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Measurements of the area bounded by the variable fluorescence induction curve and the maximum 
fluorescence yield as a function of redox potential led I. Ikegami and S. Katoh ((1973) Plant Cell Physiol. 
14, 829-836) to propose the existence of a high-potential electron acceptor, Q400 (Em7.S--360 mV), 
associated with Photosystem I ! (PS II). We have generated the oxidized form of this acceptor (Q~00) using 
ferricyanide and other oxidants in thylakoid membranes isolated from a mutant of Chlamydomonas 
reinhardtii lacking Photosystem I and the cytochrome b6/f complex. Q~0o was detected by a decrease in the 
extent of reduction of the primary quinone electron acceptor, QA, in a low-intensity light flash exciting PS 
II reaction centers only once. EPR measurements in the presence of Q~00 indicated the presence of new 
signals at g = 8, 6.4 and 5.5. These disappeared upon illumination at 200 K or upon reduction with ascorbate. 
M6ssbauer absorption attributed to the Fe 2+ of the QA-Fe 2+ acceptor complex of PS II disappeared upon 
addition of ferricyanide due to the formation of Fe 3+. The Fe 2+ signal was restored by subsequent addition 
of ascorbate. All of these spectroscopic signals show similar pH-dependent (n--1)  midpoint potentials 
(approx. - 6 0  mV/pH unit) and an Em7.S = 370 mV. We assign the EPR signals to the Fe 3+ state of the 
quinone-iron acceptor. Electron transfer to the Fe 3+ is responsible for the decrease in QA reduction upon 
single-hit flash excitation. The properties of the Fe3+/Fe 2+ redox couple are consistent with those of 
Q~oo/Q400 and we conclude that the iron of the QA-Fe acceptor complex is responsible for this species. 

Introduction 

The fluorescence yield of chlorophyll increases 
non-linearly with the photoreduction of the 
primary quinone electron acceptor, QA, of Photo- 
system II (PS II) during actinic illumination of 
dark-adapted chloroplasts or algae in the presence 

Abbreviations: Chl, chlorophyll; Cyt, cytochrome; DCMU, 
diuron, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; PS I, Photo- 
system 1; PS II, Photosystem II; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid; Mes, 4-morpholineethane- 
sulfonic acid; Mops, 4-morpholinepropanesulfonic acid; Ches, 
2-(N-cyclohexylamino)ethanesulfonic acid. 

of DCMU [1]. The area bounded by the I x t- 
dependent (light intensity x time) variable fluores- 
cence yield (fluorescence induction curve) and the 
maximum fluorescence yield is, however, a linear 
function of the concentration of reducible accep- 
tor available to the reaction center before the 
DCMU block [2]. 

Ikegami and Katoh [3] have reported that this 
area could be observed to increase up to 2-fold 
with increasing redox potential, showing a single 
electron Nernst curve with a midpoint potential of 
360 mV at pH 7.8. This increased area thus titrated 
at a potential well above that of QA/Q~ (Era 7 = 0 
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V, for a discussion see Refs. 4 and 5) and was 
attributed to an additional Photosystem II (PS II) 
acceptor, R, now known as Q4o0, located between 
the reaction center and the site of DCMU inhibi- 
tion. Ikegami and Katoh [3] also showed that if 
DCMU were added before the oxidant, fer- 
ricyanide, instead of in the reverse order, then the 
increase in the area above the fluorescence induc- 
tion curve was largely inhibited, indicating that 
DCMU prevented the oxidation of Qa00- 

These results were extended by Bowes et al. [6] 
who demonstrated that the midpoint potential of 
Q4oo was pH-dependent ( - 6 0  m V / p H  unit) and 
that its reduction occurred within 5/~s of actinic 
flash excitation of PS II reaction centers at room 
temperature. Because of its rapid reduction, this 
acceptor and QA provide two oxidizing equiv- 
alents, both available to the PS II reaction center 
in microsecond times. Together they have been 
suggested to be responsible for a double advance 
of the O2-evolving site upon microsecond flash 
excitation under oxidizing conditions [7,8] and 
double turnover of the reaction center even upon 
excitation with laser flashes of 300 ns lifetime [8]. 

The presence of this acceptor has been detected 
only by indirect means, i.e., fluorescence yield and 
double turnover of the O2-evolving site, Q40o has 
thus not been identified chemically, though a 
number of authors have proposed identifying it 
with ferricyanide [9] or a quinone [10], Wraight 
[11] has recently argued that Q400 is not a bound 
ferricyanide either, but an endogenous component 
whose oxidation decreases the binding affinity of 
DCMU at high pH. A consequent DCMU-in- 
duced midpoint potential increase for Q~0o/Q40o 
[11] would explain the blockage by this inhibitor 
of Q400 oxidation, in the presence of ferricyanide 
as originally reported by Ikegami and Katoh [3]. 
In this paper we have taken this identification a 
step further and we will attempt to demonstrate 
convincingly that Q4o0 is the PS II acceptor-side 
Fe(II) which is closely associated with the primary 
quinone acceptor, QA. 

Materials and Methods 

Photosynthetic membranes 
Mutant strains of Chlamydomonas reinhardtii 

were grown on Tris-acetate-phosphate medium [12] 
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in dim light at 25°C and harvested in the late 
logarithmic phase of growth. Iron (FeSO4.7H20) 
was left out of the trace metals solution of the 
medium and was replaced by 57FeBr3 (2 #M final 
concentration in medium). The latter was pre- 
pared by dissolving 57Fe203 (purchased from Oak 
Ridge National Laboratory) in concentrated HBr. 
The solution was heated to boiling and evaporated 
to dryness. The residue (57FeBr3) was taken up in 
water to make a stock solution at a final con- 
centration of 10 mM. 

The mutants used were strains F14.16.1 and 
AC206M18, isolated by Pierre Bennoun, and de- 
void of the P S I  reaction center and the cyto- 
chrome b6/f complex. These mutants were chosen 
to minimize the presence of photosynthetic iron- 
protein complexes other than those associated with 
the PS II reaction center. The two strains ap- 
peared to be identical according to their poly- 
peptide profiles on SDS-polyacrylamide gel elec- 
trophoresis. 

Thylakoid membranes were prepared from these 
mutants as described by Diner and Wollman [13] 
and suspended in the indicated buffers. Thylakoid 
membrane fragments (BBY * particles) were pre- 
pared from market spinach with some modifica- 
tions [14,15] of the original procedure [16]. These 
membrane preparations were stored at - 8 0 ° C  
until use. 

Optical spectroscopy 
Optical spectroscopy measurements were per- 

formed at 25°C on a flash-detection spectropho- 
tometer similar to that described by Joliot et al. 
[17]. Actinic flashes were provided by both a 
xenon flash lamp (EG&G model FX 199U, 2 #s 
width at half-height) filtered by a red high band- 
pass filter (Schott RG 5, > 660 nm) and a dye 
laser (Candela Co. model SLL-150, 600 ns total 
duration, dye Oxazine 720, Xmax = 693 nm). For 
measurements in the ultraviolet the photodiodes 
were protected from actinic illumination by Co- 
rion solar blind filters (SB 300F). 

Mi~ssbauer spectroscopy 
M~Sssbauer measurements were obtained using 

a constant acceleration spectrometer and a 57Co- 

* BBY, Berthold, Babcock and Yocum (see Ref. 16). 
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(Rh) source. Sample holders were disk-shaped with 
a maximum sample capacity of 1.6 ml. For mea- 
surements where illumination prior to the experi- 
ment was desired, the sample was placed in 1 mm 
thick holders which were laid on the bottom of a 
vial, half immersed in the cooling liquid (frozen 
acetone). A Cu-constantan thermocouple placed 
in a similar holder adjacent to the sample holders 
was used to monitor the temperature variation 
during illumination. Continuous actinic illumina- 
tion, provided by a 300 W projector lamp, was 
filtered through 2.5 cm of a saturated CuSO 4 
solution. 

Electron spin resonance spectroscopy 
EPR measurements were obtained with a Bruker 

ER 200D-SRC spectrometer equipped with an 
Oxford ESR 9 cryostat slightly modified to allow 
efficient purging of the sample with the cooling 
liquid. Thermal gradients were occasionally moni- 
tored by placing a Au (0.03% in Fe) vs. Ag-normal 
thermocouple in direct contact with the upper part 
of the sample above the sensitive area of the 
cavity. Gradients in the measurements reported 
did not exceed 1 K. Samples were placed in 3 mm 
ID quartz tubes. Illumination was normally per- 
formed inside the cavity using the same continu- 
ous light source as above. As indicated by the 
extent of reduction in the g = 8 signal size (at 200 
K, see below) about 90% of the centers could be 
excited by 2.5 min illumination (50 s for every 
120 ° rotation of the sample). The spectra were 
transferred via a Kikusui digital storage oscillo- 
scope (model DSS6521) to a Tektronix microcom- 
puter (model 4052A) which was connected to a 
Calcomp digital plotter (model 84). No signal 
averaging was employed in these spectra. 

Redox-potential measurements 
Redox potentials (Eh) are expressed relative to 

the standard hydrogen electrode at 25°C. For 
optical spectroscopy experiments, redox potentials 
were measured using platinum and calomel elec- 
trodes (Radiometer P101 and K401, respectively) 
connected to a Radiometer PHM84 Research pH 
meter. For M~Sssbauer and EPR experiments, re- 
dox potentials were measured using Metrohm 
combined microelectrodes (Ag I AgC1 I KC1 3 M) 
connected to a Dana microvoltmeter (model 5330). 

A solution of 10 mM K3Fe(CN)6/10  mM 
K4Fe(CN)6/100 mM KC1 was taken to have an 
E h = 436 mV at 25°C [6]. 

KaW(CN)8-2H20 was synthesized according 
to the procedure of Leipoldt et al. [18] and oxidized 
electrolytically. 

Results 

Optical spectroscopy 
Measurements of the kinetics of fluorescence 

induction in the presence of DCMU [3] or of the 
increase in fluorescence yield during a 20/~s xenon 
flash in the absence of this inhibitor [6] indicated 
the presence of an additional acceptor, Q400 avail- 
able to the reaction center on a time-scale less 
than 5/~s (25°C) and located prior to the DCMU 
block. 

One would predict, based on these observa- 
tions, that PS II reaction centers, undergoing a 
single photoreaction under oxidizing conditions 
where Q~0 is present, should show a lowered 
concentration of QA on a time-scale larger than 5 
/~s. Such a prediction is tested in Fig. 1. 

Stock suspensions of F14.16.1 membranes (5 
mg Chl /ml )  were preincubated with 0.8 mM 
ascorbate in 50 mM Hepes-KOH at 0°C for at 
least 15 min (for justification see below). They 
were then diluted to 25 /~g Ch l /m l  in the indi- 
cated buffers (Fig. 1) at pH values 6.34 and 7.44 
and incubated in darkness at 25°C for 15 min in 
the presence of 0.1 mM K3Fe(CN)6 and varying 
concentrations of KaFe(CN)6 to vary the redox 
potential. The ferricyanide concentration was kept 
constant so as to maintain invariant for all sam- 
ples any small amount of quenching of actinic 
excitation. 

Following incubation, the samples were either 
used directly or made 20/~M in DCMU. Measure- 
ments of light-induced QA formation were made 
after 1-min incubation in the dark in the presence 
of inhibitor. Actinic excitation was provided first 
by a non-saturating xenon flash exciting approx. 
30% of the PS II centers (producing single hits in 
85% of these) followed 300 ms later by a saturat- 
ing laser flash and 6 s after that by a second 
saturating laser flash. 

For experiments performed in the presence of 
DCMU, the absorption increase measured at 320 



pH 6.34 • 

E m = 412mV 

O. 30 

_ i . . . .  I . . . .  I . . . .  i . . . .  0,15 
350 400 450 500 

E h (mY) 

025 

AAs 

020  

E~= 373~ I 

0.50 

0.25 

(o) ~Ans 
AAs 

020 

. . . . . .  3;0 .... 4~0 .... 4;0 .... ~.,5 
E h (mV) 

Fig. 1. Absorbance change at 320 nm induced by a xenon flash 
(hitting 30% of the PS II centers) as a function of redox 
potential in the presence and absence of DCMU, F14.16.1 
membranes were suspended (25 /~g Chl/ml) in 50 mM Mes- 
KOH (pH 6.34) (upper) or 50 mM Hepes-KOH (pH 7.44) 
(lower each containing 0.1 mM K3Fe(CN)6 and variable con- 
centrations of K4Fe(CN) 6. After 15 min incubation in the 
dark (25°C) at the indicated potentials, samples were measured 
with (O) or without (©) 20 /~M DCMU following an ad- 
ditional 1 min dark incubation. The non-saturating flash was 
followed by a first saturating flash after 300 ms and a second 
after 6 s. The data with DCMU present are expressed as the 
ratio of the AA320 produced by the non-saturating and by the 
second saturating flash. That without DCMU is simply the 
non-saturating flash signal (,AI/I). AI/I was measured be- 
tween 5 and 275 ms after the actinic flash. 

nm (close to peak for QA - Q A ,  Ref. 19) for the 
first non-saturing flash was divided by that of the 
second of the two saturating flashes. This ratio is 
plotted as a function of redox potential in Fig. 1. 
The ratio of the two signals was taken to eliminate 
any eventual interference from Q~ initially pre- 
sent in the dark and variations in pipetting of the 
thick membrane suspension. A plot (not shown) of 
the second saturating flash yield as a function of 
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redox potential showed it to increase by less than 
10% with redox potential over the potential range 
studied. For the titration performed in the absence 
of DCMU, only the first non-saturating flash yield 
is indicated. 

Fig. 1 shows that as the redox potential increases 
through the range in which Q40o becomes oxidized, 
the absorbance increase (AA320) induced by the 
single-hit flash decreases by approx. 35% with an 
apparent midpoint potential of 412 mV at pH 6.34 
and 373 mV at pH 7.44 consistent with the mid- 
point potential and its pH-dependence reported 
for Q4o0 [6]. 

Thus the presence of Q~oo decreases the amount 
of QA stabilized in a single-hit flash. This de- 
crease probably arises from oxidation of QA by 
Q~0o as indicated in the following scheme: 

Z Z + 
P-680QAQ,~oo ~ P-680+ QA Q~0o ~ P-680QA Q~0o 

P-680QAQ400 

However, a scheme in which QA and Q~oo operate 
in parallel cannot yet be excluded. 

The decrease in A A 320 am with increasing poten- 
tial indicates that the extinction coefficient at 320 
nm for Q4o0 - Q~-o0 is less than that for QA - Qa- 
The complete spectrum of the light-induced ab- 
sorbance change (not shown) indicates that in the 
absence of Q~o0 this spectrum is composed largely 
of the PS II acceptor-side change QA - Q A  [19] 
and a donor side change M + -  M [20] arising 
from the O2-evolving site. Measurements at 285 
nm, an isosbestic point for QA - Q A ,  indicate a 
signal for M + -  M about 35% of the total signal 
measured at 320 nm (without correction for par- 
ticle flattening [21]). The extinction coefficient for 
M + - M is approx, the same at 320 and at 285 nm 
(after correction for flattening) [20]. Applying the 
differential flattening factors of Pulles [21] 
(Agsol/AE~85nm = 2.3; Agsol/AE~2onm = 1.6) to 
our results, M ÷ -  M would contribute to about 
50% of the AA320. Thus the decrease in QA formed 
in the presence of Q~o would correspond to about 
80% of the PS II centers if the extinction coeffi- 
cient for Q40o - Q~0o were zero at 320 nm. If this 
extinction coefficient were positive at this wave- 
length, then the decrease in QA formed would be 
greater still. 
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We found that preincubation of the con- 
centrated thylakoid membranes with ascorbate (see 
above) was necessary to obtain maximum signal 
amplitude of the AA320 in the absence of ferri- 
and ferrocyanide. Failure to add ascorbate lowered 
this signal by about 20% with or without DCMU, 
suggesting that some Q,~0 was already present 
prior to the addition of the exogenous oxidants or 
reductants. This observation was confirmed by 
EPR measurements (see below Fig. 2c). 

Electron spin resonance spectroscopy 
The measurements of Q40o in the previous sec- 

tion and those described by previous authors are 
indirect indicators of the presence of this species. 
The use of thylakoid membranes lacking the cy- 
tochrome b6/f complex and the P S I  reaction 

center made possible a direct search for EPR 
signals corrsponding to Q~-0o • 

Fig. 2a shows an EPR spectrum of F14.16.1 
membranes at pH 7.5 oxidized in the dark to a 
potential, E h of approx. 460 inV. New peaks not 
present or present with reduced intensity in un- 
treated samples are apparent at g = 8 and 5.5-6.4. 
Also shown is the spectrum following illumination 
at 200 K (limiting PS II to one or two turnovers) 
and the difference between the two. The difference 
spectrum obtained under these illumination condi- 
tions indicates that these same peaks are linked to 
redox changes occurring close to or within the PS 
II reaction center. 

The g = 8 peak is quite strong and the g = 6 
region is characterized by a prominent derivative- 
shaped contribution at g =  5.5 and a peak at 
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Fig. 2. EPR spectra of F14.16.1 membranes (5 nag Chl/ml) in 50 mM Hepes-KOH pH 7.5 showing reversible formation of signals at 
g = 8, 6.4 and 5.5. (a) Dark-adapted sample (upper) oxidized by 2 mM ferricyanide (E h = 455 mV) followed by illumination at 200 K 
for 3 rain (middle). (b) Dark-oxidized sample (E h = 455 mV, upper) followed by addition of sodium ascorbate (Eh= 260 mV, 
middle). (c) Dark-adapted sample oxidized by air (upper) followed by illumination at 200 K (middle). The lower traces are the 
difference spectra between the upper and middle traces. Instrument settings: temperature 4.5 K, microwave power 5 mW, microwave 
frequency 9.42 GHz, modulation amplitude 32 G; the g-scale is approximate. 



g = 6.4, as well as weaker features in between. 
There is some variability in the relative intensities 
of these signals. In general the signal at g = 5.5 is 
accompanied by a peak at g = 6.4. We have also 
observed a g = 8 signal in BBY preparations from 
spinach [14-16] at pH 5.9. Nugent and Evans [22] 
have observed in subchloroplast particles, in the 
presence of 5 mM ferricyanide, EPR signals at 
g = 8.1 and in the g = 6 region which decreased 
upon illumination at 5 K. While no interpretation 
was given, these signals are undoubtedly the same 
as those that we describe in detail here. 

Following illumination at 200 K (Fig. 2a), dark 
adaptation at ambient temperature for 15 min 
restores practically all of the original signals indi- 
cating reversibility of redox behavior. These sig- 
nals can also be observed (Fig. 2c) to arise sponta- 
neously in the absence of K3Fe(CN)6 particularly 
at high pH (at least 7.5) under aerobic conditions 
or in the presence of H202. 

Reduction of a dark-oxidized sample with 
ascorbate to an E h value of approx. 300 mV in 
the dark induces similar changes (Fig. 2b) to those 
observed upon illumination. The simplest explana- 
tion (supported by MiSssbauer data, see below) for 
the latter observation (Fig. 2a) is that PS II, like 
ascorbate, has reduced the oxidized species re- 
sponsible for this signal. However, magnetic cou- 
pling to a PS II-photogenerated radical (e.g., QA) 
could explain part of the disappearance. 

Redox titration at pH 7.5 (Fig. 3) indicates that 
both signals at g = 8 and g = 5.5 titrate with the 
same midpoint potential. The experimental points 
are fit reasonably well by a Nernst curve with 
n = 1 and a n  EmT.5 value of approx. 370 mV. 

Titration of the g = 8 signal at pH 5.9 (Fig. 3) 
requires higher potentials (Ems.9  = 475 + 20 mV). 
This peak is however much broader than that at 
pH 7.5. Light-insensitive peaks at g = 6 and 4.3 
titrate within the same range making the detection 
of the g = 5.5 and 6.4 signals ambiguous. 

Fig. 4 shows the effect of the order of addition 
of DCMU and ferricyanide at 20°C on the ampli- 
tudes of the EPR signals in spinach BBY prepara- 
tions at pH 8.5. Incubation with 1.2 mM 
K3Fe(CN)6 for 12 min followed by 1 min in 0.2 
mM DCMU (Fig. 4c) gave a g = 8 signal 3.3-times 
larger than that obtained by 1 min incubation 
with 0.2 mM DCMU followed by 12 min in 1.2 
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Fig. 3. Redox titrations of EPR signals at g = 8 ( × )  and 
g = 5.5 ( + )  and of the percent loss of the M~Sssbauer 57Fe2+ 
absorption (n) arising from the quinone-iron acceptor com- 
plex. The EPR spectra were recorded under the conditions of 
Fig. 2. The MSssbauer spectra were recorded under the condi- 
tions of Fig. 5. The buffers used were 50 mM Hepes-KOH (pH 
7.5) and 50 mM Mes-KOH (pH 5.9). The dashed lines are 
Nernst curves (n = 1). 

mM KaFe(CN)6 (Fig. 4b). Incubation of the 
membanes for 13 min at 20°C but with no ad- 
ditions (Fig. 4a) gave no formation of EPR sig- 
nals. DCMU thus appears to diminish the accessi- 
bility or action of the oxidant. In both cases (Fig. 
4b and c) the signals generated are largely 
eliminated by illumination at 100 K, indicating 
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Fig. 4. Effect of the order of addition of K3Fe(CN)6 and 
D C M U  on the amplitudes of the EPR spectra of spinach BBY 
preparations. The solid line spectra were obtained following 
treatment in the dark. The dotted line spectra were obtained 
following illumination for 3 min, at 100 K inside the EPR 
cavity. (a) Untreated sample incubated for 13 min at 20°C and 
then frozen to 77 K (the dark and illuminated spectra coincide); 
(b) incubation at 20°C with 0.2 mM  D C M U  for 1 min fol- 
lowed by 1.2 m M  K3Fe(CN)6 for 12 min, then frozen to 77 K; 
(c) incubation at 20°C with 1.2 mM  K3Fe(CN)6 for 12 min 
followed by 0.2 mM D C M U  for 1 min, then frozen to 77 K. 
The BBY preparations were used at 5 mg C h l / m l  in 58 m M  
Ches buffer, final pH 8.5 and were diluted immediately before 
use from a stock solution at pH 5.9 to avoid spontaneous 
oxidation of Fe 2+. D C M U  was added from a stock solution 
containing DMSO and water. The final concentration of DMSO 
was 0.2%. The EPR instrument settings were as in Fig. 2, 
except that the temperature was 5.3 K. 

that they arise from a species to the reaction 
center side of the DCMU inhibition site. The 
importance of the order of addition of DCMU 
and ferricyanide is analogous to that reported by 
Ikegami and Katoh [3] and by Wraight [11] for 
fluorescence measurements of Q,~o0 • 

The position and pH-dependence of the mid- 
point potential of the g = 8 signal, the dependence 
of the signal amplitude on the order of addition of 
ferricyanide and DCMU and the detection by the 
g = 8 signal of a redox species having a close 
association with the acceptor side of PS II (see 
also next section) prior to the DCMU binding site 
make this signal an almost certain indicator for 
Q40o, which shares all of these characteristics. 

The signals observed here are in a region of the 
EPR spectrum in which one would expect to find 
high spin Fe 3+. That this asisgnment is indeed 
justified will be shown in the next section. Given 
this likely assignment, the two sets of signals g = 8 
and g = 6.4-5.5 probably represent different local 
symmetries at the Fe 3 ÷ site with the signals in the 
g = 6 region having near axial symmetry. The sig- 
nal at g = 8 is indicative of considerably more 
rhombic symmetry. 

Apart from the resonances cited above, an in- 
crease in the g = 4.3 peak is observed following 
certain treatments - e.g., long aerobic oxidation. 
This resonance appears on top of a strong impur- 
ity signal in this region and cannot be studied 
accurately. The appearance of this signal may be 
related to irreversible changes. 

MOssbauer spectroscopy 
An Fe 2+ has been shown to be magnetically 

coupled to the reduced form of the primary 
plastoquinone acceptor, Qi,. The Q~, - Fe 2+ com- 
plex has EPR [23,24] and MiSssbauer [25] spectral 
properties similar to those observed in purple 
non-sulfur photosynthetic bacteria (Refs. 26, 27 
and 28, respectively). By analogy with Rhodo- 
pseudomonas viridis the distance between QA and 
the Fe 2+ is probably of the order of 0.7 nm, with 
the latter located midway between QA and the 
secondary acceptor quinone, QB [29]. Should this 
iron be oxidizable to Fe 3+, it would be a likely 
candidate for Q400. 

A discription as well as a quantitative account 
of the 57Fe MiSssbauer spectra of PS II particles 
from Chlamydomonas has been presented earlier 
[30]. A typical spectrum of a membrane sample 
from Chlamydomonas mutant F14.16.1 is shown in 
Fig. 5. A stick diagram shows the approximate 
positions and identification of the various compo- 
nents each characterized by a doublet of absorp- 
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solid lines are least-squares computer fits using Lorentzian 
lineshapes. The stick diagram identifies the various compo- 
nents: the Fe 2+ of the quinone-iron acceptor complex and the 
oxidized and reduced forms of cytochrome b-559; (a) un- 
treated sample; (b) sample oxidized to E h = 450 mV by ad- 
dition of 0.5 m M  K3Fe(CN)6; (c) sample oxidized to E h = 450 
mV and then reduced to 300 + 20 mV by the addition of 0.7 
m M  sodium ascorbate. 

tion peaks. These components are specifically as- 
sociated with PS II as they are present in PS II 
reaction center particles [25] and absent in a 
mutant lacking the reaction center of this photo- 
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system. The assignment of the various compo- 
nents, based on redox titration of the Mrssbauer 
and optical signals, will be described elsewhere. 
The main difference (Fig. 5) from the spectra of 
PS II particles [25,30] is the presence of a signifi- 
cant reduced cytochrome contribution due most 
probably to high-potential cytochrome b-559 in 
the membranes. The poorly resolved component 
in the middle, labelled component III as in earlier 
spectra [25], may have resulted from aerobic 
oxidation of Fe 2÷ to Fe 3÷ (see Fig. 2c). For the 
purpose of the present study, it is important to 
note that the right peak of the Fe 2+ is well sep- 
arated from all other contributions in the spec- 
trum. Determinations of the extent of the Fe 2÷ 
oxidation will be based on the amplitude of this 
peak. 

Fig. 5 shows the effect of addition, to mem- 
branes, of 0.5 mM K3Fe(CN)6 which raises the 
potential, E h, to approx. 450 mV. Pronounced 
changes occur in the spectrum. The most notable 
of these is the disappearance of the Fe 2÷ contribu- 
tion. Measurements in Chlamydomonas PS II par- 
ticles using K3W(CN)8 as oxidant indicate that 
the decrease in the Fe 2+ signal is accompanied by 
new absorption intensity in the range 0-0.5 m m / s .  
This absorption is not well defined, however, due 
either to relaxation effects or to a heterogeneity of 
sites. It is nonetheless compatible with the forma- 
tion of high spin Fe 3 ÷. In Fig. 5 the central part of 
the spectrum is complicated by the ferr i - /  
ferrocyanide contributions and also by the ex- 
pected oxidation of the reduced cytochrome con- 
tribution to low-spin Fe 3÷, showing relaxation 
broadening at this temperature. 

Addition of 0.7 mM sodium ascorbate (Fig. 5c) 
to the oxidized sample reduces the redox potential 
to 300 + 20 mV and restores the original spec- 
trum. Practically all the Fe 2+ is restored to the 
level of the original untreated signal. The spec- 
trum of Fig. 5c differs from the one in Fig. 5a by 
the increase in the intensity of the central peak 
due to contribution from KnFe(CN)6. The lowest 
part of the peak has been omitted. 

The oxidation of the iron exhibits an apparent 
pH dependence. Membranes suspended in Mes- 
KOH buffer pH 5.9 show very little oxidation of 
the Fe 2+ at E h = 430 mV, a potential at which 
practically all the Fe 2÷ is oxidized at pH 7.5. Full 



272 

oxidation of the Fe z+ at pH 5.9 can be observed 
by raising the potential above 500 mV while at 
E h = 470 mV about 50% of the iron is oxidized. 
Approximate titrations of Chlamydomonas mem- 
branes suspended in Mops buffer pH 6.7 suggest 
an E m value in the range of 410-430 mV. 

The above results show that the Fe 2÷ can be 
reversibly oxidized over a redox potential range in 
which Q4o0 is known to titrate. This range shifts to 
higher potential as the pH is lowered. The per- 
centage loss of M~3ssbauer absorption by the Fe 2+ 
at several different potentials and pHs are indi- 
cated in Fig. 3 and shows reasonable agreement 
with the EPR data at pH 5.9 and 7.5. 

The reversibility of the Fe 2+ oxidation de- 
creases drastically after treatments such as pro- 
longed exposure to air or several freeze-thaw cycles 
following the oxidation. Irreversibly oxidized iron 
can be rereduced only after lowering the potential 
below 150 mV in a form with different M~3ssbauer 
parameters. 

In addition to K3Fe(CN) 6, K3W(CN)8 and 
H 2 0  2 are also effective oxidants of the Fe 2+ as 
observed by Mt~ssbauer, EPR, and optical spec- 
troscopy (AA320). In addition, incubation of PS II 
particles with glucose-glucose oxidase in the air 
for several minutes induces considerable oxidation 
of the Fe 2+, probably due to formation of H202. 

The g-values (8 and 5.5) of the EPR signals and 
their redox behavior similar to that observed for 
the M~3ssbauer detectable 5VFe, lead us to attri- 
bute them to the Fe 3+ state of the iron of the PS 
II acceptor-side quinone-iron complex. 

D i s c u s s i o n  

Fe and Q 4oo 
The iron of the PS II acceptor-side quinone-iron 

complex, as detected by the EPR and M~Sssbauer 
signals we attribute to it, shares with Q4oo the 
following properties: 
- similar midpoint potentials which increase with 
decreasing pH in a manner consistent with - 6 0  
m V / p H  unit [3,6]; 
- association with the electron acceptor side of PS 
II, located between the primary reactants and the 
DCMU binding site [3,6]; 
- extent a n d / o r  rate of oxidation by ferricyanide 
inhibited by prior addition of DCMU [3,11]; 

- considering what we know about the distances 
and rates implicated in electron transfer in reac- 
tion centers from Rps. viridis [29], the close 
proximity of the iron to QA (probably 0.7 nm [29]) 
is consistent with rapid (less than 5 /~s) electron 

+ 
transfer to Q40o. 

We conclude that Q40o and the acceptor-side 
iron are one and the same. 

In contrast to this conclusion it has been sug- 
gested that Q4oo might be ferricyanide itself 
oxidizing QA [9]. This suggestion was supported 
by the fact that all observations of Q40o had until 
then involved ferricyanide as oxidant. However, 
the EPR and M~3ssbauer signals we report here are 
indicative of high spin Fe 3÷ and thus are not 
consistent with this assignment, as ferricyanide is 
low spin. Also the Qa00-1ike behavior of the optical 
experiments of Fig. 1 and the EPR signals we 
attribute to Q4o0 can be induced in the absence of 
ferricyanide by air, K3W(CN)8 or by H :O  2. Fur- 
thermore, the rate constant reported for oxidation 
of QA by this oxidant in the presence of DCMU 
[9] is much slower than that reported by Bowes et 
al. [6] for reduction of Q4+0o . Finally, Wraight [11] 
has argued against a bound form of ferricyanide 
on the basis of the disappearance of Q~o0 and its 
attendant inhibition of DCMU binding by ad- 
dition of ferrocyanide. 

Q4oo has also been reported [10] to show a 
quinone-like spectrum with a flash-induced ab- 
sorbance increase, peaking at 315 nm, and a 
bleaching, peaking at 275 nm. The 2-fold stimula- 
tion by K3Fe(CN)6 of AA320 reported by Den- 
nenberg and Jursinic [10] is in contradiction with 
the ferricyanide-induced inhibition reported here. 
The _+ K3Fe(CN)6 difference spectrum described 
in Ref. 10 is induced by a 3/zs xenon flash capable 
of producing a double turnover of PS II. As 
greater double turnover is observed in the reaction 
center than for 0 2 evolution [8], one would then 
expect an additional donor-side contribution 
(other than S-states) as compared to our optical 
measurements. This additional contribution plus a 
possible electrochromic shift of the QA (or QB) 
spectrum by Fe3+-Fe z+ might explain the spec- 
trum of Denneberg and Jursinic [10]. 

In the optical experiment reported here, PS II 
centers are excited by a non-saturating flash de- 
livering a single hit to 26% of the centers and two 



or more hits to only 4.5% of the centers. If the 
extinction coefficient of Q400- Q~0 were equiv- 
alent to that of QA-QA at 320 nm (12.5 mM -1 • 
cm -1, Ref. 15), as suggested in Ref. 10, then we 
would not have seen a decrease by ferricyanide of 
AA320. Furthermore, we show that this decrease 
has a redox potential dependence equivalent to 
that of Q40o, arguing strongly thatAeQ40o_Q~ < 
A EQA-QA" The exact fraction of centers affected 
by electron transfer to Q~0 cannot be estimated 
accurately, because the extinction coefficient of 

-Q40o is unknown. However, if it is 0 or Q40o + 
more, then at least 80% of the PS II centers are 
capable of photoreduction of Q~00. 

Other evidence suggests that not all centers 
show Q40o behaviour, Pierre Joliot (personal com- 
munication) and Bowes et al. [6] have pointed out 
that Ikegami and Katoh [3] may have overesti- 
mated the + Q4o0 concentration by overcorrecting 
for ferricyanide quenching of fluorescence. Bowes 
et al. [6] estimated the Qa00//QS II reaction center 
at 0.35 to 1. Using measurements of continuous 
light-induced C550 formation in the presence of 
DCMU, following preincubation +KaFe(CN)6,  
Pierre and Anne Joliot (personal communication) 
estimated that only half the PS II centers were 
deficient in C550 in the single-hit phase of il- 
lumination (pH 6.5). Thus all centers may not 
show Q40o behavior despite the fact that all appear 
to contain iron - e.g. no apparent free semi- 
quinone EPR signal (g = 2.0044) upon illumina- 
tion of TSF II particles at 220 K, E h = + 50 mV 
[32]. Also in Chlarnydomonas PS II reaction center 
particles no free semiquinone EPR signal is ob- 
served in 10 mM dithionite, pH 7.5, unless the 
iron is specifically extracted (in collaboration with 
T.K. Chandrashekar and G.T. Babcock, unpub- 
lished results). 

Such heterogeneity might explain why, upon 
illumination at 200 K (not shown), only 20-30% 
of the Mi3ssbauer Fe 2÷ absorption reappears 
(conditions of Fig. 5b). Other possibilities are a 
low probability for QA-Fe  3+ electron transfer at 
this temperature or the extremely high optical 
density of the M~Sssbauer sample. These alterna- 
tives are currently under investigation. 

The EPR spectrum with peaks at g = 8, 6.4 and 
5.5 cannot all arise from the same species. The 
g = 6.4 and 5.5 signals probably arise from an 
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Fe 3+ component having largely axial symmetry, 
while that at g = 8 indicates more rhombic distor- 
tion. Two alternative resonances have also been 
reported for the FeZ+-QA EPR signal [24]. These 
are also observed in the present samples. The 
Mi3ssbauer absorption due to Fe 2+ exhibits asym- 
metric or broad lineshapes indicative of hetero- 
geneity at the Fe 2÷ site, despite their homoge- 
neous behavior upon redox titration (Fig. 3). 

At least two forms of heterogeneity may exist 
among PS II centers which may have conse- 
quences for electron transfer involving the accep- 
tor side quinones. One of these is the state of 
phosphorylation of reaction center polypeptides. 
In the case of Chlamydomonas reinhardtii, two PS 
II reaction center polypeptides (6 and D2) exist in 
both phosphorylated and non-phosphorylated 
forms [33]. The state of phosphorylation of mem- 
brane polypeptides has been shown to influence 
the stability of QB [34]. The degree of association 
of bicarbonate with PS II reaction centers may 
also be inhomogeneous. Bicarbonate depletion has 
been shown to diminish the rate of electron trans- 
fer between QA and QB [35], and the rate of 
reduction or concentration of Q400 [36], though 
this latter point is contested [31] and attributed to 
the presence of residual formate. 

Finally, numerous reports exist in the literature 
of a heterogeneity of PS II reaction centers based 
upon the observation of a slow phase of the fluo- 
rescence induction curve in the presence of DCMU 
and in the absence of added oxidant. In addition, 
such heterogeneity is observed to increase upon 
fragmentation of chloroplasts [37]. Our observa- 
tion of the aerobic oxidation of the Fe 2+ of the 
quinone-iron complex, particularly at high pH 
(Fig. 2c) and that of Wraight [11], of inhibition of 
DCMU binding by Q~00, could together account 
for some of these observations. Such aerobic 
oxidation could provide a simple explanation of 
reports [38,39] of double hitting in spinach chloro- 
plast PS II at elevated, but not saturating DCMU 
concentrations in the absence of ferricyanide. 
Here, centers containing Q~-00 and thus capable 
of a double turnover on a first saturating xenon 
flash would be resistant to DCMU. Centers with 
reduced Q40o would be inhibited and unable to 
evolve oxygen. Addition of DCMU effectively 
enriches the still-functioning population of centers 
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in those capable of double hitting. This phenome- 
non is not observed in algae [38,39] possibly for 
reasons of internal redox potential and pH. 

Fe and QA-QB electron transfer 
Having shown that the iron of the acceptor side 

quinone-iron complex has redox properties and a 
location consistent with Q400, it is reasonable to 
ask what might be its physiological role, in par- 
ticular whether it serves as a conduit for electrons 
from QA tO QB [27]. The high apparent midpoint 
potential (E~7.5 = 370 mV) is not necessarily that 
operating in vivo where a negative charge on a 
neighboring semiquinone might shift downward 
the operating potential of the Fe3+/Fe  2+ couple. 

One might imagine Fe involvement of the type 
indicated in the following sequence of reactions 
(ignoring protonation): 

kl  
(I) QAFe2* QB ~ QAFe3* Q~ 

k I 

hv  Fe2+ k2 (II) QAFe2+ QB--+ Q~, Q a ~  
k - 2  

kx 
Qf, Fe 3÷ Q~ ~ QAFe 2+Q~ 

k 3 

k4 
(III) QAFe 2+ Q~ ~ QAFe 3+ Q2 

k.- 4 

hp k5 
(IV) QAFe2+Q~---,QAFe2+Q~..~ 

k 5 

k6 
QA Fe3+ QB ~ QA Fe2+ Q~- 

k -  6 

An equilibrium of the type indicated in (I) 
• could account in part for the concentrations of 
Q~ observed in the dark in algal cells and chloro- 
plasts, particularly under conditions of membrane 
polypeptide phos'phorylation [34]. 

That of type (III) could account for centers 
having an unstable Q~ [40,41]. Reactions I and 
III could also explain in part what we have called 
spontaneous oxidation of Fe 2+ to Fe 3+. 

Reactions (II) and (IV) are the two single-elec- 
tron transfer reactions between QA and QB. De- 
pending on the relative rates (k 2 vs. k 3 and k 5 vs. 
k6) the iron would either remain in the Fe 2+ state 
(in a 'push-pull' type double-exchange mecha- 
nism) or become fully oxidized to Fe 3+. 

The arguments in favor of iron participation in 
QA-tO-QB electron transfer are listed below. 

(a) Electron transfer probably occurs from QA to 
Fe 3+ (this work) though no fast spectroscopic 
measurement has directly demonstrated this 
mechanism. 
(b) Formate appears to slow electron transfer from 
Qf~ to Q400 [31,36] and to slow turnover of PS II 
reaction centers [42]. The latter phenomenon 
probably reflects a slowing of QA to QB electron 
transfer, implying that the same route is involved 
in both cases. 
(c) Loss of the acceptor side iron slows 2- to 3-fold 
Qf~-to-QB electron transfer in Rhodopseudomonas 
sphaeroides reaction centers [43]. 
(d) The iron is located midway between QA and 
QB [29]. 
(e) The iron is conserved in PS II reaction centers 
and those from purple photosynthetic bacteria. 

The principal argument against iron participa- 
tion, at least in photosynthetic bacteria, is that 
replacement of Fe z-- by Mn 2+ or Zn 2+ does not 
alter the rate of electron transfer from QA to QB 
[43,44]. As the redox properties of these three 
metal centers are quite different, one would have 
to claim, for the metal still to be involved, that the 
rate-determining step for this electron transfer 
does not involve a step in which the metal is 
implicated (e.g., QB binding or protonation). 

A definitive conclusion on iron participation in 
QA-QB electron transfer would probably require 
the spectroscopic detection of a transient state 
involving Fe 3÷ either by rapid measurement or by 
trapping of intermediates at low temperature. 
Other possible approaches are closer examination 
of inhibited states (e.g., formate treatment), iron 
extraction and replacement by other metals, and 
ligand replacement by site-directed mutagenesis. 
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