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Four representative inhibitors of Photosystem II (PS II) QA to QB electron transfer were shown to bind, at 
high concentrations, to PS  II reaction centers having the acceptor-side non.heme iron in the Fe(l l l )  state. 
Three of the inhibitors studied, DCMU, o-phenanthroline and dinoseb, mc~fied the EPR spectrum of the 
Fe(l l l )  relative to that obtained by ferricyanide oxidation in the absence of inhibitor, o-Phenanihroline gave 
particularly axial symmetry, while DCMU and dinoseb gave more rhombic configurations. The herbicide 
inhibitor, atrazine and its analogue, terbutryn, had no effect. The dissociation constants for inhibitor binding 
to reaction centers in the Fe(ll l)  state were measured directly and also estimated from shifts in the midpoint 
potential of the Fe (HI ) /Fe ( I I )  couple and were shown to increase by factors of approx. 100, approx. 10 and 
10-15 for DCMU (pH 7.5), atrazine (pH 7.0) and o-phenanthroline (pH 7.0), respectively, upon oxidation 
of the iron. Atrazine and o-phenanthroline, which induce the smallest changes in the midpoint potential of 
the F e ( l l l ) / F e ( l l )  couple, were shown to inhibit light-induced oxidation of the Fe(II) by phenyi-p-BQ, 
described in the preceding paper (Petrouleas, V. and Diner, B.A. (1987) Biochim. Biophys. Acta 893, 
126-137). The extent of inhibition was much greater than would be predicted from a simple shift in the 
midpoint potential for F e ( l l l ) / F e ( l l )  and we conclude that pbenyl-p-BQ and the other quinones, which 
show light-induced oxidation, act through the QB binding site. It is also argued that reduction and oxidation 
of the iron by ferro- and ferricyanide, respectively, occur through this site. The effects of these inhibitors 
and of various quinones on the F e ( m )  environment are discussed with reference to the known contact points 
between the protein and o-phenanthroline and terbutryn in the QB binding pocket of R h o d o p s e u d o m o n a s  

v ir idis  reaction centers (Michel, H., Epp, O. and Deisenhofer, J.  (1986) EMBO  J. 5, 2445-2A51). The 
Fe(IH) EPR spectrum is thus a new and sensitive probe of the contact points at which molecules bind to the 
QB binding site. 
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Introduction 

There has been considerable interest in recent 
years in understanding how herbicide inhibitors 
block electron transfer between the primary and 
secondary quinone acceptors, QA and QB, respec- 
tively, of reaction centers of Photosystem II (PS 
II) and those of purple photosynthetic bacteria 
[1-6] (for a review, see Ref. 7). Attention of 
biophysicists has focused principally on four 
classes of inhibitors: the ureas, the triazines, the 
phenolics and o-phenanthroline. These have been 
shown to compete with quinone for binding to the 
reaction center [1-7]. The site of binding has, in a 
number of cases, been determined by photoaffin- 
ity labelling [8-13]. Isolation of herbicide-resistant 
mutants has provided clues as to the region of the 
D1 polypeptide of the PS II reaction center [14-16] 
and of the L subunit of the bacterial reaction 
centers [12,17] to which these inhibitors bind and 
with what amino acid residues they interact. More 
recently, the determination of the X-ray crystallo- 
graphic structure of Rps. viridis reaction centers to 
better than 3 ~, resolution [18] has shown the 
inhibitor binding site to be located within the L 
subunit, in agreement with earlier photoaffinity 
labelling studies [11,12], and has indicated the 
amino acid residues within this site which interact 
with o-phenanthroline and terbutryn to assure their 
binding. That the inhibitor binding site is also that 
for QB, is indicated by recent crystallographic 
data on Rhodobacter sphaeroides reaction centers 
[19,20]. 

In this paper we describe a new probe for the 
detection of herbicide binding in the Q B pocket of 
the PS II reaction center. The acceptor-side iron 
of the reaction center can be oxidized to Fe(III) 
[21], and can function in this state as the high- 
potential electron acceptor to Q f,, Q40o [22,23]. 
The low-field X-band EPR signals one detects for 
Fe(III) are highly sensitive to the nature of the 
molecules bound to the QB binding site. Different 
herbicides (this paper) as well as exogenous 
quinones (accompanying paper: Ref. 24) induce 
different ligand field symmetries at the iron site 
which are revealed in the EPR spectra. The inhibi- 
tors also modify the midpoint potential of the 
Fe(III)/Fe(II) redox couple, an observation which 
is consistent with an earlier finding of Wraight 
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[25] of a decrease in binding affinity of herbicide 
inhibitors upon oxidation of Q400- We will show 
that the binding of herbicides to the QB-binding 
site blocks the light-induced oxidation of the iron 
by exogenous quinones [24,26] demonstrating that 
such oxidation occurs through the QB binding site. 

Materials and Methods 

Photosynthetic membranes. Thylakoid mem- 
brane fragments (BBY membranes [27]) were pre- 
pared and used as described in the preceding 
paper [24]. All inhibitors and exogenous quinones 
were added from stock solutions in DMSO. The 
quinone concentration was typically 0.5 to 1 mM 
and the DMSO concentration never exceeded 0.5% 
(v/v). An equivalent concentration of DMSO was 
added to all control samples. 

Electron spin resonance spectroscopy. The elec- 
tron spin resonance spectrometer and cryostat were 
as described previously [21]. The EPR detection 
conditions were as described in the Material and 
Methods section of the preceding paper [24]. 

Fluorescence relaxation kinetics. The fluores- 
cence relaxation kinetics were determined follow- 
ing saturating microsecond actinic flash excitation 
with broad band blue light (Schott BG 39). The 
fluorescence yield was probed by 492 nm micro- 
second detecting flashes at various times following 
the actinic flash. The instrument used was the 
flash detection spectrophotometer of the preced- 
ing paper [24]. 

Results 

Influence of inhibitors on the Fe(III) EPR spectra 
BBY membranes at pH 7.0 were incubated with 

5 mM ferricyanide to oxidize the PS II acceptor- 
side Fe(II) to Fe(III). The membranes were then 
incubated at 0 ° C  with atrazine, DCMU, o- 
phenanthroline and dinoseb or with no further 
additions. The EPR spectra are shown in Fig. 1 
(continuous lines). The background spectra, re- 
corded after saturating illumination at 200 K are 
shown as dotted traces. The spectra for those 
samples containing ferricyanide alone are shown 
at the upper left of Fig. 1 (see also Figs. 3 and 6). 
These spectra, containing only two resonances at 
g = 8 and g = 5.5, are simpler than earlier ones 
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Fig. 1. Effect of inhibitors on the shape of the Fe(IIl) EPR 
signals. BBY membranes at pH 7 were incubated for 50 min at 
0 ° C  with 5 mM K3Fe(CN) 6 ( E h = 4 9 0 - 4 9 5  mV). Atrazine 
(Atz), DCMU, o-phenanthroline (O-phen) and dinoseb (Dsb) 
were added at the indicated concentrations and incubated for 
an additional 2 h 30 rain at 0 o C, after which the continuous 
line spectra were recorded. The samples were illuminated at 
200 K (dotted lines) and then dark-adapted at 0 ° C  for an 
additional 2 h (dashed lines). The EPR spectra in this figure 
and in the following figures were recorded under the condi- 
tions described in the Materials and Methods section of the 

accompanying paper [24]. 

taken on mutants of Chlamydomonas [21], which 
contained an additional resonance at g = 6.4. A 
preliminary study of the g = 8 and g = 5.5 reso- 
nances indicated a similar temperature depen- 
dence for the two. We cannot tell if the g = 5.5 
signal is derivative or peak shaped because of the 
close proximity of the g = 4.3 impurity resonance. 
Whether the g = 8 and g = 5.5 signals arise from 
the same spin multiplet or from centers with dif- 
ferent local distortions is therefore not yet clear. It 
should also be noted that spectra, similar to those 

in BBY preparations, can also be observed in 
spinach chloroplasts in the presence of fer- 
ricyanide at pH 7.5 (not shown). 

A comparison of the Fe(III) signals following 
addition of the various herbicides (Fig. 1) shows 
that 0.1 mM atrazine does not alter the Fe(III) 
spectrum with respect to that obtained with ferri- 
cyanide alone. The same is true for 0.1 mM 
terbutryn (not shown). DCMU, o-phenanthroline 
and dinoseb (Fig. 1) distort significantly the lin- 
eshape. The DCMU spectrum consists of a series 
of signals between g = 6 and g = 8, indicating that 
binding of this inhibitor induces various local 
rhombic distortions at the iron site in different 
reaction centers. The spectrum in the presence of 
2.5 mM o-phenanthroline consists of a sharp, 
nearly axial g = 6 component and weaker contri- 
butions between g = 6 and g = 8. High concentra- 
tions and /or  long incubation times increase the 
relative size of the axial contribution (see Fig. 2). 
Dinoseb (0.1 mM) induces a g =  7 peak and 
weaker contributions at g =  6 and g =  5.5; ad- 
ditional peaks at g-values intermediate between 6 
and 7 and of varying size (stronger at higher 
concentrations) were also observed in different 
preparations. After 2 h of dark incubation, follow- 
ing illumination at 200 K (Fig. 1, dashed line), 
about 25% of the signal with ferricyanide alone is 
restored in the presence of 0.1 mM DCMU, 35% 
with 0.l mM atrazine, 90-100% with 2.5 mM 
o-phenanthroline, and 85% with 0.1 mM dinoseb. 

Effect of inhibitors on the midpoint potential of 
Fe(III) / Fe(II) 

The experiments of Fig. 1 indicate that atrazine 
and DCMU, and to a smaller extent, dinoseb and 
o-phenanthroline either prevent access of ferri- 
cyanide to the Fe(II) (kinetic limitation of oxida- 
tion) or elevate the midpoint potential of the 
Fe(III)/Fe(II) couple (thermodynamic limitation) 
or both at the same time. 

Two methods were used to estimate the inhibi- 
tor-induced displacement of the midpoint poten- 
tial of the Fe(III)/Fe(II) couple. The first and 
more accurate arises from the dependence of the 
midpoint potential on the inhibitor dissociation 
constants for reaction centers in the Fe(III) and 
Fe(II) forms. The second involved measurement 
of the extent of oxidation of the iron at a given 
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Fig. 2. Effect of  increasing concentrations of o-phenanthroline 
on the EPR spectrum of Fe(III). BBY membranes  (2.5 mg 
C h l / m l  in 15 m M  Hepes, pH  7.0) were incubated with 5 m M  
K3Fe(CN)6 for 50 rain and then incubated for an  additional 
80 n'fin in the presence of the indicated o-phenanthroline 
concentrations. The spectra were displaced for reasons of 
clarity. The EPR spectra obtained, following illumination of 

these samples at 200 K, were practically featureless. 
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potential and inhibitor concentration and 
amounted to a check of the first method. 

The following equation relates the midpoint 
potential for the E m of Fe(III)/Fe(II) in the pres- 
ence of the inhibitor to that in its absence: 

1 + I / K  2 
Em(Fe(II l ) i /Fe(I I ) i  ) = Em(Fe( I I I ) /Fe( I I ) )  + 59 log 'i + I l K  3 

(1) 

where I = inhibitor concentration, K 2 is the in- 
hibitor dissociation constant for Fe(II) reaction 
centers RC-Fe(II) ( I )  = RC-Fe(II) + I, and K 3 is 
the inhibitor dissociation constant for Fe(III) re- 
action centers RC-Fe(III) ( I )  = RC-Fe(II) + I. 

The dissociation constant, K2, was estimated 
from a titration of the rate of reoxidation of QA 
as a function of inhibitor concentration in Fe(II) 
centers, BBY membranes were suspended at 10 ~g 
Chl /ml  in 50 mM Hepes, 5 mM MgC12, 15 mM 
NaC1, 3 mM EDTA and 0.4 M sucrose. The pH 
was 7.0 for atrazine and o-phenanthroline and 7.5 
for DCMU. The inhibitors were added in DMSO, 
whose concentration never exceeded 0.3~. Photo- 
system II was excited by a saturating microsecond 
actinic flash and the fluorescence relaxation fol- 
lowed in the flash detection spectrophotometer 
from 500 ~s onward. The fluorescence yield ratio, 
( F 2 0 o m s - F 0 ) / ( F s 0 o ~ s - F 0 )  ( 0 . 3  in uninhibited 
centers), was used as an indicator of the fraction 
of centers having a bound inhibitor. F 0 is the 
fluorescence yield with QA oxidized. This ratio, 
which was taken as a linear indicator of the per- 

TABLE I 

S U M M A R Y  OF  DISSOCIATION CONSTANTS,  K 2 A N D  K3, OF INHIBITORS FOR REACTION CENTERS IN THE Fe(II) 
A N D  Fe(III) STATES, RESPECTIVELY 

Also shown is the ratio of  K 3 to K 2 estimated from the figures of Ref. 25 for centers in the Q~00 and Q,t00 states, respectively. The 
E m were calculated from the K 2 and K 3 measured directly (column 4) and from the data of Figs. 3 and 4 (column 5). The AE= 
values of column 5 are measured indirectly and are subject to greater error than those of column 4. The values of  column 4 are more 
accurate as they involve direct determination of the dissociation constants.  

Inhibitor K 2 K 3 AE m from Eqn. 1 for AE m from K 3 / K  2 from 
K 3 / K  2 ([I]sat) Figs. 3 and 4 Ref. 25 

Atrazine (pH 7) 210 nM < 2 -3  ~M < 60 mV = 65 mV 1 
D C M U  (pH 7.5) 80 nM 5-10  FM = 120 mV --120 mV 300 
o-Phenanthroline (pH 7) 9 ixM 140 I~M 65-70 mV 20-25 mV 5 
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cent of inhibited centers, ranged from 0.3 for 
uninhibited centers to 0.80-0.85 for fully inhibited 
centers. The concentration of inhibitor (atrazine, 
DCMU and o-phenanthroline) which blocked half 
the centers was taken as K~. The results of these 
titrations are shown in Table I. 

K 3 was measured in the EPR as the concentra- 
tion necessary to transform, in one-half the centers, 
the Fe(III) EPR spectrum from that observed with 
5 mM ferricyanide alone to that observed for the 
various inhibitors in Fig. 1. An example of such a 
titration is indicated in Fig. 2 for o-phenanthro- 
line, the most accurate because of its elevated K 3. 
These experiments were done at 1.5-3 ~M PS II 
reaction centers to minimize depletion of added 
inhibitor by specific and non-specific binding. For 
atrazine, which is the most difficult to measure, 
the dissociation constant was determined by the 
ability of this inhibitor to displace 4 mM p-BQ 
from the reaction center (see Fig. 6). The results 
for K 3 are also given in Table I. 

K 3 was also estimated by the decrease in the 
amplitude of the Fe(III) EPR signals upon ad- 
dition of inhibitor at known potentials (Eh). BBY 
membranes (Fig. 3) were first incubated at two 
concentrations of ferri- + ferrocyanide differing by 
a factor of 4 but with the same final ratio of 
ferri-/ferrocyanide (Eh=465 mV). They were 
then incubated with 30 ~M DCMU for 2 h at 
0°C. The Fe(III) EPR spectra were recorded 
(continuous lines) and the membranes illuminated 
at 200 K to return to Fe(II) (dotted spectra). They 
were then incubated for an additional 2 h in 
darkness and the regenerated Fe(III) signals were 
again recorded (dashed lines). At the higher con- 
centrations of oxidant and reductant (Fig. 3, lower 
right) the initial and regenerated Fe(III) signals 
are the same amplitude as they are at both con- 
centrations in the absence of inhibitor (Fig. 3, 
left), indicating full equilibration of the iron with 
the ferri- and ferrocyanide. The amplitude of the 
signal obtained is about 25% of that obtained in 
Fig. 1 in the presence of DCMU at high ambient 
p o t e n t i a l  ( E  h = 490-495). With an E m of 370 mV 
for Fe(III)/Fe(II) at pH 7.5 and an ambient 
redox potential, E h ,  of 465 mV (Fig. 3), this 
decrease in signal amplitude implies an increase in 
E m for Fe(III)/Fe(II) of approx. 120 mV, in 
approximate agreement with the ratio of 100 for 
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Fig. 3. Effect of ferri- and ferrocyanide concentrations on the 
rate of redox equilibration of the PS II acceptor-side iron in 
the presence of 30 I~M DCMU.  BBY membranes  (pH 7.5) were 
incubated for 1 h at 0 ° C  with ferri-/ferrocyanide at 5.6 
m M / 1 . 9  mM (upper) or 22 raM/7.3  mM) (lower), respectively. 
The E h was 465 mV in both cases. The samples were then 
incubated for an additional 2 h at 0 ° C  following addition of 
30 ~M D C M U  (right, continuous line spectra) or after lower- 
ing the pH to 5.2 with 100 m M  Mes (middle, continuous line 
spectra). The control samples on the left were incubated for the 
same length of time with no further additions (continuous line 
spectra). The spectra were recorded again after il lumination at 
200 K (dotted line) and after further dark adaptation for 2 h at 
0 ° C  (dashed line). Dotted and dashed-line traces are not 

shown in the upper left spectrum for reasons of clarity. 

K3//K 2 for this inhibitor (Table I). 
The experiments of Fig. 3 indicate that, in the 

absence of DCMU, the iron equilibrates with ferri- 
and ferrocyanide at both sets of concentrations 
and for both types of perturbations - either light- 
driven reduction of the Fe(III) (left) or a pH drop 
from 7.5 to 5.2 (center) which raises the midpoint 
potential of the iron by approx. 140 mV ( - 6 0  
m V / p H  unit [21]). That at the lower set of ferri- 
and ferrocyanide concentrations the level of Fe(III) 
attained after illumination remains below that pre- 
ceding illumination (upper fight) implies that 
DCMU slows the rate of interaction of ferro- 
cyanide with the iron. 



The possibility that the difference in ionic 
strength may have influenced the reaction rate of 
ferri-/ferrocyanide was also tested (data not 
shown). A mixture of ferri-/ferrocyanide (1.5 
mM/0.25 mM, respectively) was added to BBY 
membranes in the presence of 30 I~M DCMU and 
the Fe(III) EPR spectrum recorded after 2 h in- 
cubation. In a parallel experiment, addition of 45 
mM KCI did not modify the final amplitude of 
Fc(III). 

To verify the binding affinities of atrazine and 
o-phenanthroline, BBY membranes were first in- 
cubated with ferri-/ferrocyanide (E h --465 mV) 
followed by addition of 30 I~M atrazine or 2.5 mM 
o-phenanthroline or treated in the reverse order: 
inhibitor first and then the same concentration 
and ratio of mediators (Fig. 4). The signal ampli- 
tudes were nearly the same irrespective of the 
order of addition. That equilibrium was attained, 
despite the use of lower ferri- plus ferrocyanide 
concentration than in Fig. 3, implies that atrazine 
and o-phenanthroline have a higher rate of 
turnover than does DCMU. This observation is 
consistent with the results of Vermaas et al. [29]. 

Addition of 30 I~M atrazine (Fig. 4) lowers the 
g = 8 signal amplitude by approx. 50%. With an 
Em, 7 of 400 mV for Fe(III)/Fe(II) and an E h of 
465 mV, this decrease corresponds to a positive 
shift in the E m of about 65 mV (K3/K 2 = 14), 
again in approximate agreement with the upper 
limit set for the K 3 for atrazine. 

For o-phenanthroline the change in midpoint 
potential is somewhat more difficult to estimate 
because of the radical change in the Fe(III) signal 
shape. Nonetheless, one can compare the signal 
amplitude at g = 6 in Fig. 1 (with o-phenanthro- 
line) and the g = 8 in the same figure (without 
o-phenanthroline, E h = 495 mV) with those analo- 
gous features in Fig. 4, where E h = 465 mV. At 
the higher potential of Fig. 1, there is practically 
no reduction upon addition of any of the inhibi- 
tors. At E h = 465 mV (Fig. 4) the loss in g = 6 
signal amplitude is approx. 20% after normaliza- 
tion to the g = 8 signal or an increase in the Em.7 
of about 20-25 mV. The direct determination of 
K 2 and K 3 is, however, much more reliable for 
this inhibitor as each is well above the concentra- 
tion of reaction centers. Fig. 4 also shows that the 
transition of the Fe(III) EPR spectrum from g = 8 
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Fig. 4. Effect of 30 ixM atrazine (left) and of 2,5 mM o- 
phenanthroline (fight) on the Fe(lll)  signal amplitudes in the 
presence of ferri-/ferrocyanide (2.6 mM/0.7  mM, respectively, 
pH 7.0). The upper curves were recorded after incubation for 3 
h at 0 ° C  with ferri-/ferrocyanide alone. The middle set of 
spectra were recorded after incubation for 1 h with ferr i- /  
ferrocyanide and then for 2 h with inhibitor (0°C) .  The 
dashed trace was recorded less than 1 min after addition of 
o-phenanthroline. The lower set of spectra were recorded after 
20-30 rain incubation with inhibitor, followed by a 3 h incuba- 
tion with ferri-/ferrocyanide (0 o C). The light-insensitive back- 

ground signals have been subtracted from these spectra. 

to g = 6 upon addition of o-phenanthroline is not 
immediate and occurs on the minutes time scale. 

Blockage by inhibitors of fight-induced oxidation of 
Fe(II) by phenyl-p-BQ 

The smaller shifts in midpoint potential of the 
Fe(III)/Fe(II) couple induced by o-phenanthro- 
line and atrazine make these ideal inhibitors, then, 
to test for blockage of light-induced oxidation by 
exogenous quinones. These inhibitors are known 
to compete with quinone for binding to the reac- 
tion center [1-7,18,32,34] and a strong inhibition 
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of light-induced Fe(II) oxidation would imply that 
the exogenous quinones act through the QB site. 

Fig. 5 shows that, in the presence of 1 mM 
phenyl-p-BQ, 2.5 mM o-phenanthroline or 30 ~M 
atrazine decrease the formation of the light-in- 
duced Fe(III) to nearly 0 and 10%, respectively, of 
the control sample in the absence of inhibitor. The 
midpoint potential, Era,7, of Q - / Q H  2 for phenyl- 
p-BQ was estimated in Table I of Ref. 24 to be 
496 mV as calculated from literature values and 
some probable assumptions. A value of 455 mV 
provided the best fit for the pH-dependent behav- 
ior of the light-induced oxidation of the Fe(II) in 
the presence of phenyl-p-BQ (Fig. 7 of Ref. 24). 
Using both of these values for phenyl-p-BQ, the 
positive shift in Em, 7 for Fe(III)/Fe(II) by 2.5 

Phenyl-p-BQ/~ 
( I mM ) 

...~I . . ......'-,."."."" . 

,O-Phen 
(2 .5  mM) ~ . A ,  .~,_~ 

9 8  7 6 5 1.9 1.8 1.7 1.6 g volue 
i i I I , I , i , I , ~ , i , i 

7~0 I 12so 3.'~oo 40'00 'H (Gous$) 

Fig. 5. Inhibition of light-induced Fe(III) formation in the 
presence of 1 m M  phenyl-p-BQ by 30 p.M atrazine (Atz) and 
2.5 m M  o-phenanthroline (O-phen). BBY membranes  at pH 
7.0 were illuminated at 200 K (continuous line spectra, right) 
and  then warmed to 0 ° C  for 17 s in the dark (dashed line 
spectra, right). The continuous line spectra on the left are the 
difference spectra corresponding to dark 17 s incubation at 
0 ° C  minus  il lumination at 200 K. Upper:  control without 

inhibitor; middle: 30 ~tM atrazine; bottom: 2.5 m M  o- 
phenanthroline.  

mM o-phenanthroline and 30 ~M atrazine of 
60-65 mV should yield approx. 70 and approx. 
40%, respectively, of Fe(II) oxidation as compared 
to the control. These calculations do not take into 
account competition between inhibitor and 
quinone for binding to the reaction center, a fac- 
tor which would raise the estimated percent of 
iron oxidation. That, in both cases, the observed 
signals are much smaller than those predicted by 
positive displacement of the Em. 7 for Fe(III)/ 
Fe(II) means that both inhibitors compete with 
phenyl-p-BQ for binding to the reaction center. 
That both inhibitors bind to the center is also seen 
(Fig. 5, right, dashed lines) by the long lived 
QA Fe(II) g = 1.9 signal observable following 200 
K illumination and warming to 0 °C and totally 
absent in the control without inhibitor. In the 
latter case, QA has been oxidized by phenyl-p-BQ. 
With the inhibitors present (Fig. 4) the little re- 
oxidation of QA that occurs (30%) does so pre- 
sumably by back-reaction. 

Competition between atrazine and p-BQ for binding 
to the PS H reaction center 

Additional evidence for competitive binding 
between atrazine and exogenous quinone is shown 
in Fig. 6. In this case BBY membranes were 
incubated at pH 7 with 5 mM K3Fe(CN)6 (E h = 
490-495 mV) to maximally oxidize the iron. The 
membranes were then incubated with 1 mM p-BQ 
alone or with 1 mM p-BQ plus 0.2 mM atrazine. 
In the former case, one sees (Fig. 6) the Fe(III) 
signals similar to those generated by light-induced 
oxidation in the presence of p-BQ (Fig. 5 of Ref. 
24). The size of the g = 8 resonance decreased 
with increasing concentration of p-BQ (not shown) 
and verifying the assignment of g = 6.8 to centers 
having bound p-BQ. If atrazine is present, then 
the g = 6.8 peak is absent (Fig. 6, bottom) and the 
spectrum again resembles that of Fe(III) in the 
presence of atrazine alone (Fig. 1, middle, left). 
While we cannot absolutely exclude that atrazine 
imposes a particular configuration on the Fe(III) 
environment even with p-BQ present, the simpler 
and more likely interpretation is that atrazine 
displaces the p-BQ. This interpretation is all the 
more likely as atrazine blocks QA oxidation by 
exogenous quinones as we have already shown in 
Fig. 5. 
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Fig. 6. Displacement of reaction center-bound p-BQ by atra- 
zine. BBY membranes at pH 7.0 were incubated with 5 mM 
K~Fe(CN)~ (E h = 490-495 mV) for 50 rain at 0 * C  and then 
incubated for an additional 2 h in the presence of 1 mM p-BQ 
(middle) or 1 mM p-BQ plus 0.2 mM atrazine (Atz) (lower) or 
with no further additions (upper). The spectra shown are the 
differences between the spectra recorded before minus those 

recorded after illumination at 200 K. 

Discussion 

Michel et al. [18] have recently reported the 
crystallographic structure for Rps. viridis reaction 
centers containing either o-phenanthroline or 
terbutryn, both of which compete with ubiquinone 
for binding to the reaction center in photosyn- 
thetic bacteria [3,6]. This same site is now indi- 
cated to be that where ubiquinone, Qa, binds in 
Rb. sphaeroides reaction centers. Michel et al. [18] 
show that o-phenanthroline binds with its two 
nitrogens sharing a H-bond with the imidazole 
nitrogen of histidine L190, coordinated to the 
Fe(II). Terbutryn, on the other hand, also binds to 
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the QB binding site, but at some distance from the 
Fe(II), through H-bonds between one of the ring 
nitrogens and a peptide nitrogen of isoleucine 
L224, and a second H-bond between the ethyl- 
amine nitrogen and the hydroxyl group of serine 
L223. This binding site should also be the same 
for the structurally similar triazine, atrazine, which 
also binds to bacterial reaction centers [9,11-13, 
28,30,31]. 

Deisenhofer et al. [33] and Trebst [34] have 
pointed out the strong homology between the D1 
and D2 polypeptides of the PS II reaction center 
with the L and M subunits of the Rps. oiridis 
reaction centers, particularly as regards the 
primary structure around the Fe-binding site. 
Thus, in PS II, it is probable that o-phenanthro- 
line binds to one of the homologous iron-ligating 
histidines. Terbutryn and atrazine would more 
likely bind at a distance, but still within the QB 
site. These latter inhibitors would affect the Fe 
environment at best indirectly by displacement of 
the Q~ quinone or via an allosteric effect or shift 
of a pK of a coupled protonatable group. One of 
the latter two explanations is probably responsible 
for the shift in the Era, 7 for Fe(III)/Fe(II) upon 
binding of inhibitor. 

The transformation of the Fe(III) site symme- 
try to axial (indicating most likely a greater equiv- 
alence of the histidine ligands), upon addition of 
o-phenanthrohne to centers preincubated with fer- 
ricyanide alone, would be consistent with binding 
by this inhibitor to a site homologous to that in 
bacterial reaction centers. During the preparation 
of this manuscript, we learned of results from Itoh 
et al. [35] which agree with our findings concern- 
ing the EPR signal shape with o-phenanthroline 
and DCMU. At pH 7.5 we find, as do Itoh et al. 
[35] at pH 7.0, that DCMU induces mixed rhombic 
symmetry at the Fe(III) site. Itoh et al., point out, 
however, that at higher pH (8.7), the Fe(III) spec- 
trum, in the presence of DCMU, becomes more 
axial, like that of o-phenanthroline. This observa- 
tion would favor binding of DCMU to the same 
site as o-phenanthrohne. That the binding sites are 
different for DCMU or o-phenanthroline on the 
one hand and the triazines on the other, is also 
supported by the varied differential sensitivity of 
herbicide-resistant Chlamydomonas mutants to 
DCMU and atrazine [15]. 
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The absence of any change in line shape in the 
Fe(III) EPR spectrum between ferricyanide alone 
and ferricyanide plus atrazine would be consistent 
with atrazine binding (see also Fig. 6) at a site 
with no direct interaction with a ligand of the 
iron. The latter observation implies either that the 
interaction between the Fe ligands and the Q~ 
plastoquinone (displaced by atrazine) is equivalent 
to whatever displaces it or that the quinone is 
absent from the QB binding site. The latter is 
supported by the slow millisecond kinetics for Q~ 
to QB electron transfer in the BBY membranes 
(Fig. 1 of Ref. 24) arguing for an electron transfer, 
rate-limited by plastoquinone diffusion into an 
initially empty QB binding site. 

We have argued for homology of inhibitor bi- 
nding sites in bacterial reaction centers containing 
Fe(II) and PS II centers containing Fe(III), de- 
spite the difference in the iron oxidation state and 
the small differences in the iron environment: 
slightly different quadrupole splittings in the Fe(II) 
M~Sssbauer spectra [36] and the inability to oxidize 
the iron in Rb. sphaeroides reaction centers (un- 
published results). The binding sites of the inhibi- 
tors are, however, most likely the same in all cases, 
requiring highly specific interactions with con- 
served regions of the reaction center complex. 

Like the inhibitor studied here, we saw in the 
accompanying paper [24] that exogenous quinones, 
which bind to the reaction center, are also capable 
of distorting the Fe(III) spectrum. Of the quinones 
examined in Ref. 24, two of them (p-BQ and 
2,5-diCl-p-BQ) showed additional features at g = 
6.8. Each of the four inhibitors studied here, as 
well as the quinones of the preceding paper [24], 
affect the iron environment to an extent which 
depends on their chemical properties, their prox- 
imity to iron ligands and on the pH. The Fe(III) 
EPR spectrum is thus a new and sensitive detector 
of the nature of the molecules binding to the QB 
pocket of their pK values and of the contact 
points at which these molecules interact with the 
protein. 

Wraight [25] has shown that oxidation of Q,~0, 
which we now know to be the acceptor side Fe(II), 
results in a 300-fold lowered binding affinity for 
DCMU, in spinach chloroplasts, upon oxidation 
of the iron at pH 7.5. This result is in approximate 
agreement with the factor of 100 that we observe 

in BBY preparations at the same pH. Also con- 
sistent is the 10-15-fold lowered affinity for o- 
phenanthroline found here at pH 7 and the factor 
of 5 reported in Ref. 25. Wraight saw no dif- 
ference in the dissociation constant for atrazine 
binding between Q400 and Q~00 while we see here 
a factor of approx. 10 at pH 7. There is no 
obvious reason for this discrepancy other than the 
biological material used. Renger et al. [30] have, 
however, observed a K3/K 2 of about 2 at pH 8 
for atrazine in BBY membranes. The qualitatively 
similar results obtained here for the inhibitor dis- 
sociation constants in the Fe(III) and Fe(II) states 
and those obtained by Wraight [25] for the Q,~00 
and Q400 states, respectively, further reinforce the 
identification of Q400 with the iron. 

The smaller shift in the Fe(III)/Fe(II) mid- 
point potential with atrazine and o-phenanthro- 
line made these the inhibitors of choice for look- 
ing for the site of light-induced Fe(II) oxidation 
by exogenous quinones [24,26]. We show in Fig. 5 
that both atrazine and o-phenanthroline inhibit 
light-induced oxidation by phenyl-p-BQ to a much 
greater extent than would be predicted from the 
increase in the Fe(III)/Fe(II) midpoint potential 
alone. As these inhibitors bind directly to the QB 
binding site [1-7,18-20,34], we conclude that 
phenyl-p-BQ and the other quinones which show 
the same effect, likewise bind to the same site. The 
distortion of the Fe(III) spectrum by p-BQ and 
2,5-diCl-p-BQ (Fig. 5 of Ref. 24) and its disap- 
pearance upon addition of atrazine (Fig. 6, this 
paper) support this argument. At the high con- 
centrations used (approx. 1 mM) the quinones are 
at least partially bound to the QB site prior to 
illumination at 200 K [24]. Upon warming to 0 o C, 
electron transfer occurs from Q~ to Qex in the QB 
site, whereupon the semiquinone oxidizes the iron 
to Fe(III). That this reaction will occur at 240 K 
[24], where the quinone is unlikely to diffuse, 
would also argue that there is bound quinone 
preceding illumination at 200 K. At 2 mM p-BQ 
and phenyl-p-BQ, at least 50% of the centers show 
light-induced oxidation of Fe(II) upon warming to 
240 K. At this quinone concentration, therefore, 
more than half the centers have bound quinone. 
Maximum oxidation of the Fe(II) undoubtedly 
requires diffusion of exogenous quinone into 
empty QB sites at higher temperature. 
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We have shown in Fig. 2 that DCMU, which 
also binds to the QB site, slows access of ferro- 
cyanide to Fe(III). This observation would argue 
that this tetranionic reductant also acts through 
the Qs site. While not directly demonstrated here, 
it is likely that ferricyanide, which has one charge 
less, oxidizes the Fe(II) through the same route. 
Indeed Wraight [25] has shown that the rate of 
oxidation of Q40o by ferricyanide is greatly slowed 
(/1/2 increased from 2-3 min to more than 50 min 
by the addition of 10 ~tM DCMU). 

We have shown in this and in the preceding 
paper that an electron can pass from QA to Fe(III) 
and from Fe(II) to a semiquinone in the QB site. 
In both cases the electron presumably passes 
through the highly polarizable histidine im- 
idazoles. While we show that, under certain cir- 
cumstances, the iron is indeed a pathway for elec- 
tron transfer between the quinones, we do not 
resolve the question of iron involvement in physio- 
logical QA to Qs electron transfer. 

It is unlikely, from what we know of photosyn- 
thetic bacterial reaction centers, that the metal 
changes its oxidation state from M(II) to M(III) 
during the normal course of electron transfer from 
QA to Qs, particularly as a replacement by Zn(II) 
with its full 3d orbitals does not alter the rate [37]. 
The metal could facilitate vibronic coupling 
[38,39], channel the wave function for the QA to 
Qs electron transfer or simply coordinate the 
histidine imidazoles which are themselves the 
channel for electron transfer. In the latter case, 
whether only the linear histidines or all four [18] 
are implicated, could be determined by histidine 
replacement using recombinant DNA techniques. 

It is of course possible that the iron plays no 
role at all in QA to QB electron transfer and that 
its presence and conservation in reaction centers 
arises from a different function entirely. Possible 
other roles for the iron are a coordination site for 
assisting assembly of the reaction center subunits 
or as an oxidase possibly involved in plas- 
toquinone pool oxidation. 
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