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Summary 

Photosystem II particles which retained high rates of herbicide-sensitive 
activity were used to examine the site(s) of  action of various herbicides. A 
polypept ide of 32--34 kdaltons was identified as the triazine-herbicide binding 
site based upon: (a) parallel loss of atrazine activity and the polypept ide during 
either trypsin t reatment  or selective detergent depletion of protein in the Pho- 
tosystem II complex, and (b) covalent labeling of the polypeptide by a ~4C- 
labeled photoaff ini ty  triazine. 

In Photosystem II particles depleted of the 32--34-kdalton polypeptide,  elec- 
tron transport  was still active and was slightly sensitive to DCMU and largely 
sensitive to dinoseb (urea and nitrophenol herbicides, respectively). On the 
basis of this result it is proposed that the general herbicide binding site com- 
mon to atrazine, DCMU and dinoseb is formed by a minimum of two poly- 
peptides which determine affinity and/or mediate herbicide-induced inhibition 
of  electron transport on the acceptor side of Photosystem II. 

Abbreviations: azidoatrazine, 2-azido-4-ethylamino-6-isopropylamino-s-triazine; atrazine, 2-chloro-4-ethyl- 
arnino-6-isopropylamino-s-t~iazine; B, a protein-plastoquinone complex which acts as the secondary elec- 
tron acceptor in PS If; Chl, chlorophyll; DCIP, 2,6-dichlorophenollndolphenol; DCMU, 3-(3,4-dichloro- 
phenyl)-1,1-dimethylurea (dinron); dinoseb, 2-(methyl-n-propyl)-4,6-dinitrophenylacetate; DPC, s-di- 
phenylcarbazide; LHC-IL chlorophyll a/b light-harvesting pigment-protein complex serving PS II; PS II, 
Photosystem If; Q, primary acceptor quinone in PS II; SDS, sodium dodecyl sulfate; Tricine, N-tris(hy- 
droxymethyl)methylglycine. 
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Introduct ion 

Photosystem II (PS II) functions in photosynthet ic  electron transport  to 
mediate light.induced charge separation, generate a strong oxidant, and to 
stabilize high-energy intermediates produced during primary photochemistry.  
Stabilization of oxidizing equivalents involves a number of  biochemical com- 
ponents which mediate a stepwise charge accumulation with the concomitant  
release of  protons and O2 [1]. Stabilization of  charges on the reducing side of  
PS II requires a minimum of  three intermediates I, Q and B. I is an intermediate 
carrier which transfers an electron from the reaction center chlorophyll to the 
first stable electron acceptor Q [ 2], the latter being a quinone which acts as a 
one electron acceptor [3]. B is also a protein-bound quinone; it acts as an elec- 
tron gate mediating a two-electron transfer of  electrons from Q to the bulk 
plastoquinone [4,5]. 

Previous studies have provided evidence that a large number  of  photosyn- 
thetic herbicides inhibit electron transfer on the reducing side of PS II [6,7]. 
Velthuys and Amesz [5] reported that addition of  the herbicide diuron to 
thylakoids which were in the state QB- caused back electron flow from B- to 
Q. This phenomenon has also been observed upon addition of atrazine to 
thylakoids [8]. These observations led to the idea that  herbicide binding to PS 
II lowers the redox potential of  B relative to Q, thus inhibiting forward elec- 
tron flow (Q -~ B -* PQ). The specific mechanism causing the inhibition has not  
been elucidated although it may involve interaction of  a >C-NH- or -CO-NH- 
group, which is characteristic of  PS II herbicides [ 9,10], with a specific domain 
within the PS II complex. 

In recent years the complexity of  PS II reactions has been revealed through 
EPR, NMR and fast spectroscopic techniques (see review in Ref. 1). Studies utili- 
zing protease digestion of  surface-exposed membrane proteins [ 11,12],  analysis 
of  photosynthet ical ly blocked mutants [13],  and developmental systems [14] 
have provided various approaches for analyzing some consti tuents of  PS II. In 
spite of  these efforts, identification of  the biochemical components  (both poly- 
peptides and associated cofactors) involved in the PS II reactions is at present 
limited. PS II components  which have been tentatively identified include the 
chlorophyll-protein reaction center (42--48-kdalton polypeptide(s))  [13,15],  
polypeptides of  25--29 kdaltons associated with the Chl a/b light-harvesting 
complex serving Photosystem II (LHC-II) [ 16], polypeptides of  27--32 kdaltons 
which may be involved in herbicide inhibition of  PS II activity [11],  and a 
polypept ide of  5.6 kdalton identified as the apoprotein of  cytochrome b-559 
[17]. 

In this manuscript, we report  the identification of  a 32--34 kdalton poly- 
peptide as the receptor  for a specific class of  herbicides directed against PS II. 
The identification is based on studies using an isolated PS II particle. The time 
course of  trypsin t reatment  or selective extraction of  the polypept ide from PS 
II particles resulted in loss of  atrazine-induced herbicide activity. We have also 
utilized a radiolabeled azido atrazine, which was recently reported to act as a 
photo-affinity label to covalently tag 32--34 kdalton polypeptides [18].  
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Materials and Methods 

Chloroplasts were isolated from pea (Pisum sativum L.) leaves as previously 
described [ 16]. Photosystem II particles were isolated by a technique described 
below. Chlorophyll was determined by the method of  Arnon [20]. Photosys- 
tem II-mediated reduction of 0.02 mM DCIP was measured in the presence of 
1 mM DPC using a spectrophotometer  modified for direct sample illumination 
[19]. PS II.-mediated reduction of  0.5 mM K3Fe(CN)6 in the presence of 20 
mM KI (I- used as a donor  to PS II) was monitored spectrophotometrical ly at 
420 nm using an extinction coefficient of  1 mM -1 • cm -1 for ferricyanide [21]. 

The atrazine used in these studies was provided by Dr. H. LeBaron, Ciba- 
Geigy, Greensboro, NC. Uniformly ring-labeled azido[~4C]atrazine was pro- 
vided by Dr. G. Gardner, Shell Development Co., Modesto, CA (spec. act. 37.1 
t~Ci/mg). Radioactivity was determined by scintillation techniques as pre- 
viously described [22]. Chl-containing samples were bleached in 5% H202 at 
80°C prior to liquid scintillation counting. SDS gel electrophoresis techniques 
used to separate polypeptides have been previously described [23]. Radio- 
activity in the slab gels was detected after 2,5-diphenyloxazole treatment,  
drying and X-ray fluorography [24].  

For proteolyt ic  modification, PS II particles were treated with trypsin fiTR- 
TPCK, Worthington Biochemical Corp.; 10 #g/ml and 0.2 mg Chl/ml) at 20°C, 
pH 7.8. The reaction was stopped at various times by the addition of a 10-fold 
excess of trypsin inhibitor (from soybean, Type I-S, Sigma Chemical Co.). 

For selective protein extraction, PS II particles {0.2 mg Chl/ml) were solu- 
bilized with 2% sodium cholate/4 M urea, or 1% octyl-~-D-glucopyranoside in 
20 mM Tricine/NaOH, pH 7.8, at 4°C for 2 h with stirring. Solubilized poly- 
peptides were then separated from the PS II complexes by centrifugation of 
4-ml samples on 0.2--1.0 M sucrose gradients {containing 0.1% sodium cholate, 
20 mM Tricine/NaOH, pH 7.8, 4°C) at 100 000 × g for 10 h in a Beckman SW- 
28 rotor,  using 18 ml total volume sample tubes. Solubilized polypeptides were 
recovered from the top 2--4 ml of the gradients. After centrifugation, chloro- 
phyll-containing protein-depleted PS II complexes were collected from a band 
which was approximately midgradient. 

Preparation of PS H particles. Chloroplasts were isolated from pea seedlings 
by grinding leaves in 0.4 M sorbitol, 0.05 M Tricine/NaOH, pH 7.8, 5 mM 
MgCl2 as previously described [16]. The chloroplast pellet obtained after cen- 
trifugation was resuspended in 0.02 M Tricine/NaOH, pH 7.8, 0.01 M MgC12 
(resuspension buffer designated as TNM buffer) and the chloroplast thylakoids 
were subsequently pelleted by centrifugation at 7000 X g (4°C). The pelleted 
thylakoid membranes were resuspended in TNM buffer to 0.75 mg Chl/ml and 
Triton X-100 was added to a final concentration of 0.6% (w/v). This solution 
was slowly stirred at 4°C in the dark for 45 min and then centrifuged at 12 000 
X g for 10 min. The chlorophyll-containing pellet obtained after centrifugation 
was resuspended in 0.02 M Tricine/NaOH, pH 7.8, to 1.0 mg Chl/ml and digi- 
tonin (5 mg/mg Chl) and octyl-~-D-glucopyranoside (2 mg/mg Chl) were added. 
The solution was stirred for 1 h at 4°C in the dark, then centrifuged at 18 000 
× g for 10 min. The supernatant obtained after centrifugation was loaded (4 ml 
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per tube) on 0.2--1.0 M sucrose linear density gradients (total volume 38 ml) 
containing 0.02 M Tricine/NaOH, pH 7.8, and 0.1% sodium cholate. The 
sucrose density gradients were centrifuged in a Beckman SW-28 rotor  for 15-- 
20 h at 100 000 × g (4°C). After centrifugation the gradients contained three 
chlorophyll-containing bands; a band near the top of  the gradients contained 
primarily LHC-II, a minor band below LHC-II consisted of  Photosystem I par- 
ticles. PS II particles were collected from the chlorophyll-containing band 
migrating the longest distance (to approximately midgradient) by removal with 
a large-bore blunt needle affixed to a syringe. 

Results and Discussion 

Herbicide inhibition characteristics of  PS H particles 
Several classes of  photosynthet ic  herbicides have been shown to act by 

blocking PS II electron transport  [6--8]. These include the ureas (example, 
DCMU), triazines (example, atrazine) and the nitrophenols (example, dinoseb). 
The urea, triazine and nitrophenol herbicides have been shown to inhibit the 
same electron transport step in PS II and to compete  for a common binding site 
[25,26].  

For analysis of  specific PS II consti tuents involved in herbicide binding, we 
have developed a rapid isolation procedure for a high yield of PS II particles. 
The development of  the  procedure was specifically directed at maintaining her- 
bicide sensitivity in the PS II particles as close as possible to the 'native' in situ 
responses to herbicides. It should be noted that electron transport  in previously 
reported PS II particle preparations was either totally DCMU resistant or was 
inhibited partially by high DCMU concentrations [11,27].  Activities of  other 
PS II-directed herbicides against PS II particles have not  been characterized. 

Analysis of  PS II-mediated electron transport over a range of herbicide con- 
centrations has previously been used to characterize inhibition constants for 
various chemicals. Ki values calculated from binding data are related to a mea- 
sured/so  value (the herbicide concentration required for 50% inhibition of  the 
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Fig.  1. I n h i b i t i o n  o f  PS I I - m e d i a t e d  D C I P  p h o t o r e d u c t i o n  i n  c h l o r o p l a s t s  (H 2 0  as the  d o n o r )  a n d  PS II  

p a r t i c l e s  ( D P C  as t h e  d o n o r )  by" v a r i o u s  c o n c e n t r a t i o n s  o f  a z i d o a t r a z i n e  o r  D C M U .  S a m p l e s  c o n t a i n i n g  
5 ~ug C h l / m l  were  i l l u m i n a t e d  ( b r o a d  b a n d  b l u e )  f o r  1 r a in  a t  2 0 ° C .  Contro l  rates  were  3 5 0 / ~ m o l  D C I P  

r e d u c e d  • m g  -1 C h l  • h -1 f o r  PS II part ic les  a n d  2 9 0  ~ m o l  D C I P  r e d u c e d  • m g  -1 Ch l  • h - !  for ch loroplas t s .  
(~, • = a z i d o - a t r a z i n e ;  o • = D C M U ) .  

Fig.  2. I n h i b i t i o n  o f  PS I I - m e d i a t e d  D C I P  p h o t o r e d u c t i o n  in  c h l o r o p l a s t s  a n d  PS II  p a r t i c l e s  i n  t h e  pres-  
e n c e  o f  var ious  c o n c e n t r a t i o n s  o f  d i n o s e b .  Assay  c o n d i t i o n s  axe d e s c r i b e d  in  F ig .  1. 
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stated photoreaction).  Is0 values are proportionally related to the true herbicide 
binding constant [25]. DCMU, azidoatrazine, and dinoseb inhibit chloroplast 
photoreactions over a narrow concentration range (Figs. 1 and 2). (Atrazine 
data, not  presented, were nearly identical to those for azidoatrazine.) In con- 
trast, the herbicides expressed inhibition over a much wider concentration 
range in PS II particle preparations (note the flattening of  the inhibition 
response curve in Figs. 1 and 2). The increase in the concentration range 
needed to saturate inhibition in the PS II particles may be related to increased 
heterogeneity of binding sites, and may reflect perturbation in the herbicide- 
binding sites with respect to affinity for the various herbicides. The total num- 
ber of herbicide inhibition sites in the PS II particles, measured by total  inhibi- 
tion, remained constant. 

Is0 values for each of  the herbicides can be determined from Figs. 1 and 2; 
these provide a measure of affinity between a herbicide and its binding site 
[25]. The results show that PS II particles have an apparent increased affinity 
for dinoseb and decreased affinity for atrazine and DCMU as compared to chlo- 
roplasts. Preliminary evidence suggests that the decreased affinity for the latter 
herbicides is due to a slight depletion of certain PS II polypeptides even during 
the mild isolation procedures utilized. 

Trypsin modification of herbicide inhibition of PS H particle photoreactions 
Table I shows the effect  of herbicides on PS II activity in isolated particles. 

The partial reaction of electron transfer from I- to ferricyanide was found to 
be nearly insensitive to herbicides. In contrast, electron transport from DPC to 
DCIP was strongly inhibited. It has been previously suggested that  ferricyanide 
is able to very slowly accept electrons directly from the primary acceptor Q in 
intact thylakoids [28],  but  more rapidly in sil icomolybdate-treated membranes 
or from thylakoids after mild trypsin t reatment  [12,29].  Electron transport  to 
DCIP is thought to require the participation of  the secondary quinone B [30].  
These suggestions are consistent with the results shown in Table I. Herbicides 
which block electron transport  in PS II particles are able to inhibit reduction of 
DCIP but  not  ferricyanide. We conclude that ferricyanide accepts electrons 
directly from Q in isolated particles and the herbicides do not  influence elec- 
tron transfer reactions before or at the level of Q. 

The two partial reactions mediated by PS II (DCIP or ferricyanide reduction) 
have been utilized to probe the site(s) of action of trypsin, a water-soluble 

T A B L E  I 

H E R B I C I D E  I N H I B I T I O N  O F  PS II  A C T I V I T Y  IN I S O L A T E D  PS II  P A R T I C L E S  

R a t e  i s / ~ m o l  D C I P  or  f e r r i c y a n i d e  r e d u c e d  • m g  -1 Ch l  • h -1 . D a t a  i n  parentheses indicate percent inhibition. 

Condition R a t e  

I -  -* ferrieyanide D C P  --* D C I P  

C o n t r o l  3 3 6  (--)  3 1 0  ( - - )  
+ 1 0  -4  M a t r a z i n e  3 2 9  ( 4 )  9 3  ( 7 0 )  
+ 10  -4 M D C M U  3 1 1  ( 7 )  4 0  ( 8 7 )  

+ 1 0 - 4  M d i n o s e b  3 0 6  ( 9 )  2 2  ( 9 3 )  
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Fig. 3. T i m e  course  of  t r y p s i n  t r e a t m e n t  of  PS II  par t ic les .  PS II  ac t iv i ty  was  m o n i t o r e d  by  fo l lowing  the  

p h o t o r e d u c t i o n  o f  f e r r i cyan ide  ( F e C N )  or  DCIP.  T r y p s i n  c o n c e n t r a t i o n  was  10 # g / m l  for  the  f i rs t  45  rain 
and  20 p g / m l  f r o m  the  45 m i n  t i m e  po in t  to  60 rain. The  change  in t r y p s i n  c o n c e n t r a t i o n  is i n d i c a t e d  by  
a b r e a k  in the  ac t iv i ty  curves .  

Fig. 4. T i m e  course  o f  t r y p s i n  t r e a t m e n t  of  PS II  par t ic les .  C o n d i t i o n s  were  the  s a m e  as desc r ibed  in Fig.  3. 
I n h i b i t i o n  of  D C I P  p h o t o r e d u c t i o n  i n d u c e d  by  10 -4 M a t raz ine ,  5 • 10 -5 M D C M U  or 5 - 10 -5 M d inoseb  

were  m o n i t o r e d  a f t e r  va r ious  t i m e s  of  t r y p s i n  d iges t ion .  

protease, on PS II particles. Fig. 3 shows a time course of PS II activity in the 
presence of trypsin. Electron transport from I- to ferricyanide approximately 
doubled in the first 10 min and then remained relatively constant. A trypsin- 
induced increase in ferricyanide reduction has been previously observed in chlo- 
roplasts and has been attr ibuted to increased exposure of Q to the ferricyanide 
[12]. Trypsin t reatment  of PS II particles gradually inhibited DCIP reduction 
over a 60-min time course. The difference in time course and in rate of the 
action of trypsin on ferricyanide and DCIP reduction suggests two different 
sites of trypsin digestion, or two sequential effects of trypsin on one polypep- 
tide. 

The effect of trypsin t reatment  on herbicide inhibition of DCIP reduction in 
PS II particles is shown in Fig. 4. The data reveal two central features. First, 
atrazine is an effective inhibitor in the untreated PS II particles, but trypsin 
digestion results in atrazine-resistant electron flow after 10--20 min of trypsin 
treatment;  this time course is similar to the trypsin-induced increase in electron 
transport to ferricyanide observed in Fig. 3. Second, dinoseb, and to a lesser 
extent DCMU, are able to inhibit PS II activity when inhibition mediated by 
atrazine is lost. This suggests that  the electron transport step which is inhibited 
by these herbicides is functional in trypsin-treated PS II particles even when the 
site for atrazine binding is severely altered or lost. 

Polypeptide alterations in PS II particles were analyzed during the time 
course of trypsin digestion in an at tempt  to identify the polypeptides modified 
concomitant  with altered electron transport and herbicide inhibition. Fig. 5 
reveals that  polypeptides of 32--34 and 25--29 kdaltons are modified with a 
time course corresponding to the loss of atrazine inhibition. Trypsin modifica- 
tion of a 27- and 32-kdalton polypeptide have been previously reported conco- 
mitant  with the loss of DCMU inhibition of PS II activity, and a two-step alter- 
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Fig. 5. T i m e  course  of  t ryps in  t r e a t r a e n t  of  PS II  par t ic les  showing  p o l y p e p t i d e  changes  over  a 30 rain 
t ime  course.  T ime  zero shows  the po lype p t i de  c o m p o s i t i o n  of  PS II  be fo re  add i t ion  of  t ryps in .  The  t ryp-  
sin digest ion was s t oppe d  at  the t imes  s h o w n  by add i t ion  of  a 10-fold excess  of  t ryps in  inh ib i to r  (T).  
Molecular  weight  s t andards  are s h o w n  to the  left  of  s epa ra t ed  ch lorop las t  p o l y p e p t i d e s  (MEMB). Molec- 
ular  weight  s t andards  used include:  bov ine  s e rum a l b u m i n  (68 000) ,  o v a l b u m i n  (45  000) ,  ca rbon ic  anhy-  
drase (29 000)  and c y t o c h r o m e  c (12  400) .  

ation in polypeptides of  32--34 kdaltons were related to stepwise changes in 
atrazine binding in trypsin-treated thylakoids [31]. 

Selective extraction of  PS H polypeptides 
The results shown in Fig. 3 and 4 revealed correspondence between the loss 

of atrazine-induced inhibition of PS II activity and exposure of Q to ferri- 
cyanide under conditions where DCMU- or dinoseb-sensitive electron transport  
to DCIP was partially or largely unaffected,  respectively. These results could be 
explained by the selective cleavage of  a single polypeptide which contains mul- 
tiple herbicide-binding sites as well as the quinone cofactor,  B. For this possibil- 
ity, one would have to assume that trypsin cleaves the atrazine receptor port ion 
of the polypeptide leaving the quinone cofactor  and the DCMU and dinoseb 
receptors either partially or largely unmodified. An alternative explanation for 
the results in Figs. 3--5 would involve the participation of separate polypep- 
tides in these effects; one polypeptide would be hypothesized to contain the 
atrazine receptor and one or more other polypeptides which would bind the 
quinone cofactor  of B and/or DCMU and dinoseb receptors. In order to distin- 
guish between these possibilities, polypeptides present in the PS II particles 
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Fig. 6. SDS-po lyac ry l amide  slab gel of  PS II  (lanes 1 and 4), PS II a f te r  c h o l a t e / u r e a  e x t r a c t i o n  (lane 2), 
po lypep t i de  ex t r ac t ed  f r o m  PS II  by  cho l a t e /u r ea  (lane 3),  PS II  a f te r  oc ty l -~-D-glucopyranos ide  ext rac-  
t ion  (lane 5), and p o l y p e p t i d e s  e x t r a c t e d  f r o m  PS II  by  oc ty l -~-D-glucopyranos ide  (lane 6). The  poly'acryl-  
amide  gel (lanes 4 - -6)  shown  on the  r ight  con ta ined  4 M urea.  The  mo lecu l a r  weight  s t anda rd  sh o wn  on 
the  far-left  and far-right sides are listed in Fig. 5. 

were selectively removed from the particles and remaining activity and herbi- 
cide sensitivity were monitored. 

Two procedures were utilized to selectively remove polypeptides from iso- 
lated PS II preparations. The first involved solubilization of  PS II particles with 

T A B L E  II  

H E R B I C I D E  I N H I B I T I O N  OF P H O T O S Y S T E M  II  A C T I V I T Y  (DPC--*DCIP)  A F T E R  S E L E C T I V E  
E X T R A C T I O N  OF PS II P A R T I C L E S  

Rate  is p m o l  DCIP r educ e d  • m g  -1 Chl - h -1 . Data  in pa ren theses  are p e r cen t  inhib i t ion .  

Sample  Cont ro l  Ra te  
ra te  

+ 10 -4 M at raz ine  + 10 -.4 M DCMU + 10 -4 M dinoseb 

Contro l  
( u n t r e a t e d  PS II 
part icles)  310  93 (70)  40 (87)  22 (93)  

Ch o la te /urea-  
e x t r a c t e d P S  II 274 260 (5)  181 (33)  105 (61)  

Octyl-/3-D- 
g lucopyranos ide -  
e x t r a c t e d P S  II 300  296 (2)  272 (10)  149 (51)  



244 

cholate/urea and the second with octyl-~-D-glucopyranoside (see Materials and 
Methods). The resultant PS II particles were then separated from the extracted 
polypeptides on sucrose gradients. The extracted polypeptides and the particles 
were individually recovered and analyzed. 

Lanes 1 and 4 of Fig. 6 demonstrate the polypeptide complement  of isolated 
PS II particles. For comparative purposes, the polyacrylamide gels used con- 
tained 0 and 4 M urea for lanes 1 and 4, respectively. The inclusion of urea in 
gels is known to sometimes alter polypeptide migration [15];  comparison of 
the PS II particles shows that changes in apparent molecular weight occurred in 
the 42--48- and 25--29-kdalton region. In addition, a diffuse band at approx. 
30 kdaltons was more distinct in urea-free gels. 

Fig. 6 shows that a polypeptide (32--34 kdaltons) was extracted from PS II 
particles (lane 2) by cholate/urea; the single non-pigmented polypeptide was 
recovered at the top of the gradient (lane 3). Solubilization of  PS II particles by 
octyl-/3-D-glucopyranoside removed the 32--34-kdalton polypeptide plus poly- 
peptides of 25--29-kdaltons from the remaining PS II complex (lane 5). The 
32--34- and 25--29-kdalton polypeptides (lane 6) were recovered in the upper 
port ion of the gradient; this mixture contained both  Chls a and b. Previous 
studies have identified the 25--29-kdalton polypeptides as consti tuents of the 
LHC-II [16]. 

The polypeptide changes described above for PS II particles were correlated 
with only small changes in electron transport  rates (DPC -~ DCIP, see Table II). 
These results indicate that the 32--34-kdalton polypeptide (and light-harvest- 
ing pigment-proteins of 25--29-kdaltons) are not  required for DPC-~ DCIP 
photoreduct ion in PS II particles. The major change caused by polypeptide 
extraction involved alteration of herbicide inhibition of DPC -+ DCIP electron 
transport. The results in Table II show that selective removal of the 32--34- 
kdalton polypeptide is correlated with a virtually complete loss of PS II inhibi- 
tion mediated by atrazine. Extraction of PS II particles with octyl-fl-D-gluco- 
pyranoside also caused a decrease in DCMU-induced inhibition of PS II activity. 
This t reatment  removed several polypeptides including the 32--34 kdalton 
polypeptide.  Inhibition mediated by DCMU or dinoseb are modified but  to a 
lesser extent  when the 32--34-kdalton protein is selectively extracted via 
cholate/urea. These results are consistent with the hypothesis that  the 32--34- 
kdalton polypeptide is necessary for atrazine-induced inhibition of PS II activ- 
ity, but  that this polypeptide does not, by itself, fully determine the site of 
DCMU or dinoseb binding. 

Photoaffinity labeling o f  the PS H triazine-binding site 
The herbicide, azidoatrazine, has been reported to act as a photo-affinity 

label [18]. It inhibits PS II electron transport  with an/so value similar to atra- 
zine (Fig. 1). These data demonstrate that  substitution of an N3 group in place 
of chloride on the triazine ring did not  significantly alter the inhibition proper- 
ties of this herbicide. 

Exposure of  the azidoatrazine to ultraviolet illumination at 254 nm activates 
the azido group to form a highly reactive nitrene which can undergo nucleo- 
philic attack of susceptible groups (for a general review see Ref. 32). ~4C- 
Labeled azidoatrazine, if activated while occupying the herbicide-binding site 



245 

, T 1 

I 
~ i UV + a z i d o ~ : ~ a _ z ~  J::::l ~( 0.4i UV + azidoatrazine 

I 

I , 
o - -  [ 0 - -  210 310 

UV Treatment  (rain) 

.q 

"5 

T i i i i 

i ] I ~ 7  o PSIT Porlicles 

4 D noseb - 

I I I I 

Chloroplosts 

I 

iO-e 10 -6 10 -4 
Herbicide (M) 

Fig. 7. T ime  course  of  mod i f i ca t i on  of  PS I I  ac t iv i ty  (DPC --* DCIP)  in chloroplas ts  by  254 n m  i l lumina-  
t ion  in the  presence  or  absence  of  az idoa t raz ine .  Samples  con ta in ing  25 #g  Chl /ml ,  50 mM Tris-HC1, p H  
7.8, 5 mM MgCl 2 were  i l lumina ted  at  a d is tance  of  4 c m  or  k e p t  in the  dark  at  20°C in the  presence  or  
absence  of  1 • 10 -6 M az idoa t raz ine .  Af t e r  t r e a t m e n t  the  ch loroplas t s  were  washed  twice  wi th  20 mM 
Tr i c ine /NaOH,  p H  7.8,  5 mM MgCl 2 pr ior  to assay.  Rates  are expressed  as a ra t io  of  u l t rav io le t  light- 
t r e a t ed  ac t iv i ty  over  da rk  sample  act iv i ty .  

Fig. 8. I n c o r p o r a t i o n  of  a z i d o [ 1 4 C ] a t r a z i n e  in to  PS IT par t ic les  ( top)  and  ch lorop las t  m e m b r a n e s  (bot-  
t o m )  in the  presence  of  var ious  c o n c e n t r a t i o n s  of  d inoseb  ( top)  or  DCMU ( b o t t o m ) .  PS I I  par t ic les  or 
ch loroplas t s  were  suspended  at 25 #g Chl /ml  in 50 m M  Tris-HC1, p H  7.8, exposed  to  254 n m  i l lumina t ion  
for  15 rain. The  PS II  par t ic le  samples  con ta ined  5 • 10 -s  M az ido[  14C]a t r az ine  and  dinoseh.  The  chloro-  
plast  samples  con ta ined  1 • 10 -5 M az ido[  14C]a t r az ine  and  the  DCMU c o n c e n t r a t i o n  indica ted .  I l lumi- 
na t ed  samples  were pel le ted ,  washed  once  in 20 m M  T r i c i n e / N a O H ,  5 m M  MgCI 2, b l eached  and  c o u n t e d  
for rad ioac t iv i ty .  

within the PS II complex, can thus become covalently cross-linked to a protein 
creating the binding site. In these experiments, the organic buffer Tris was 
included to act as a scavenger for non-selectively activated azidoatrazine. Fig. 7 
shows a time course of ultraviolet-induced inhibition of chloroplasts in the 
presence or absence of azidoatrazine. For this experiment chloroplasts were 
suspended in 0 or 1 • 10 -6 M azidoatrazine, illuminated for stated times with 
254 nm light, washed twice by centrifugation and then assayed for PS II activ- 
ity (DPC -* DCIP). The results presented in Fig. 7 show that  ultraviolet illumi- 
nation for 20 min in the presence of azidoatrazine causes more than 50% 
inhibition of electron transport which was nob reversed by washing. This indi- 
cates that  covalent binding of the azidoatrazine permanently inhibited PS II 
activity. 

It has previously been shown that  triazine, urea and nitrophenol herbicide 
act competitively in radiolabel-binding assays [22,25,26]. Fig. 8 shows compe- 
tition of diuron (in chloroplasts) and dinoseb (in PS II particles) for the specific 
triazine-binding site via measurement of reduced azidoatrazine covalent labeling 
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Fig. 9. SDS-po lyac ry l amide  slab gel showing  Coomassie-s ta in ing po lypep t ide s  of  ch lorop las t  m e m b r a n e s  
(MEMB) and PS II  par t ic les  (PS II) .  Lanes  1 and  3, a u t o r a d i o g r a m s  of ch lorop las t  po lypep t ide s  which  
were labeled by  a z i d o [ 1 4 C ] a t r a z i n e  in the absence  or  p resence  of  10 -4 M DCMU, respec t ive ly .  Lanes  2 
and 4, d e n s i t o m e t r i c  scans of  the  a u t o r a d i o g r a m s  in lanes 1 and  3, respect ive ly .  Lane  5, a u t o r a d i o g r a m  of 
az ido[  14 C]a t raz ine- labe led  PS II  po lypep t ides .  Lane  6, de ns i t o me t r i e  scan of  the  a u t o r a d i o g r a m  in lane 5. 
Condi t ions  of  labeling are descr ibed  in Fig. 8. The mo lecu la r  weight  s t andards  sh o wn  a t  the  lef t  of the 
figure are listed in Fig. 5. 

of chloroplast and PS II particles in the presence of  the competing herbicide. 
The higher background binding in PS II particles (i.e., triazine binding not  com- 
petitively displaced by dinoseb) as compared to chloroplasts may be partially 
due to increased concentrations of azidoatrazine which were necessary to attain 
maximal inhibition of electron transport  in PS II particles. 

PS II particles and chloroplast samples which were covalently labeled with 
azido[14C]atrazine were subjected to analysis on SDS-polyacrylamide gels fol- 
lowed by autoradiography in order to determine which polypeptides were 
labeled by the azidoatrazine. Fig. 9 {lane MEMB) shows the polypeptide con- 
tent  (Coomassie blue staining) of chloroplasts; the adjacent lane 1 shows the 
corresponding fluorograph. A densitometer scan of the fluorogram (lane 2) 
revealed maximal specific activity of  label at a polypeptide of  32--34 kdaltons. 
In addition, the 25--29-kdalton polypeptides of  the LHC-II [16] incorporated 
activity. When chloroplasts were inhibited in 5 . 1 0 - 6 M  azidoatrazine plus 
10 -4 M DCMU during ultraviolet activation, the resultant autoradiogram of the 
labeled sample (lane 3) showed a specific decrease in the [ 14C]triazine labeling 
of the 32--34-kdalton polypeptide (see lane 4). This indicates competitive her- 
bicide interaction at the 32--34-kdalton consti tuent  but  not  for the binding to 
LHC-II polypeptides.  
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Isolated PS II particles were illuminated (254 nm) in the presence of azido- 
[14C]atrazine. A comparison of  the stained polypept ide profile (slot PS II) and 
the corresponding autoradiogram (slots 5 and 6) reveals maximum specific 
activity of  labeling in a 32--34-kdalton polypeptide.  The LHC-II polypeptides 
also show a reduced amount  of  14C-labeling. 

Conclusions 

Besides their obvious economic importance in agriculture, photosynthet ic  
herbicides which inhibit electron transport mediated by PS II are important  as 
probes for elucidating the functional organization of  the PS II complex. In the 
present investigation we have utilized a herbicide-sensitive PS II particle to 
identify polypeptides involved in herbicide binding. 

In this study a 32--34-kdalton polypeptide of  the PS II complex has been 
identified as the atrazine receptor  protein. This identification is based upon: (a) 
the concomitant  loss of  the 32--34-kdalton polypeptide and atrazine-induced 
inhibition of PS II during trypsin treatment of  PS II particles (Figs. 3--5), or 
(b) selective extraction of  the 32--34-kdalton polypept ide from PS II particles 
(Fig. 6 and Table II). The identification was further supported by the labeling 
of the 32--34-kdalton polypept ide by an azido-atrazine photoaff ini ty  label; the 
labeling could be prevented by competi t ion with other herbicides (Figs. 7--9). 

The 32--34-kdalton polypept ide must be localized on the external surface of 
PS II particles based upon the ability of trypsin, a hydrophilic protease, to 
cleave the polypeptide (Fig. 5 and Ref. 11). In intact thylakoid membranes, it 
has been observed that this p01ypeptide is also susceptible to mild trypsin treat- 
ment  indicating exposure on the external surface [31]. Proximity to Q is sug- 
gested by the time course of  trypsin treatment which revealed concomitant  
cleavage of  the 32--34-kdalton polypeptide,  loss of  atrazine-induced inhibition 
of  PS II activity, and exposure of  Q as measured by an increase in the acces- 
sibility of  ferricyanide as an electron acceptor (Fig. 3). Trypsin t reatment  of 
chloroplast membranes has previously been reported to cause exposure of  Q 
[ 12], and to modify herbicide inhibition of  PS II activity [ 33,34]. 

The results in Fig. 6 and Table II show that selective extraction of the 32-- 
34-kdalton polypeptide caused the loss of  atrazine-induced inhibition of  PS II 
activity wi thout  a large decrease in PS II-mediated DCIP reduction. The fact 
that other  herbicides, for example dinoseb and DCMU retain at least partial 
inhibition properties in PS II particles depleted of  the 32--34-kdalton poly- 
peptide (Table II), indicates that  the  binding of these herbicides does not  have 
an absolute requirement for the 32--34-kdalton polypeptide.  

It has been recently reported that  dinoseb exhibits high-affinity and low- 
affinity binding [35] which may correspond to inhibition sites on the acceptor 
side and donor  side of  PS II, respectively. The results in Table I indicate that 
10-4M dinoseb does not  significantly inhibit electron flow from I- to ferri- 
cyanide yet  inhibits DCIP photoreduct ion b y m o r e  than 90%. These data are 
consistent with the action of  dinoseb on the acceptor side of  PS II particles. A 
photoaff ini ty  dinoseb inhibitor has been found to specifically label polypep- 
tides of  approx. 35--45-kdalton [35]. This result may indicate that  a polypep- 
tide other  than the 32--34-kdalton atrazine-binding polypept ide is involved in 
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binding dinoseb. We thus suggest that  the general herbicide-binding site com- 
mon to atrazine, DCMU and dinoseb consists of a minimum of two polypep- 
tides which determine affinity and/or mediate herbicide-induced inhibition of 
electron transport  from Q to B. 
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