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Absorbance changes and EPR signals from Photosystem II preparations of the cyanobacterium Phormidium laminosum 
were measured over a range of redox potentials to investigate the properties of the electron acceptor components. 
Previous titrations have only been reported for the iron-semiquinone in the presence of formate at g = 1.8. We have 
now titrated both the native g--  1.9 and the g = 1.8 form. In contrast to spinach, redox titrations of the iron-semi- 
quinone in P. laminosum show only one step at potentials close to Qh, providing further evidence that Qh is equivalent 
to Qa- The redox potential of Qa is largely unaffected by the absence of bicarbonate. A component that is not an 
iron-semiquinone and with a redox potential similar to Qt was detected by EPR and in optical studies. Redox titrations 
of the split radical signal caused by the interaction of reduced pheophytin ( I - )  with the iron-semiquinone showed a low 
potential step and the nature of this is discussed. Optical experiments also indicated the presence of a component with 
midpoint potential - 4 0 0  mV which has previously been reported in spinach. 

Introduction 

The electron acceptor chain of Photosystem II con- 
tains a pheophytin (I) which functions as a short-lived 
intermediary electron acceptor. It is generally accepted 
that there are also two iron-quinones (plastoquinone), 
Qa and Qb- Qa is tightly bound to the reaction centre 
and is reduced directly by I. Qb, the secondary quinone 
acceptor, is also tightly bound when in the semiquinone 
form [1]. 

The midpoint potentials of these electron acceptors 
are not simple to determine. Various methods have 
yielded a range of values for Qa. Titration of the 
fluorescence yield resulted in a two-step curve for re- 
duction of Qa with a high potential component  near 0 
mV (Qh) and a low potential component  (Q]) with E m 
near - 3 0 0  mV [2,3]. Redox titrations of C550 [4], low 
temperature photooxidation of cytochrome b559 [5] and 

Abbreviations: EPR, electron paramagnetic resonance; DCMU, 3- 
(3,4-dichlorophenyl)-l,l-dimethylurea; Hepes, 4-(2-hydroxyethyl)-l- 
piperazineethanesulphonic acid; Mes, 4-morpholineethanesulfonic 
acid; P-680, reaction centre chlorophyll of Photosystern II; Tricine, 
N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; I, pheophytin; Chl, 
chlorophyll. 

Correspondence: J.H.A. Nugent, Department of Biology, University 
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of the electrochromic carotenoid bandshift at 518 nm 
[6] indicate that Qh is equivalent to Qa. The nature of 
Q] is unknown. 

The redox state of components of the Photosystem II 
electron acceptor complex can be determined directly or 
indirectly by measurements of the EPR signals arising 
from the components. The iron-semiquinone, Qa, can 
be detected as a signal at g = 1.9 in native samples in 
which bicarbonate is bound, or following treatment to 
replace bicarbonate by formate, at g = 1.8. The g = 1.8 
signal is similar to that seen in purple bacteria, where 
there is no bicarbonate binding to the reaction centre. 
Limited electron transfer through the reaction centre 
can be induced by illumination at 200 K. If Qa is 
already reduced, this procedure results in reduction of 
the pheophytin, which can be observed either as an 
increase in a symmetrical 14 G wide radical at g = 2.00, 
or more characteristically if measurements are made 
below 10 K, as a split radical reflecting magnetic inter- 
action with the iron-semiquinone. A spin-polarised tri- 
plet can be detected on illumination at very low temper- 
ature (4-6 K). In Rhodopseudomonas sphaeroides this is 
observed as soon as Qa is reduced [7]. In higher plant 
preparations it was only observed following reduction 
of a component  with an E m of about - 4 2 0  mV in 
oxygen-evolving preparations [8]. However, in reaction 
centres lacking quinone acceptors it was observed at all 
potentials between + 400 and - 5 0 0  mV [9]. Two steps 
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in reduction of the EPR signal attributed to the iron- 
semiquinone have also been described in Photosystem 
II samples that had been formate-washed to remove 
HCO~-, attributed to Qh and Qi [10]. Neither of these 
components appeared to be Qb. An additional compo- 
nent with midpoint potential around - 4 2 0  mV was 
suggested by titration of reaction centre triplet forma- 
tion. 

The redox properties of the electron acceptors can 
also be investigated by observing the potential depen- 
dence of P-680 rereduction following flash excitation in 
samples in which water oxidation is inhibited. These 
have also indicated the presence of additional low 
potential electron acceptors in spinach Photosystem II 
[11]. 

Two explanations of these observations have been 
put forward. Either that all centres have two different 
types of acceptor (Qh and Qi), or that there are two 
populations of Photosystem II with different redox 
properties for their respective Qa acceptors [12,13]. The 
EPR signal attributed to Q a differs depending on the 
presence of bicarbonate and Qb- Recently it has been 
suggested that the Ql and Qh forms of Qa result from 
centres having varying combinations of free or bound 
bicarbonate or Qb [11]. 

In contrast to chloroplasts, the low potential accep- 
tor, Qi, was not observed in fluorescence titrations of 
Photosystem II preparations from the thermophllic 
cyanobacterium Phormidium laminosum [14,15]. Titra- 
tions of Cs50 [16] or the EPR signal of the iron-semi- 
quinone [17] in Chlamydornonas reinhardtii only show 
one step. These preparations may therefore provide a 
model system to determine the identity of the compo- 
nents of the electron acceptor complex. 

Redox titrations using EPR and laser flash absorp- 
tion spectroscopy of the electron acceptor complex in 
P. laminosum preparations which apparently lack Qi 
are reported. Previous redox titrations of the iron-semi- 
quinone by EPR have required the use of formate. We 
have now been able to titrate the native samples in 
addition to those with added formate. These confirm 
the absence of the low potential iron-semiquinone in 
this organism, but suggest the presence of a component 
with a similar midpoint potential to Qi at around - 270 
mV which may act as an electron acceptor at 200 K and 
above. The redox potential of Qa in P. laminosum is 
unaffected by the presence or absence of bicarbonate or 

Qb- 

Materials and Methods 

Growth conditions and preparation of Photosystem H 
P. laminosum was grown at 45 ~ C, in medium D of 

Castenholz [18] in 10 litre glass jars and harvested in 
late growth phase, During growth the cultures were 
gassed with 5% CO2/95% air, and illuminated with a 

150 W tungsten filament spot lamp. Photosystem II 
particles were prepared using a method based on that of 
Ref. 15. Detergent fractionation of thylakoid membrane 
fragments (1 rag. ml-a chlorophyll) was performed with 
0.5% (w/v) N-dodecyl-N, N-dimethylammonio-3-pro- 
panesulphonate (Serva, Heidelberg) for 40 min at 4~  
[19]. The sample was centrifuged at 100000 x g for 60 
rain at 4 ~ C, and the supematant containing the Photo- 
system II was removed. This was concentrated by pre- 
cipitation with 10% (w/v) poly(ethylene glycol) 6000, 
and centrifuged at 10000 x g for 20 min at 4~ The 
pellet was resuspended and washed twice in 10 mM 
Hepes, 10 mM MgCI2, 5 mM NazHPO 4 and 25% (v/v) 
glycerol (pH 7.5) (buffer C) and frozen at 77 K until 
required. Photosystem II particles prepared by this 
method evolved oxygen at between 1500 to 2000 /~M 
02" mg Chl-1.  h-1. When required the oxygen-evolving 
complex was destroyed by incubating in 0.8 M "Iris (pH 
8.0) at 0.5 mg. m1-1 chlorophyll for 45 min at 4 ~  in 
the dark, and harvested by centrifugation at 100 000 x g 
for 30 min. 

Redox titrations for EPR analysis were performed in 
the dark, with the sample resuspended at 0.8 to 1 mg 
Chl. m1-1 in buffer C at 10~  as in [19]. The following 
redox mediators were used at 20 #M: thlonine, methyl- 
ene blue, Janus green, indigotetrasulphonate, pheno- 
safranine, safranine T, benzyl viologen and diquat. Be- 
fore starting each titration, the sample and mediators 
were stirred together for 30 min and when required 
sodium formate (100 mM) was also added and allowed 
to equilibrate. After this period of equilibration, the 
potential was between 150 and 200 mV, at values where 
we have assumed that both Qa and Qb are oxidised. 
The potential and the pH were continuously monitored 
and adjusted as required with 1% (w/v) sodium di- 
thlonite or 0.1 M potassium ferricyanide and 0.1 M 
sodium hydroxide or hydrochloric acid. Samples were 
stored in the dark at 77 K until their EPR spectra were 
recorded using a Jeol FelX spectrometer with an Ox- 
ford Instruments ESR9 cryostat. 

For optical experiments, samples were resuspended 
in 5 mM MgC1 z, 10% glycerol and either 20 mM Mes 
(pH 6.0), 50 mM "Iris or Tricine (pH 8.0) or 20 mM 
glycine (pH 10.0). Absorption measurements of P-680 at 
820 nm were made using a laser flash spectrophotom- 
eter as described in Ref. 20, except that the measuring 
device was a large area silicon photodiode'type UDT 
10D (United Detector Technology, from Optilas, U.K.). 
Samples were excited at 0.5 Hz at 337 nm with a 800 ps 
flash supplied by a N z laser (LN 1000, Photochemical 
Research Associates, Inc.). For redox titrations a quartz 
cuvette was built and used as in Ref. 21. The following 
mediators were used at either 5, 10 or 20/~M: thlonine, 
methylene blue, Janus green, indigotetresulphonate, 
phenosafranine, safranine T, benzyl viologen, methyl 
viologen and diquat. The potential was measured using 



a rnicroplatinum rod combination electrode (CMMP 
Pt57, Russell pH Ltd, U.K.). During optical measure- 
ments the stirrer was turned off. 

R e s u l t s  

In contrast to the results obtained from spinach 
Photosystem II particles [10], redox titrations of the 
iron-semiquinone complex in P. laminosum, either in 
the bicarbonate or formate bound states (Fig. 1A), show 
only one major step (Fig. 2) over the potential range 
100 to -300 mV. The midpoint potential of this step 
corresponds to Qh in the higher plant titrations. We 
were unable to observed a second low potential step in 
these titrations. This is in agreement with the fluores- 
cence titrations of P. laminosurn [14] where Q1 was not 
observed. The midpoint potential of the iron-quinone is 
close to that obtained for Qa using fluorescence (Era = 
+30 mV at pH 7.5 [14]) and is unaffected by the 
presence of formate. The midpoint potential of the 
g = 1.9 form of Qa is + 27 mV at pH 7.8, whereas the 
g = 1.8 form titrates around 20 mV. 

At potentials where Qh is reduced, changes in the 
appearance of the g = 1.9 signal occur. This is due to 
the presence of a component that titrates around ( - 270 
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Fig. 2. Redox titrations of P. laminosum Photosystem II preparations 
at pH 7.8. Signal intensity before illumination of the iron-semi- 
quinone signal in the presence (g =1.8, o)  and absence of sodium 
formate (g = 1.9, O), and the g = 1.92 signal (n). The curves drawn are 
the theoretical curves for one-electron transitions at 20 mV (o), 27 

mV (O), and - 2 5 5  mV (n). EPR conditions as in Fig. 1. 
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Fig. l.  EPR spectra showing signals from P. laminosum photosystem II preparations obtained from redox titrations. (A) Iron-semiquinone Qa: (a) 
100 mV, (b) - 1 0 0  mV, (c) - 1 0 0  mV, sample containing 100 mM sodium formate. (B) - 1 0 0  mV, 200 K illumination minus dark difference 
spectrum showing doublet EPR signal from I -  Q~-Fe 2+. (C) Sample frozen under illumination showing the g = 1.92 and g = 2.05 resonances also 
observed at low redox potentials. Chlorophyll concentration 1 mg-m1-1, EPR conditions: microwave power A and C, 10 mW and B, 25 mW; 

temperature A and B, 5 K and C, 15 K; modulation width 1.25 raT. The peaks measured are indicated O. 
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Fig. 3. Redox titration of extent of formation of the split signal ( I -  
Q~- Fe 2+ ) in P. laminosum Photosystem II preparations at pH 7.8 in 
the absence of  sodium formate after illumination for 10 min at 200 K. 
The lines drawn are the theoretical curves for a one-electron transition 

at 35 mV and - 1 5 0  InV. EPR conditions as in Fig. lB. 

mV in P. laminosum. This g =  1.92 signal has been 
characterised previously and is thought to be an iron- 
sulphur centre [22,23]. At 15 K this signal at g = 1.92 
can be observed more deafly (Fig. 1C), and fitrates 
around - 255 inV. 

The split radical signal (the pheophytin doublet radi- 
cal thought to be due to interaction between the semi- 
quinone and reduced pheophytin) that is observed fol- 
lowing 200 K illumination of untreated P. laminosum or 
with 500/~M DCMU [23] is shown in Fig. lB. The split 
signal is very small and narrowed in the presence of 
formate and we have been unable to titrate it. However, 
the formation of the split signal in the absence of 
formate occurs in parallel to the reduction of Qh in 
untreated samples with a midpoint potential of about 
+ 35 mV at pH 8.0 (Fig. 3). A small second step is 
observed that accounts for 20 to 25% of the maximum 
signal. The potential of this second step is difficult to 
measure but seems to vary between - 150 to - 250 rnV. 
No change in the iron-semiquinone signal was observed, 
although, since the signals are small, it is not possible to 
state that there is no small change. However, this is 
dearly different to the situation in higher plant prepara- 
tions where extensive formation of the split radical 
signal is seen only after reduction of the Qt component. 

Optical experiments 
The decay of P-680 + cation following laser flash 

illumination in Tris-washed samples at 20 mV (pH 8.0) 
is  shown in Fig. 4. Only one component is observed 
with a half-time of 2 to 3 ms.. At about 150 mV, the 
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Fig. 4. Absorbance changes at 820 nm in Tris-washed P. laminosum 
Photosystem II at pH  8 in the presence of D C M U  (100 pM)  at room 
temperature. Each measurement is the average of 32 flashes at 0.5 Hz 
using a 337 nm laser flash (800 ps pulse length)�9 The chlorophyll 
concentration was 7.5 pg .m1-1 ,  path length 1 cm, and the redox 

potential was (a) 20 mV, (b) - 240 mV and (c) - 350 inV. 
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Fig. 5. Redox titration of  absorbance changes at 820 nm in Tris-washed 
Photosystem II particles at pH 8 i n t h e  presence of DCMU (100/~M). 
Decay kinetics were fitted to absorbance transients as described in 
Materials and Methods. Half-time of decay 2 to 3 ms (O), 200 ps  (I) .  
Each measurement is the average of 32 flashes using a flash rate of 0.5 
Hz at 337 nm (pulse length 800 ps). Theoretical Nernst  curves (n ffi 1) 
are indicated with E m = 20 mV and - 2 5 0  mV for the ms component  

and E m = - 1 5 0  and - 4 0 0  for the ps component.  



signal is too small to be resolved easily but  as the 
potential is lowered the size of the signal increases, as 
shown in the redox titration in Fig. 5. The midpoint of 
the increase in signal size at pH 8.0 is about 0 mV and 
is changed in the presence of 100/~M D C M U  to about 
+ 25 mV as was also observed by fluorescence measure- 
ments [14]. Titration of the ms component  in the ab- 
sence of redox mediators shows essentially the same 
results, confirming that the effect is not due to mediator 
redox changes. The appearance of the ms component  
parallels the reduction of Qa in EPR and fluorescence 
titrations. 

In the EPR titrations, a component with a midpoint  
potential at about - 2 5 0  mV was observed. However, 
the amount of this component varied and it was not  
seen in all preparations of P. laminosum. These still 
show high rates of oxygen evolution so that the g = 1.92 
component does not appear to have a essential role in 
electron transfer from water to the quinone pool. In 
most experiments the loss of the ms component  takes 
place at approx. - 2 5 0  mV. However, this was also 
variable, in some experiments some of the ms compo- 
nent is lost at around - 1 0 0  mV and in one experiment 
all of the ms component is lost at this potential. The 
midpoint potential of about - 2 5 0  mV at pH 8.0 for the 
loss of the ms kinetics is at values close to the second 
step in the split signal, and the g = 1.92 component,  
suggesting that the ms kinetics may arise from this 
component.  

The appearance of a component  with a half-time of 
about 200 #s occurs (Fig 4) with a midpoint potential of 
about - 1 5 0  mV (Fig. 5) although this value is difficult 
to determine as the signals are small. This component  is 
lost as the potential is lowered with an E m of about 
- 400 mV at pH 8.0 and appears to correspond with the 
electron acceptor, U, observed in redox titrations of 
triplet yield in spinach Photosystem II [8] and suggests 
that an additional acceptor may function at potentials 
in between Qh and I in P. laminosum. The existence of 
a low potential acceptor in P. laminosum has been 
inferred previously, since the spin-polarised reaction 
centre triplet can only be observed when the samples 
are reduced with excess dithionite at pH  10. No triplet, 
or only a very small signal, was observed at potentials 
where only Q~ was reduced [23]. 

Discussion 

EPR spectroscopy and laser flash kinetic spec- 
troscopy at room temperature were used to investigate 
the electron acceptors in Photosystem II of the cyano- 
bacterium P. laminosum. This is the first report  of the 
titration of the native g = 1.9 iron-semiquinone. In con- 
trast to the results obtained in spinach [8], but in 
agreement to those obtained by fluorescence measure- 
ments in P. laminosum [14], only one step was observed 
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in redox titrations of both the g = 1.9 and 1.8 EPR 
signals attributed to the iron-semiquinone. The mid- 
point potential of this step was around 20 mV equiv- 
alent to Qh, confirming the absence of a low potential 
iron-quinone type quencher, Qi [14]. 

Formate  treatment has been shown to inhibit elec- 
tron flow at the acceptor side of Photosystem II [24]. 
This is not due to changes in the midpoint potential of 
Q~, as the E m of the g =  1.8 and g- -  1.9 forms of Q~ 
were similar at 20 and 25 mV, respectively, at pH 7.8. 
Fluorescence titrations have also shown that the poten- 
tial of Q, is unaffected by formate, although QhWaS not 
detected in these experiments [25]. Optical experiments 
also indicate that the loss of Qb has no major effects on 
the redox potential of Q~. 

Although a low potential iron-semiquinone was not 
observed in EPR titrations of P. laminosum, a compo- 
nent with midpoint  potential - 2 5 0  mV at pH 8, at 
similar values to Q~ was observed in both EPR titrations 
(at g - -  1.92) and in optical titrations of the rereduction 
of P-680 following a laser flash. Upon reduction of Qh, 
P-680 was reduced with a half-time of 2 to 3 ms. These 
decay kinetics were lost as the potential was lowered 
with a midpoint  potential of about - 2 5 0  mV, at similar 
values to the g = 1.92 component.  The nature of this 
component  is not known, but  it may be an iron-sulphur 
centre [26]. Although, as observed in the optical experi- 
ments, it may function as an electron acceptor above 
200 K, the g = 1.92 component  is not photoreducible at 
lower temperatures [22]. This component  does not  ap- 
pear to be essential in the pathway of electron flow 
from water to the quinone pool, as Photosystem II 
preparations in which it is absent still show high rates 
of oxygen evolution [23]. The g = 1.92 component  does 
not appear to act as a quencher of fluorescence in 
Photosystem II as it was not  detected in Ref. 14. 

The redox titration of the split signal also indicates 
that the potential of Q~ is about 30 mV as 70% of the 
maximum signal observed above - 4 0 0  mV occurs with 
this step. Although a second step was not observed in 
titrations of the iron-semiquinone, a small step of rise in 
amplitude occurred in the appearance of the split signal 
at lower potentials (around - 1 5 0  to - 2 0 0  mV). The 
split signal arises from a complex interaction between I 
and Qa-Fe, its size and shape are very sensitive to the 
environment, e.g., it is much smaller and narrowed in 
the presence of formate so that we were not able to 
titrate it. Therefore it is difficult to determine the nature 
of the second step. It  may arise from the existence of an 
additional electron acceptor with redox potential be- 
tween Qh and I [8], or from a change in the environ- 
ment affecting either I or Qh as another component  
becomes reduced. In some titrations the second step in 
the split signal parallels the reduction of the g = 1.92 
component  and the loss of the ms component  in the 
optical experiments. The size of the split signal may be 
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sensitive to this change. The simplest explanation of 
these results would be that when Qa is reduced, elec- 
trons are transferred to the g = 1.92 component  which 
functions as a "bypass"  in the electron transfer system 
to prevent accumulation of I -  and photoinkibition. At 
low temperatures, the mixed effects seen in the I -  
titration may reflect either inefficient electron transfer 
to the g = 1.92 component or variable amounts of this 
component in different preparations. Experiments where 
the g = 1.92 component is present in defined amounts 
would be required to investigate this. The double reduc- 
tion of Qb, at low potential in centres in which Qb is 
unprotonated, could also give rise to the second step in 
the split signal as the interaction between Q~ and Q~- 
may prevent its appearance. 

The presence of a component with midpoint poten- 
tial - 4 0 0  mV was also observed in optical titrations of 
P. laminosurn. This potential is similar to that of com- 
ponent U in the electron acceptor complex of spinach 
Photosystem II detected by redox titration of the reac- 
tion centre triplet. Van Mieghem et al., have recently 
shown that this results from double reduction of Qa 
[27]. Previous work on P. laminosum demonstrated that 
the samples had to be reduced with dithionite at pH 10 
before triplet was observed [8]. Titrations of the forma- 
tion of triplet need to be carried out in P. laminosum to 
confirm that the its component observed in optical 
titrations is equivalent to component U and is caused 
by double reduction of Qa. 
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