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by exogenous quinones acting through the QB binding site. 
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We have recently shown by optical, EPR and M6ssbauer spectroscopy that the high spin Fe(l l)  of the 
quinone-iron acceptor complex of Photosystem II  can be oxidized by ferricyanide to high-spin Fe(III).  The 
midpoint potential of the F e ( I I I ) / F e ( I I )  couple is 370 mV at pH 7.5 and shows an approximate 
pH-dependence of - 6 0  m V / p H  unit. The iron was identified as being responsible for the high potential 
Photosystem II  acceptor known as Q40o, discovered by Ikegami and Katoh ((1975) Plant Cell Physiol. 14, 
829-836) but until now not identified chemically. We establish here that QA and the oxidized Fe(l l I)  are 
linked in series, with QA the first to be reduced in the primary charge separation of Photosystem II. At pH 
7.5, an electron is then transferred from QA to Fe(iII)  with a t l / 2  of 25 IZS, reforming QAFe(II).  The Fe(II)  
can also be oxidized to Fe(lII)  in oxygen-evolving thylakoid membranes through a photoreduction-induced 
oxidation in the presence of exogenous quinones, where Era,7( Q - / Q H  2) > Em,7(Fe(III ) /Fe(I i ) )  - 60 inV. 
Single turnover illumination of the Photosystem II  reaction center at 200 K, followed by warming to 0 o C, 
results in photoreduction of these quinones to the semiquinone form which in turn oxidizes the Fe(H) to 
Fe(III).  A second turnover of the reaction center reduces Fe(III)  back to Fe(II). These reactions, similar to 
those reported by Zimmermann and Rutherford (Zimmermann, J.L. and Ruthedord,  A.W. (1986) Biocblm. 
Biophys. Acta 851, 416-423) at room temperature, in work largely done in parallel, are summarized below: 

h P  _ Q ¢ x  2 H  + 

QAFe(ll) ~-------~QA Fe(II)0~cQAFe(II)Q~0~cQAFe(III)Qex H2 

hv  _ I ~ QAFe(II) Q~,Fe(lil) ~--~'-~QA Fe(I! )2oo X 

Abbreviations: BBY, Berthold, Babcock and Yocum (see Ref. 
17); Ches, 2-[N-cyclohexylamino]ethanesulfonic acid; Chl, 
chlorophyll; DCMU, diuron (3-(3,4-dichlorophenyl)-l,l-di- 
methylurea); EDTA, ethylenediaminetetraacetate; Hepes, 4- 
(2-hydroxyethyl)-l-piperazineethanesulfonic acid; Mes, 4-mor- 
pholineethanesulfonic acid; p-BQ, 1,4-benzoquinone; PQ-1, 
plastoquinone-1; PQ-9, plastoquinone a; PS II, Photosystem 
II; RC, reaction center; QA, primary quinone electron accep- 

tor; QB, secondary quinone electron acceptor; Qex, exogenous 
quinone; UQ-1, ubiquinone-1. 
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where QA and Qex are the primary quinone acceptor of Photosystem II and exogenous quinone, respec- 
tively. Detection of Fe(lll) at g = 8 by EPR spectroscopy shows this signal to oscillate with period two upon 
successive turnovers of the Photosystem II reaction center. Different exogenous quinones give different 
EPR spectra for Fe(lll), indicating that these bind close to the Fe binding site and modify the symmetry of 
the Fe(lll) environment. A study of the pH-dependence of the light-induced oxidation of the Fe(lll) by 
phenyl-p-BQ shows a pH-optimum at 6-7. The decline at higher pH is consistent with a pH-dependence of 
- 6 0  m V / p H  unit and - 1 2 0  m V / p H  unit, respectively, for redox couples Fe( l l l ) /Fe( lI)  and Q - / Q H  2- 
The decline at lower pH was not foreseen and appears associated with a transformation of the quinone-iron 
environment from that showing a QA Fe(ll) EPR resonance of g ~ 1.9 at high pH to one at g = 1.84 below 
pH 6.5. The latter form appears not to support light-induced oxidation of the Fe(ll) by exogenous quinones. 

Introduction 

The reaction center of Photosystem II contains 
two plastoquinone electron acceptors, QA and QB. 
QA receives an electron from a reduced pheophy- 
tin within 250-300 ps [1] of the primary charge 
separation. QA then transfers an electron to Qa 
with a half-time of 0.2 ms [2]. A second charge 
separation again produces Q~, which transfers its 
electron to Q~(H +) [3]. This electron transfer is 
coupled to the binding of two protons, producing 
the quinol, QBH2. If we assume analogy with the 
photosynthetic bacteria, the two quinones are 
located close to (probably within 7 A), but not 
coordinated to [4-6] a high spin (S = 2) Fe(II) [7]. 
This close proximity is revealed by magnetic cou- 
pling between the Fe(II) and the paramagnetic 
semiquinone forms of QA and QB [8,9]. 

We have recently shown [10] that the Fe(II) can 
be oxidized by ferricyanide to high spin (S = 5/2) 
Fe(III). The midpoint potential (Em,7. 5 = 370 mV), 
the pH dependence ( = - 6 0  m V / p H  unit) and 
the inhibition of this oxidation by DCMU (inhibi- 
tor of QA to QB electron transfer) are characteris- 
tics shared by a high-potential Photosystem II 
acceptor, Q~0, [11,12] discovered by Ikegami and 
Katoh [11] but not identified chemically. We have 
therefore attributed Q~)0 to the Fe(III) state of the 
acceptor-side quinone-iron complex [10]. 

The most likely location of the iron is between 
QA and QB from magnetic coupling and structural 
arguments (analogy with the reaction centers of 
Rhodopseudomonas viridis [4]). This position would 
suggest that it plays a role in electron transfer 
from QA to Qs- To explore this hypothesis further, 
originally proposed by Feher and Okamura [13] 

for bacterial reaction centers, we sought evidence 
for electron transfer from QA to the iron and from 
iron to QB- In this and the accompanying paper 
[14] we show that electron transfer does occur 
from Q2 to the Fe(III) and that a number of 
artificial quinones having Em.v(Q-/QH2) > 
Em. 7(Fe(III) /Fe(II)) -60 mV are capable of 
oxidizing the Fe(II) to Fe(III) by light-driven re- 
duction-induced oxidation acting through the 
binding site of the secondary quinone, QB- 

Material and Methods 

Photosynthetic membranes. Thylakoid mem- 
brane fragments (BBY membranes) were prepared 
from market spinach with some modification 
[15,16] of the original procedure [17]. After the 
final centrifugation step, the membranes were re- 
suspended at 6.5-12 mg Chl/ml  in 10 mM Mes- 
NaOH (pH 6.2), 15 mM NaC1, 5 mM MgCI 2 and 
0.4 M sucrose, frozen in liquid nitrogen and stored 
at - 8 0 ° C  until use. For EPR measurements, 
samples were typically thawed and diluted to 3 mg 
Chl /ml  with 3 mM Na2-EDTA , 15 mM NaC1, 5 
mM MgCI 2, 0.4 M sucrose plus 35-50 mM buffer: 
either Mes-NaOH (pH 5-6.5) or Hepes-NaOH 
(pH 6.8-8) or Ches-NaOH (8.5-9.5). For optical 
spectroscopy, the samples were diluted to 37 ~tg 
Chl /ml  in the same medium, but without MgC12. 

All exogenous quinones, at final concentrations 
ranging from 0.5 to 1 mM, were added from stock 
solutions in DMSO. The concentration of DMSO 
did not exceed 0.5% (v/v). An equivalent con- 
centration of this solvent was added to all control 
experiments. 

Optical spectroscopy. Optical spectroscopy mea- 
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surements were performed at 23°C in a flash-de- 
tection spectrophotometer similar to that de- 
scribed by Joliot et al. [18]. Saturating actinic 
flashes were provided by a dye laser (Candela Co. 
Model SLL-150, 600 ns total duration with 
Oxazine 720, ~kma x = 693 nm). 

Electron spin resonance spectroscopy. The elec- 
tron spin resonance spectrometer and cryostat were 
as described previously [10]. Except where other- 
wise stated, measuring conditions were as follows: 
T = 4.2-4.5 K, microwave frequency = 9.42 GHz, 
microwave power = 12.6 roW, modulation ampli- 
tude = 32 G. 

Illumination of samples in EPR tubes (3 mm 
inner diameter was carried out in a transparent 
dewar containing a liquid-frozen acetone bath (200 
K). Light was provided by a 360 W projector 
lamp, filtered by a 1.5 cm thick bath of saturated 
CuSO 4 (approx. 0.107 J . m - 2 - s - 1 ) .  During il- 
lumination for a total of 3 min (four 90 ° rota- 
tions, 45 s each position), the sample temperature 
did not exceed 220 K. 

In the light-induced Fe(II) oxidation experi- 
ments with exogenous quinones, the samples were 
first dark-adapted in the EPR tubes for 20 rain at 

10 o C. They were then frozen in the dark and their 
spectra recorded at 4.5 K. The samples were 
warmed to 200 K and illuminated as described 
above. After recording their spectra at 4.5 K, they 
were again reequilibrated at 200 K (in darkness) 
and then placed in an ice bath (0°C)  for 17 s in 
total darkness. The samples were again cooled to 
4.5 K and their spectra.recorded. 

Results 

Electron transfer from Q~ to Fe(IIl) - optical 
spectroscopy 

BBY membranes were excited by saturating 
laser flashes (0.2 Hz, 600 ns duration, ~max = 693 
nm) and the resultant absorbance changes and 
their time courses were measured at 520, 540 and 
550 nm. The difference A I / I  at 550 minus that at 
540 nm was used as a measure of the amplitude of 
C550, a local electrochromic indicator of the con- 
centration of QA [19,20]. The measurements 
(+K3Fe(CN)6)  at 520 nm and those at 540 and 
550 nm in the presence of 20 ~tM D C M U  
+ K3Fe(CN)6 ) were used to correct for contribu- 
tions of the field-indicating absorbance changes in 
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Fig. 1. Relaxation of C550 (Q~, AI/I (550-540 nm)) after each of a number of saturating flashes (0.2 Hz) in the presence (open 
symbols) and absence (closed symbols) of 0.1 mM K 3 F c ( C N ) 6 ,  pH 7.5 (E h ~= 470 mV). Incubation time 30 rain. Optical path length 
16 rnm. l ,  no K3Fe(CN)6, first flash; O, 0.1 mM K3Fe(CN)6 , first flash; /,, 0.1 M K3Fe(CN)6, second flash; D, 0.1 rnM 

K3Fe(CN)6, third flash; ,7, 0.1 mM K3Fe(CN)6, fourth flash. 



the 540-550 nm region at times up to 200 I~s. 
Fig. 1 shows that following 30 min incubation 

in the presence of 0.1 m M  ferricyanide (E  h = 470 
mV, pH 7.5, sufficient to oxidize fully the accep- 
tor-side iron [10]), a fast phase appears in the 
relaxation of C550 which is not observed in the 
absence of oxidant. This fast phase, observed only 
on the first flash, relaxes with a t]l 2 of 25 ~s, 
much faster than that of QA to QB electron trans- 
fer which occurs on the millisecond time scale in 
BBY membranes,  as seen on subsequent flashes 
(Fig. 1). The initial amplitude of QA (t < 10 ~ts) in 
the presence of ferricyanide is also quite close to 
that observed in its absence. 

These experiments show that QA is formed to 
the same extent in the pr imary charge separation, 
independent of the redox state of the acceptor-side 
iron. However, the lifetime of QA is greatly shor- 
tened by its oxidation in 25 ~s by the Fe(III)  
present only on the first flash. Thus QA and the 
Fe(II)  are located in series with the former being 
the first to receive an electron in the pr imary 
photoreaction. The equilibrium is very much to- 
ward reduction of the Fe(III)  as one would predict 
from the relative midpoint potentials ( E r a ,  7. 5 - -  

- 3 0  mV for QA/QA [21], 370 mV for F e ( I I I ) /  
Fe(II) [10]). The reduction of the Fe(III)  appears 
to be quantitative as it is observed only on the 
first flash. Reoxidation of the Fe(II) by fer- 
ricyanide, which requires minutes of incubation, 
does not occur between flashes. On the first flash, 
however, only half of the centers show the 25 ~ts 
relaxation. This may mean that there are centers 
which either lack Fe, or contain another metal in 
its place or, most likely, which are unable to have 
their Fe(II) oxidized (see below). 

Electron transfer from Fe(II) to secondary semi- 
quinone - EPR spectroscopy 

BBY membranes  at p H  7.0 were dark-adapted 
for 20 min at 10°C.  After addition of 1 mM 
p-benzoquinone (p-BQ) in the dark, the sample 
was incubated for an additional 10 min at 0 ° C  
and then frozen in an EPR tube in liquid nitrogen. 
The EPR spectrum was subsequently recorded at 
4.4 K (Fig. 2, first cycle, dotted line). The sample 
was then warmed to 200 K and illuminated as 
described in the Materials and Methods section. 
The EPR spectrum, again recorded at 4.4 K (Fig. 
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Fig. 2. Effect of three ilumination (200 K, 3 min): warming 
(0 o C, 17 s) cycles on the low-field Fe(III) signals (left) and the 
high-field QA Fe(II) signals (right) in the presence of 1 mM 
p-BQ at pH 7.0. The illumination warming and EPR detection 
conditions are as described in the Materials and Methods 
section, except that the spectra on the right were recorded at 31 
mW microwave power and 25 G modulation amplitude. The 

gain was the same for all spectra. 

2, first cycle, fight, solid line) shows the ap- 
pearance of a resonance at g = 1.9 and a broad 
minimum at g = 1.65, both of which are attributed 
to QA-Fe(II)  [9]. Warming of the sample, in the 
dark, to 0 ° C  for 17 s, followed by measurement 
at 4.4 K, gives rise to the spectrum of Fig. 2, first 
cycle, dashed lines. In this spectrum the QA-Fe(II) 
signal has disappeared. New signals appear at low 
field having g-values of 8, 6.8 and 5.5. This spec- 
t rum is similar to the ones we have reported 
earlier [10] following addition of ferricyanide to 
membranes  isolated form a mutant  of Chlamy- 
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domonas lacking P S I  and cytochrome b6/f com- 
plex, and, with the exception of the resonance at 
g = 6.8 (see below), in BBY preparations. We at- 
tribute this spectrum to the PS II acceptor-side 
iron in the Fe(III) state. 

If this sample is again illuminated at 200 K for 
3 min, then the EPR spectrum recorded at 4.4 K 
(Fig. 2, second cycle, solid l ines)shows the total 
disappearance of the low-field signals and the 
presence of a small QAFe(II) signal at g = 1.9. 
Warming the sample to 0 ° C  for 17 s (Fig. 2, 
second cycle, dashed lines) converts this small 
high-field signal to the same low-field signal 
observed following the first illumination-warming 
treatment, but of 3-fold smaller amplitude. Repe- 
tition of this propocol of illumination-warming 
treatment at 200 K, followed by warming to 0 o C, 
gives rise to an oscillatory behavior of period 2 of 
the g = 1.9 signal following illumination at 200 K 
and of the low-field signals following warming to 
0 o C (Fig. 2). As shown in Fig. 3 for p-BQ ( + ) ad 
phenyl-p-BQ (©), these signals oscillate in syn- 
chrony and are maximal on odd-numbered cycles. 
Similar oscillations were observed for phenyl-p-BQ 
at pH 6.0. Control experiments at pH 7 showed no 
Fe(III) formation in the absence of added quinone. 

We attribute this behavior to the following 
series of reactions: 

tO0 
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Fig. 3. Oscillation of the QA Fe(II) signals (g = 1.9 and g = 
1.65-1.7) following illumination at 200 K (bottom) and of the 
Fe(III) signals (g = 5.5-8) following warming in the dark to 
0 o C (top) as a function of the cycle number. Same conditions 

as in Fig. 2; pH 7.0. +, p-BQ; O, phcnyl-p-BQ. 

first cycle: 

h v  Qcx 
QAFe(II) 22~Q~, Fe(II) ~ QAFe(II)Q~ 

2H + 
QAFe(III)Q~xH 2 ~ QAFe(III) +QexH2 

second cycle: 

hp 
QAFe(III) ----~QA Fe(lll) ~ QAFe(II) 

third cycle: same as the first cycle. 
The absence of Fe(III) following addition of 

quinone in the dark and its appearance upon 
single-turnover illumination of the reaction center 
indicates that it is the semiquinone which is the 
oxidizing species. While much of this work was 
done in parallel, this oscillatory behavior was first 
observed by Zimmerman and Rutherford [22] 
using saturating flashes at room temperature in 
the presence of phenyl-p-BQ. The intepretation 
given by these authors is in essential agreement 
with that reported here. 

The oscillatory behavior described here is not 
perfect and there is loss of center synchrony with 
each cycle, resulting in a damping out of the 
oscillations. This is presumably due either to 
centers which have not undergone stable charge 
separation because of incomplete illumination or 
charge recombination (in competition with p-BQ 
reduction) or to centers which may have under- 
gone double turnover, forming QAQ~ upon il- 
lumination at 200 K on odd-numbered cycles or 
QA Fe(II) on even-numbered cycles. 

Following dark-adaptation for 20 min at room 
temperature, the Fe(II) reverts back to Fe(III). 
The centers are resynchronized and the full light- 
induced iron oxidation can again be observed on 
the first illumination-warming cycle. 

Sources of donor-side electrons 
The donor-side electrons come from several 

sources at 200 K (Fig. 4). On the first cycle the 
electron comes predominantly from the oxygen- 
evolving Mn-complex as evidenced by the large 
'multiline' signal [23] corresponding to state $2 
(two oxidizing equivalents stored, Fig. 4, left). The 
amplitude of this signal increases on the second 
cycle, probably due to centers initially in state SO 
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Fig. 4. Photosystem II donor-side EPR signals as a function of 
the cycle number during successive illumination-warming 
cycles. Conditions as in Fig. 2, except with 1 mM phenyl-p-BQ. 
Left: 'multiline' signal arising from the S2 state of the oxygen- 
evolving site. Right: g = 2 region showing Signal II and a 
narrow 10-11 G radical, probably arising from an oxidized 
chlorophyll cation. Continuous lines: spectra recorded after 
200 K illumination. Dashed lines: spectra recorded after warm- 
hag to 0 o C for 17 s. Where not shown separately, the dashed 
and continuous lines were superimposed. Dotted lines: initial 
dark-adapted signal level. EPR conditions: T= 14 K (50 K, 
right); microwave power = 12.6 mW (0.05 mW, right); modula- 
tion amplitude = 32 G (2 G, right); microwave frequency = 9.42 

GHz. 

in the dark. It  decreases slightly on the third cycle 
and approx. 30% more on the fourth and fifth 
cycles (not shown) as a result of advancement to 
state $3 [24]. High-potential cytochrome b-559 
(Fig. 4, middle) remains reduced throughout the 
first cycle. On cycles 2 and 3 there is an approxi- 
mately equivalent increase in the oxidized form. 
No  further increase occurs beyond the third cycle 
(not shown). Between illumination at 200 K and 
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warming to 0 ° C  there is a small (approx. 15%, not 
shown) decrease in the amplitude of the oxidized 
high-potential cytochrome. In addition to the 
above, a narrow radical species at g = 2 (AHpp = 
10-11 G, Fig. 4, right) which while apparent on 
earlier cycles is particularly strong from the fourth 
cycle onward. This signal, analogous to one ob- 
served earlier in PS II  reaction center particles 
devoid of an active oxygen-evolving site [25], 
probably arises from the oxidation of chlorophyll 
at 200 K when state $1 or reduced cytochrome 
b-559 are unavailable as electron donors. This 
signal disappears upon warming to 0 o C, probably 
by back reaction. This narrow free-radical is not 
observed on the earlier cycles if the quinone con- 
centration is maintained below 0.6 mM. Its pres- 
ence is probably attributable either to a low-level 
dark oxidation of cytochrome b-559 by quinone 
prior to illumination followed by its generation in 
the light or to light-induced electron transfer from 
antenna chlorophyll to exogenous quinone outside 
the reaction center. 

It  appears, then, that on the first three cycles, 
electrons are contributed at 200 K by the oxygen- 
evolving Mn-center and cytochrome b-559. These 
equivalents are not lost to charge recombination 
at 0 ° C. From the fourth cycle onward, the narrow 
radical (10-11 G, probably Chl +) is the dominant  
donor, the oxidizing equivalent of which is prob- 
ably lost through back reaction upon warming to 
0 o C. The limited net oxidation of the PS II  donor 
side is undoubtedly the major contributor to the 
damping of the oscillations (Fig. 3). 

Various high-potential p-benzoquinones show light- 
induced oxidation of Fe(II) 

The photoreduction-induced oxidation of the 
Fe(II)  can be observed under similar conditions to 
those of Fig. 2 using a variety of substituted 
p-benzoquinones (Fig. 5). We note that the 
light-induced EPR spectra of Fe(III)  show some- 
what different features with respect to each other 
and to ferricyanide oxidation in the region of 
g = 5.2-8. While not shown in Fig. 5, methyl-p-BQ 
at more than 2 mM shows an additional feature at 
g = 7.2, fike that observed in the spectrum of 
2,6-dimethyl-p-BQ at 1 mM (Fig. 5). These dif- 
ferences correspond to different symmetries for 
the Fe(II) in the presence or absence of these 
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size in both cases, while those at g = 5.2 (phenyl- 
p-BQ) and 6.8 (p-BQ) increased by only 15%. 
These observations indicate that both quinones 
are initially bound to over 50% of the reaction 
centers at 2 raM. This experiment implies that the 
Fe(III) signals at g = 5.2 and 6.8 would be due to 
Fe(III) centers with bound quinol. Bound quinone 
very likely shows these same signals, as the quinone 
form largely outnumbers the quinol in Fig. 5. We 
also show, in the accompanying paper (Fig. 5 in 
Ref. 14) that the spectrum for p-BQ in Fig. 5 (this 
paper) can also be observed in the presence of 
ferricyanide where no quinol is present. 

Besides the differences in signal shape, the sig- 
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Fig. 5. Light-induced Fe(III) signals produced by a variety of 
substituted benzoquinones (1 raM) at pH 7.0 compared to 
those produced in the dark by 5 mM K3Fe(CN) 6 (Eh = 490 
mV). Conditions as in Materials and Methods. The quinone 
spectra are the difference between the 0 o C (17 s, dark) spectra 
and the 200 K (illuminated) spectra. The ferricyanide spectrum 
is the difference between that recor.ded after 50 min incubation 
at 0 o C and that following illumination of the sample at 200 K. 

quinones, suggesting that their binding to the re- 
action enters modifies the Fe(III) environment. 

As regards this point, we find that over 50% of 
the Fe(III) signal could be induced in samples 
containing 2 mM p-BQ or phcnyl-p-BQ l~y dark 
adaptation for 2.5 rain at 236-238 K following 
illumination at 200 K. In addition to weak g = 5.5 
and 8 contributions, the p-BQ spectrum, which 
was the stronger of the two, consisted mainly of 
the g = 6.8 contribution, while that of phenyl 
showed a broad contribution at g = 5.2. Following 
subsequent dark adaptation for 20 s at 0 ° C  the 
g = 5.5 and 8 resonances more than doubled in 
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Fig. 6. Fe(III) (left) and the QA Fe(II) (right) signals obtained 
during a single illumination (200 K)-warming (0 °C)  cycle at 
representative pH values in the presence of 1 mM phenyl-p-BQ. 
Left: 0 o C minus 200 K (illuminated) difference spectra. Right: 
solid line, after illumination at 200 K; dashed line, after 

warming to 0 o C in the dark. 



nal area also varies significantly with the various 
quinones, indicating different extents of iron 
oxidation. Table I shows the midpoint potentials 
of most of these semiquinone/quinol couples in 
various states of protonation. We will see in the 
Discussion section that one of these couples, Q - /  
QH 2, describes best the redox behavior we ob- 
serve in Figs. 5 and 7. 

pH dependence 
Should the semiquinone anion be the species 

which oxidizes the Fe(II), one would predict that 
the net pH dependence of the light-induced oxida- 
tion would be - 6 0  m V / p H  unit, i.e., -120 mV 
for the Q - / Q H  2 couple and - 6 0  mV/pH unit 
for the Fe(III)/Fe(II) couple. This pH depen- 
dence should prevail down to a pH where either 
all the Fe(II) becomes oxidized or where one 
attains the pK of the semiquinone (both resulting 
in a pH-independent region) or where one attains 
the pK of Fe(III) (H ÷) = Fe(III)+ H ÷ (giving 
- 1 2 0  mV/pH unit). 

EPR signals for light-induced Fe(III) (Fig. 6, 
left) and Q~, Fe(II) (Fig. 6, right) in the presence 
of phenyl-p-BQ are shown in Fig. 6 at representa- 
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tive pH values. The pH-dependence of the signal 
size ((+), g = 8; (©), g = 5.5) is presented in Fig. 
7. The light-induced oxidation peaks at pH 7.0 
with 80% of the Fe(II) oxidized as compared to 
ferricyanide oxidation at this pH. The extent of 
light-induced oxidation falls off rapidly at both 
high and low pH. The behavior at high pH is 
consistent with the prediction of a net -60  mV/  
pH unit which implies that the pK of Fe(II) 
(H ÷) = Fe(II) + H ÷ is at least 9. The data are best 
fit by taking the E m Q-/QH2 for phenyl-p-BQ equal 
to 455 mV. This value is lower than that estimated 
in Table I (496 mV). It is still probably an accep- 
table value in light of the lack of precise physico- 
chemical data on this quinone. The rapid drop in 
the Fe(III) EPR signal as a function of pH below 
7.0 is not predicted. 

We have noted, in agreement with the earlier 
observation of Rutherford and Zimmermann [9] 
that as the pH is lowered, the position of the 
Qf, Fe(II) EPR resonance shifts from g = 1.9 to 
1.84 (Fig. 6, right). We have also found that the 
relative ratio of the two resonance forms varies 
from preparation to preparation of BBY mem- 
branes, even at a given pH. If one plots the 

TABLE I 

VARIOUS REDOX COUPLES FOR SUBSTITUTED 1,4-BENZOQUINONES AT pH 7 FOR THE INDICATED STATES OF 
PROTONATION 

Values for E~/QH2, Ka, gb,  Ks and Kd, respectively, the standard potential for the Q/QH2 couple, the first and second proton 
dissociation constants for the quinols, the proton dissociation constant for the semiquinones, and the stability constant for the latter 
were, with the exception of phenyl-p-BQ, taken from Rich and Bendall [30]. For phenyl-p-BQ, E~/QI-I~ comes from Flaig et al. [31]. 
The pK a for this quinol was taken as 0.2 higher for phenyl- than for methyl- according to Ref. 31, but the reference value for methyl- 
was that of Ref. 30. K s and Kd were assumed to be quite close to those for p-BQ in light of the similarity in the Hammett 
substituent constants for phenyl- and H- [32] and the first half-wave potentials for phenyl-p-BQ and p-BQ in acetonitrile [33]. While 
the second half-wave potential for phenyl-p-BQ is closer to that of methyl-p-BQ than p-BQ in the same solvent [33], the effect of ring 
substitution on the redox properties of substituted p-benzoquinones is smaller still in water than in acetonitrile. 

Quinone Era, 7 (mV) 

Q / Q H  2 Q H / Q H  2 Q H / Q H -  Q - / Q H  2 Q - / Q H -  Q - / Q 2 -  

p-BQ 286 
Phenyl-p-BQ 279 
Methyl-p-BQ 230 
2,3-Dimethyl-p-BQ 174 
2,6-Dimethyl-p-BQ 174 
Trimethyl-p-BQ 115 
Tetramethyl-p-BQ 52 
PQ-1 116 
UQ-1 76 
2,5-Dichloro-p-BQ 309 

775 482 482 259 53 
789 475 496 255 40 
727 412 445 196 - 2  
701 390 425 126 - 110 
692 350 419 127 - 9 9  
654 279 386 68 -187  
624 221 358 - 2  -261  
627 239 388 69 - 186 
621 191 382 22 -237  
740 623 388 284 -157  
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Fig. 7. pH dependence of the fight-induced formation of 
Fe(IlI) in the presence of 1 mM phenyl-p-BQ. Illumination- 
warming conditions as in Fig. 2, (+) g=8, (O) g= 5.5. The 
continuous line is a Nernst plot predicting the extent of 
oxidation of Fe(II). An Era, 7 ~ 400 mV and a pH-dependence 
of -60 mV/pH unit were taken for the Fe(III)/Fe(II) couple. 
An Era,7 = 455 mV and a pH-dependence of -120 mV/pH 
unit were taken for the Q-/QH2 couple for phenyl-p-BQ. The 
100% signal is that obtained upon full oxidation with fer- 
ricyanide. The dashed line is a corrected plot assuming that the 
amplitude of the light-induced g = 8 and g = 5.5 signals is 
inversely correlated with the amplitude of the g = 1.84 signal 
observed upon illumination at 200 K. The pH dependence of 

the latter is plotted as filled circles (dotted line). 

relative amount  of the g =  1.84 signal, formed 
upon illumination at 200 K, against the extent of 
the g = 8, Fe(III)  signal, formed upon oxidation 
with ferricyanide at p H  7, then, among different 
preparations, one finds an anticorrelation between 
the two (not shown), with the extent of the g = 8 
signal decreasing with incre~ing relative amounts 
of the g = 1.84. We also note in Figs. 6 and 7 that 
the decreased Fe(III)  signal at low p H  is paral- 
leled by an increase in the g --- 1.84 signal. The low 
p H  variation of the g = 8 and g = 5.5 signals can 
be quantitatively accounted for (Fig. 7, dashed 
line) by a linear anticorrelation with the relative 
amount  of the g - -  1.84 signal. We conclt~le that 
the g = 1.84 signal most likely corresponds to a 
higher potential form of the Fe(II), not oxidizable 
by either K3Fe(CN) 6 or phenyl-p-BQ. 

Discussion 

Electron transfer from Q~ to Fe(III) 
We have recently shown [10] that the high spin 

Fe(II) of the quinone-iron acceptor complex of 
Photosystem II  can be oxidized by ferricyanide to 
high-spin Fe(III) .  We have identified the 
acceptor-side iron with Q,mo, a high-potential elec- 
tron acceptor originally discovered by Ikegami 
and Katoh [11] through fluorescence measure- 
ments. 

There exists rather contradictory evidence con- 
cerning the kinetics of Q~0 reduction by the 
reaction center [12,26-28], with half-times ranging 
from less than 300 ns [27] to 140 jxs [26]. These 
estimations were based on measurements of fluo- 
rescence relaxation and induction and on double 
turnover of the PS II  reaction center as revealed 
by the oxygen flash yield. It is also unclear from 
the earlier literature whether Q400 and QA are 
located in series or in parallel. 

Using direct measurements of Q~ (C550) at 
pH 7 (Fig. 1), we have been able to show that QA 
and Q,~0 (Fe(III))  are located in series with Q A  

the first to receive an electron in the primary 
charge separation. Q2, subsequently transfers an 
electron to the oxidized acceptor-side Fe(III)  with 
a q/2 of 25 gs at p H  7.5 (Fig. 1). It is likely that in 
PS II  as in Rps. viridis reaction centers, QA and 
the Fe(II) are separated by a histidine imidazole, 
N-ligated to the Fe(II) [4]. The rapid electron 
transfer from QA to the Fe(III)  is probably facili- 
tated by the highly polarizable ~r-system of the 
imidazole or its low-lying non-binding orbitals 
[29]. 

Fig. 1 indicates that only half of the C550 
relaxation is accounted for by the 25 ~s phase 
following a first saturating flash in the presence of 
ferricyanide. Any positive contribution of Fe(II) 
minus Fe(III)  to the A I / I  (550-540 nm) would 
reduce the apparent  extent of relaxation of C550, 
giving a constant off-set to the A I / I  (550-540 
nm) following a flash. At times greater than 200 
ms (approx. 25% of the total signal), the relaxation 
occurs at the same rate after the first and subse- 
quent flashes in the presence of ferricyanide (not 
shown). While the origin of this slow rate is not 
known (e.g., slow binding of PQ-9 to the QB site) 
any constant off-set on the first flash would have 
been apparent. We conclude that the contribution 
of Fe(II) minus Fe(III)  to the A I / I  (550-540 nm) 
is small (less than 25% of that of QA -- QA) and 
that the 50% contribution arising from other than 
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the 25 ~ts phase on the first flash originates from 
centers in which the iron is either absent or in a 
non-oxidizable state (e.g., the = 1.84 form). 

The rapid electron transfer from Qi, to Fe(III) 
was at least partially observed in the earlier 
experiments of Bowes and Crofts [26], who noted 
the appearance of a fast phase (tl/2 = 140 ~ts) in 
the relaxation of the fluorescence yield following a 
light flash at high redox potential. The fast phase 
was observed only following the first of a series of 
20 ns saturating laser flashes. The discrepancy 
between our rate measurements and theirs could 
arise (a) partially from a difference in pH 7.5 here, 
7.8 in Ref. 26) as the rate slows with an increase in 
pH, and more importantly, (b) from an under- 
estimation of the rate due to a donor side quench- 
ing of the fluorescence yield at times up to 50 I~s. 
An earlier estimation by Bowes et al. [12] of a Q~0 
reduction rate of up to 5 ~ts could be explained in 
part by the lower pH (7.0) or possibly by a stimu- 
lation by Fe(III) of the quantum yield of forma- 
tion of carotenoid triplet state, a fluorescence 
quencher. 

The rate we report here is, however, quite con- 
sistent with the stimulation by ferricyanide of 
double oxidation of the oxygen-evolving site upon 
excitation of chloroplasts with a single 5-20 ~s 
xenon flash [27,28]. Double-flash excitation [28] 
using non-saturating flashes, with oxygen detec- 
tion on a third flash, gave an upper limit of 50 ~ts 
for the recovery of the center following a first 
photoreaction in the presence of ferricyanide. The 
limits for the rate of turnover would lie between 5 
and 50 ~ts based on these oxygen measurements. 

Light-induced oxidation of Fe(II) by exogenous 
quinones 

Upon addition of exogenous quinones, we ob- 
serve light-induced oxidation of Fe(II). That no 
such oxidation occurs in the dark indicates that it 
is the semiquinone and not the quinone which 
does the oxidation. Despite the differences in sig- 
nal shape, one can compare, approximately, the 
extent of Fe(II) light-induced oxidation to the 
midpoint potentials at pH 7 of different semi- 
qu inone/quinol  couples differing in the extent of 
protonation of the oxidized and reduced forms 
(Table I). The extent of Fe(III) formation follows 
most closely the E m of the Q - / Q H  z couple - 

note particularly the positions of p-BQ, 2,5-di- 
chloro-, methyl-, 2,3-dimethyl- and 2,6-dimethyl- 
p-BQ in Table I and Fig. 5. Where the semi- 
quinone is in the neutral form, the 2,5-dichloro-p- 
BQ is among the most oxidizing, unlike its posi- 
tion in Fig. 5 (about one-third of p-BQ). If the 
electron-transfer rate is determined by the free-en- 
ergy change of the rate-limiting step [34], then the 
approximate correlation between the E m and the 
extent of oxidation would suggest that the latter is 
not being limited kinetically by QH ~ QH- .  While 
the observed trend is more consistent with Q -  ---, 
Q2-,  the pH dependence at pH > 7 of the light-in- 
duced oxidation of the Fe(II) (Fig. 7) is indicative 
of an operating redox couple of Q - / Q H  2 ( - 1 2 0  
m V / p H  unit). The 17 s incubation, even though 
at 0 ° C, is apparently long enough to allow full 
equilibration with protons. Actual studies of the 
rate of oxidation of Fe(II) by semiquinone as a 
function of pH will be required to identify the 
species actually doing the oxidation, whether Q -  
or QH. 

With the possible exception of tetramethyl- and 
phenyl-p-BQ, all the quinones have substituents 
which have Van der Waals radii (CI: 1.8 A; CH3: 
2.0 ,~ [35]) equal to or less than those of PQ-9 and 
should not be excluded from the QB binding site 
on steric grounds. That the extent of oxidation of 
the iron approximately agrees with the amplitude 
and relative positions of the E m for Q - / Q H  2 
would suggest that the effective midpoint poten- 
tials are the equilibrium potentials operating in 
solution and that the semiquinone is not bound to 
the Fe(II)-reaction center (RC) more tightly than 
the quinol to the Fe(III)-RC. The midpoint poten- 
tial of the Q - / Q H  2 redox couple depends on the 
dissociation constants of both these species 
according to the following equation: 

RT Ks 
Em(b ) = Em(f ) + 2.303--ff-lOg~qq 

Ks Kq 
where Q - - R C o Q - + R C  and Q H 2 - R C o  

QH 2 + RC and where (b) = bound, (f) = free. 

That tetramethyl-p-BQ produces some oxida- 
tion and trimethyl and PQ-9 (the natural acceptor) 
none at all could mean tighter binding of the 
semiquinone over the quinol in these cases, lower- 
ing the semiquinone/quinol  midpoint potential. 
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The Fe(III) spectra differ in the presence of the 
different exogenous quinones, showing a reso- 
nance peak at g = 6.8 for p-BQ and 2,5-dichloro- 
p-BQ, and broader g = 5 resonances for some of 
the other quinones, compared with oxidation by 
ferricyanide. These different spectra suggest bind- 
ing of the quinones close to the Fe(III) site, mod- 
ifying the Fe(III) symmetry. That the binding site 
is indeed that of the secondary quinone, QB, will 
be shown in the accompanying paper [14] in which 
inhibitors, known to bind to the QB site, block the 
light-induced oxidation of the Fe(II). 

The Fe(III) spectra observed in the presence of 
p-BQ and 2,5-dichloro-p-BQ using BBY mem- 
branes resemble that obtained with Chlamy- 
domonas using ferricyanide alone [10]. In the latter 
case, an additional resonance was observed at 
g = 6.4, not observed in BBY membranes (Fig. 5) 
except upon addition of certain quinones or 
inhibitors which shift the EPR resonances to more 
axial positions. The Fe(III) environments thus dif- 
fer between the two materials, possibly because of 
a higher binding affinity for plastoquinone in the 
presence of Fe(III) in the case of the Chlamy- 
domonas membranes. In the accompanying paper 
[14], we will discuss further how molecules bound 
to the QB site might affect the shape of the Fe(III) 
spectrum. 

Lavergne [36] has reported that the addition of 
benzoquinone to spinach chloroplasts, previously 
excited by a single saturating flash, showed rapid 
(tl/2 = 1 0 0  ItS) reoxidation of QA on a second 
flash following the addition of 50 It M DCMU. 
Lavergne interpreted the fast QA reoxidation 
kinetics and the resistance to DCMU as an inabil- 
ity of the inhibitor to displace bound benzosemi- 
quinone, the oxidant for QA on the second flash. 
The results presented here offer an alternative 
interpretation. Addition of benzosemiquinone, fol- 
lowing the first flash, would have oxidized Q~ by 
the exogenous quinone. Indeed, Zimmermann and 
Rutherford [22] have shown this to occur for 
phenyl-p-BQ. The benzoquinone produced would 
then oxidize Fe(II) to Fe(III) forming the quinol. 
Addition of DCMU would have no effect on the 
Fe(III), allowing rapid electron transfer from QA 
to Fe(III) on the following flash. Considering that 
the pH at which Lavergne [36] worked (pH 8) is 
not an optimum for the light-induced oxidation of 

the iron (Fig. 7), the kinetics he observed were 
probably a combination of electron transfer from 
QA to the semiquinone in some centers and to 
Fe(III) in others. 

pH dependence 
We showed in Fig. 7 that there is a pH opti- 

mum for light-induced oxidation of Fe(II) by ex- 
ogenous quinones. Zimmermann and Rutherford 
[22] have also presented preliminary evidence indi- 
cating a low yield of light-induced Fe(III) forma- 
tion at low pH. In our hands the location of the 
pH optimum is not strict and has been observed 
to vary between pH 6 and 7, depending on the 
membrane preparation. While the behavior at pH 
values above the optimum is consistent with the 
redox properties of the Fe( I I I ) /Fe( I I )  and Q - /  
QH 2 couples, that on the low pH side is not. We 
note (Fig. 6), as reported by Rutherford and 
Zimmermann [9] that the form of QAFe(II) 
changes from a g-value of 1.9 to 1.84 upon lower- 
ing the pH. The decreased ability to oxidize the 
Fe(II) using ferricyanide in preparations enriched 
in the g = 1.84 form would suggest that the anti- 
correlation between light-induced g = 8 formation 
and the g = 1.84 form of QAFe(II) in Fig. 7 arises 
from the higher potential properties of the Fe(II) 
of the g = 1.84 centers. We cannot absolutely ex- 
clude that the binding affinity of the quinone or 
the semiquinone vs. the quinol forms could also 
depend on the state of the iron environment. 
However, after examining many BBY prepara- 
tions, we have found that in those which show 
enrichment of the g =  1.84 form at pH 7, the 
Fe(II) is more difficult to oxidize, even by ferri- 
cyanide. This observation would tend to support a 
positive shift in E m for the Fe( I I I ) /Fe( I I )  couple 
in going from the g = 1.9 to the g = 1.84 state. 

In the accompanying paper, we will exmaine 
more specifically the effect of PS II inhibitors on 
the Fe(III) signal and on the light-induced oxida- 
tion by exogenous quinones. These experiments 
provide conclusive evidence for electron transfer 
from Fe(II) to the exogenous quinones occupying 
the QB binding site. They show, as well, that the 
Fe(III) EPR signals are a sensitive probe of the 
binding interactions occurring between quinone 
and inhibitors and the amino acid side chains 
which line the QB pocket. 
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