic light of 20IXI/a. E / m : s  defined with a cold heat 
filter (A;hervcx TA3 MTO. Palaiscau. France)and red 
glass fihcr (RG 645, Sholl Mainz. FRGL Th,: reaction 
mixture (1 5 ml fin,d volu'nc) contained in addition to 
basic medium 7.5 pg Chl. till/aM I)CIP. 5 mM Ntt ~CI. 
]51)0 units c~,talasc, and v as maintained at 20°( ". 

i~('](_'hhm,toluron bi~ding was conducted under 
dina light in I m~ of basic medium. Intact chloroplast.,, 
(3()/,Lg) were broken in water and i,,,otony wa', rcsu~rcd 
b.~ addition of the double strength basic medium. Dif- 
ferent amounts of l~:C]chlorotoluron (l.t~5 MBq/mgl  
was then added folk;wcd, when appropriate, by DPC. 
liB, or unlabeiled chlorotoluron to perform saturation 
or di,~,:ociation studies ("hot". "'cold", "'dissociation'" 
[28]£ Care was taken to have always a constant ethanol 
concentration in a series o~ sample,, with ~aricd I)P(" 
concentration. Sample.,, wcrc incubated fl~r 15 or 2(! 
min in a darkened watcr bath at 2t)°C and then cen- 
trifuged at 1511tX) × g for 3 min. Aliquots of the super- 
natants (I),5 or 0.8 ml)wcrc analyzed in a liquid scintil- 
lation counter (LS-ht)(I(IlC. Beckman. Gagny. Francct 
equipped with the facility I~'~r automatic I)PM calcula- 

tiom, (Aut~ I)PM). Each sample was compared to a 
blank without thylakoids prcscnt, and bound and free 
chlorotoluron calculated according to Tishcr and Strot- 
mann [291. 

Computer program~ LIGAND (Me Pherson, inter- 
chim. Montlu~on. France) and SigmaPIot (Jandel Sci- 
entific, Cortc Madcra. California. USA) wcre used to 
fit and test diffcrcnt binding model,,, t~ experimental 
data. and to calculate binding parameters. Catalasc 
(|:.(' 1.11.1,6) wa,~ purchascd from Sigma (St. Louis, 
MI, U.S.A.). Radioactive (Ciba-Geigy, Basel, Switzer- 
hmd) and unlabcllcd chlorotoluron (Ricdcl-dc Hocn) 
wcrc kindly providcd by Dr. J.-M. Ducruet (CEA- 
INRA. Saclay. France). 1"he other reagents were of 
proanalysis grade. 

Results 

Chlorotoluron binds to pea thylakoids with a K a of 
31t nM and a maximum number of binding site of 2 
nmol/mg Chl, when corrcctcd for non-specific binding 
(Fig. !). This amounts to  55(I Chl per binding sites 
which corrcsponds well to thc ratio of chlorophyll to 
O~ sites, charactcrizcd by other herbicides [29] or 
othcr techniques in spinach [311] and peas [31]. From 
the Scatchard plot of non-corrected data (Fig. 1) an 
apparent positivc cooperativity for binding can be dis- 
ccrncd at concentrations lower than 20 nM free chloro- 
toluron, similar to what has been shown for DCMU 
finding (Groom. O.. personal communication). At con- 
ccntrations higher than 600 nM free chlorotoluron 
there is an increase of non-specific binding. Using the 
program LIGAND [28] only a one-.,;ite binding model 
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Fig. 2. Displacement  or dissociation of [N( 'khh)rot() iuron b) unla- 

belled chh)rotoluron (,J), hydrazobenzene (FLI) and diphenylcarba- 
zide ( e ) f r o m  thylakoids+ Each sample contained 5ll nM [v~(]chloro- 
toluron. The  maximal amount  of  [~C]chloroto luron I'~mnd was 27 
pmol for experiments  wiih chlorotoluron und | IB as displacers, and N 
pmol for the exper iments  with DPC due to the presence of 6% 

ethanol lhroughout in the last case. 

could be fitted to data corrected for non-specific bind- 
ing. If non-corrected data are analyzed, an equally 
good fit is obtained for a one-site binding model with 
7% non-specific binding, or a two binding model with a 
second site with a K d of IIX)/sM and no non-specific 
binding. 

Fig. 2 shows the results of displacement or dissocia- 
tion of radioactive chlorotoluron added at a concentra- 
tion close to its K d, by unlabelled chlorotoluron, DPC 
and HB. The data for displacement by unlabelled 
chlorotoluron confirm the presence of only one binding 
site with the same K d as in Fig. 1. The dissociation of 
chlorotoluron in the presence of DPC is prominent and 
occurs in the milimolar range of DPC (ED m = 4.2 
raM). The K d for DPC could not be calculated and the 
ED~. is only an approximation, because the shape of 
the dissociation curve is atipic (convex en a linear 
scale) with a high apparent cooperati,,ity coefficient 
(equal to 3). A competitive type of displacement could 
not be fitted to the data. This is why it is more 
appropriate to describe the results as a dis,a~ciation 
which is duc to a decrea~ in affinity of chlorotoluron 
for its bindin~ site in the presence of increasing con- 
centration of DPC. Chlorotoluron was also dissociated 
in the presence of HB (Fig. 2). The ED~, for the effect 
of HB was smaller (0.6 raM) than for DPC but the 
shape of the dissociation curve was similar to the 
situation with DPC and therefore no model could bc 
assigned. At these high concentrations of HB a change 
in the sedimentation pattern and even of the color of 
thylakoids ¢nuld be seen. At concentrations below 50 
/a.M HB a true displacement curve could be fitted with 
an apparent ED~, of 6 #M. However. it acct,untcd for 
only 10% of chiorotoluron bound. 

We repeated the saturation experiments for chloro- 
toluron binding in the presence and ab~ncc of donors 
close to their apparent EDsu concentration.,, ;r, order to 
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lh+' ('tlc(t .1 dtl~hcnxl+arlmcnh +rod h+dr,+:.,l+,n:,',++ +,+ da," l+m+/mc 
+?tl',ltllll ~, +;~ ( ~tk~rcU+t/ltt+itl 

g,lltlralit~ll I~Hltlillg uxpcrinlcntx t~l t'hh)l~+l¢)ltlr~ll ~ c r e  pcrl,~rmcd l o l  

Ihc 211 to 21311 nM range ot conccntra t ,m, ,  +~', indicated m Material 
and Method,,. % h e r e  indicated 3 mM DP( '  or 0 5  mM l i b  ~crc  
included in the chh~ropla,,I incubalion rnixlurc and ctmtrol, Data 
~cprescnt,, the re,,ull +, , landard t l c ~ . l a l h ) n x  ¢}1 a t , n c - M l c  binding 

model filled Io cu~-c', compn,,mg Ii1 lo 12 poinD,. 

AddH,  m K I B, , 
(rim ~ ( n m o l / m g  ('hl~ 

N(m-t~cated thylakoid', 
none 55 + 9 !,4(~ 7_ 11_II+ 
3 mM DPC 9t + 14 1,53 =1}.12 

none a2 - I t 2.n~ r ~'1.32 
3raM I ) P (  t l4  + 23 2 54+~L3h 

none 34 + 4 l.~X +(L(~g 
11.5 mM liB 4-I+ ~ I 71 +(I.14 

Tti~-lrcalcd In.vlakoid,, 
n(mc 14~ + Y,~ t.7x + 0.24 

3 mM I)P(." I t~ 7 55 (L6" + (+.16 

determine the type ()f interaction ha,,ed ~m the effect ol 
the donors on the K d and B.,,. tor chlorotoluron. As 
seen from Table I (and Scatchard plots, not shov,n) the 
presence of DPC has a stronger i.~ ,pact on the K a than 
Bm~ , in non-treated thylakoids. The presence of HB 
decreases both the K. and B,.~., although to a smaller 
degree. In Tris-treated th.vlakoid~, where the Kj fl~r 
chlorotoluron is already increased to a level similar to 
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non-treated thylakoid.~ in the presence o t3  mM D P C .  

the presence of [.)P(" affects primarily the B, ..... . These 
results, in addition to those of Figs. 2 and h. indicate 
that the effect of donors on the O~ site is not  specilic. 
and that their interpretation alone can not bc conclu- 
sive. 

Chiorotoluron inhibits DCIP reduction (Fig. 3) and 
o~'gcn evolution (data not shown). In the presence of 
2.5 mM I)PC the inhibition was much Ic:~s pronounced. 
as sccn in PS II particles [19]. The inhibition data 
presented in a Dixon plot (Fig. 3) arc reminiscent ot a 
situation ~'hcn non-comnctiti~c inhibition becomes 
partial non-compet,,ve (or pure competitive becomes 
partial competitive) [32]. For a ligand it would mean a 
change in its affinity for the binding site, not a dis- 
placement. Fig. 3 is therefore best explained as an 
effect of DPC on the O,, site which changes the 
affinity of chlorotoluron, and not a direct displacement 
of chiorololuron by I)PC. A direct displacement by 2.5 
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Fig. 5. Effect of diphenylcarbazide on the reduction of DCIP in 
Tris-lrc,ltcd thylakoids. After the treatment by Tris. thylakoids re- 
laincd less than ~;"~ of their initial capacity fl)r o~ 'gen evolution. The 
r;lle of DCIP reduction was measured in the absence (c~) and 
presence (o) of f(|0 nM chlorotoluron at different DPC concentra- 

tions. 

mM DPC should be larger in the presence of 50 nM 
than 250 nM chlorotoluron, which is not the case here 
(Fig. 3). 

Wc investigate the effect of increasing concentra- 
tions of DPC on electron transport by non-treated pea 
thylakoids, under the same conditions used for the 
binding experiments. Similar experiments reported in 
the literature have given contradictory results [33,34]. 
In Fig. 4 it can be seen that concentration-dependent 
DPC inhibition of both DCIP reduction and oxygen 
evolution is similar, although the amount of inhibition 
is small. In the presence of 50 nM chlorotoluron, which 
inhibits electron transport from water to DCIP by 40% 
at zero DPC, the inhibition of electron transport by 
DPC is less pronounced. 

The interaction of chlorotoluron and DPC was also 
investigated in Tris-treated thylakoids, conditions un- 
der which DPC is the sole donor for PS II [63]. The 
Tris-trcated thylakoids did not evolve oxygen when 
illuminated in the presence of an acceptor (data not 
shov, n). With these thylakoids DPC behaved as an 
electron donor, photo-reducing DCIP with a K,, of 90 
# M  (Fig. 5). The reaction was chlorotoluron sensitive 
and the inhibition was of a non-competitive type (Fig. 
5). This could be the consequence either of the pres- 
ence of two independent sites, one for electron dona- 
tion and one for chlorotoluron inhibition, or the result 
of a very large difference in K,j for the donor and 
inhibitor. The dissociation of [~4C]chlorotoluron in the 
presence of DPC in Tris-treated thylakoids (Fig. 6) is 
better explained by the presence of independent sites. 
Even at 6 mM DPC less than 50f~; of chlorotoluron 
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lakoids. Each sample contained 50 nM [l~C]chlorotoluron. The maxi- 
mal amount of [t4Clch!c~rololuron bound was 19 pmol for experi- 
ments with HB as displacers, and 9 pmol for the experiments with 

DPC due to the presence of 50~ ethanol throughouL 

was dissociated, indicating that the apparent ED~, is 
two orders of magnitude higher than the K,, for DPC 
electron donation. For both HB and DPC the dissocia- 
tion curves of chlorotoluron in normal and Tris-trcated 
thylakoids were alike although the electron transport 
capacities for these two types of thylakoids are quite 
different. 

Discussion 

The results of two types of binding experiment, 
saturation and displacement by unlabelled ligand, 
demonstrate that there is only one binding site for 
chlorotoluron, a DCMU-Iike herbicide, in intact thy- 
lakoids. Nevertheless, the presence of DPC can de- 
crease the inhibition of electron transport by the herbi- 
cide, as seen in PS II particles [19], indicating that the 
interaction of the donor and inhibitor is at lhe QB site. 
The existence of this interaction is confirmed by the 
dissociation of chlorotoluron from thylakoids in the 
presence of DPC or HB, but both dissociation and 
saturation experiments ind ate that rials is not a simple 
displacement by competition for the binding site. Pur- 
cell et al. [35] in a recent report of atrazine "'displace- 
ment" by DPC proposed that it could be the conse- 
quence of a transmembrane conformational change 
influencing the QB site after DPC has bound to the 
donor side, or a direct competiti6n between the donor 
and atrazine at the acceptor side. Our results support 
the conformational change. Indeed they are best ex- 
plained on the basis of an indirect chaotropic effect of 
DPC arid HB on the conformation of the Q8 niche 
resulting in an increase in the K d of the herbicide. 
This indirect effect of donors on the Qa site is sup- 

ported by the fact that the dissociation of chloro- 
t~,luron in t.:~c presence of donors is sin3ilar in normal 
and lris-lreated lhylak~fids. 

Our conclusion that d~ere is only one site for herbi- 
ci,:le binding on PS Ii is in variance with the proposals 
that Q~ site herbicides can bind to the donor side of 
PS It [16.19]. Furthermore, our results does not sup- 
port the possibility of specific binding of DPC to the 
acceptor side of PS II [35] or electron donation at the 
Qa site [23]. The decrea',ed .,ensitivity of electron 
transport to herbicides in the presence of donors 
[9.10,17,19,35] would be the consequence of the de- 
crease in the affinity of herbicides for the Qa site; the 
presence of donors would somehow change the confor- 
mation of the QB niche. The same changes at the level 
of Q ,  were interpreted by some authors as an action of 
the herbicides on the donor side of PS II [8,9,16-22] 
solel~ because of the involvement of donors. The effect 
is more pronounced in PS I! particles, where lower 
concentrations of donors are needed, due to the al- 
ready much higher K d of herbicides under these condi- 
tions [19,22]. This is probably due to the modification 
of the Qn niche by the extraction procedure rather 
than the exposure of a new binding site on the donor 
side (as proposed by Carpentier etal. [19]). 
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