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The spin-lattice relaxation time of Signal II, which arises from two plastoquinol cation radicals, D + and Z +, 
has been measured with electron spin-echo spectroscopy in Photosystem II preparations with inactivated and 
with intact oxygen-evolving complex. In Tris- and subsequently EDTA-washed Photosystem II preparations 
the spin-lattice relaxation times of D + and Z + are equal and remain unchanged if the pH is increased from 
6.0 to 8.3. In preparations in which the oxygen-evolving complex is not inactivated by the Tris washing, the 
spin-lattice relaxation times of D + and Z + are affected by the redox state of the oxygen-evolving complex. 
At pH 6.0 the spin-lattice relaxation time decreases with higher redox state of the manganese cluster. The 
relaxation behavior at pH 8.3 indicates that at this pH the stability of the S t state is decreased such that in 
dark-adapted samples nearly 100% of the systems is in the S O state. This was confirmed by optical 
experiments where the period-four oscillation in the absorption at 350 nm was monitored as a function of the 
flash number. 

Introduction 

Oxygen evolution in green plants and algae 
takes place at the donor side of the so-called 
Photosystem II (PS II, for a recent review see Ref. 
1). Between the oxygen evolving complex and the 
primary electron donor of PS II, P-680, two more 
donor sites have been identified, D and Z. The 
latter is presumably the direct electron donor to 
P-680, whereas D may function as an alternative 
donor to P-680. D + and Z + are characterized by a 

Abbreviations: PS II, Photosystem II; Tricine, N-2-hydroxy- 
1A-bis(hydroxymethyl)ethyl glycine; DCBQ, 2,5-dichloro-p- 
benzoquinone; Mes, 4-morpholineethanesulfonic acid. 

similar EPR signal, the so-called Signal II (SII), on 
which a large number of continuous wave EPR 
experiments have been carried out. From the latest 
work it was concluded that the stable radical D + 
(and also Z +) is an oxidized plastosemiquinol 
cation radical [2-7]. The appearance of the EPR 
signal due to Z + is dependent on the sample 
preparation procedure, while a contribution of D + 
is always present. It has been shown that four 
turnovers of the plant photosystem are needed to 
release one molecule of oxygen. Each turnover 
changes the redox state of oxygen-evolving com- 
plex (the so-called S states [8]). In the oxygen- 
evolving complex a cluster of four manganese 
atoms is involved in the oxidation of water [9-11]. 
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From absorbance difference experiments, Dek- 
ker et al. [9] recently concluded that turnovers 
inducing S-state transitions from S O ~ $1, $1 --, S 2 
and S 2 ---, S 3 correspond to simultaneous oxidation 
of Mn(III) to Mn(IV). That Mn(III) and Mn(IV) 
are involved in the oxygen evolution was already 
suggested by the observation of the so-called mul- 
tiline EPR signal [12-15]. This EPR signal, which 
appeared to be correlated with the S 2 state, shows 
a certain resemblance with the EPR spectrum of 
an Mn(III)-Mn(IV) dimer, of which the two ions 
are antiferromagnetically coupled by an exchange 
interaction [12,16]. The fact that the S O ~ $1, the 
S 1 -~ S 2 and the S 2 ~ S 3 transitions each corre- 
spond to the additional oxidation of an Mn(III) to 
Mn(IV), while only the S 2 state displays an EPR 
signal, indicates that the geometry (i.e., the inter- 
atomic distances) of the cluster is determining the 
mutual interactions. Earlier reported electron 
spin-echo studies in spinach chloroplasts [17,18] 
showed that the spin-lattice relaxation time of SII 
depends on the illumination procedure. 

In this work we present an electron spin-echo 
study in which the spin-lattice relaxation times 
(7'1) of D + and Z + are used as a probe for the 
relaxation behavior of the manganese cluster in its 
various photo-induced redox states. It is well 
known that the spin-lattice relaxation time of a 
paramagnetic species can be influenced by a 
strongly relaxing paramagnetic molecule in its 
vicinity. Hence, changes in the relaxation proper- 
ties of this neighboring molecule can be monitored 
by determining the spin-lattice relaxation of the 
paramagnetic species, which in the case of PS II 
preparations with intact oxygen-evolving complex 
is the D + radical. From our relaxation study it is 
concluded that the spin-lattice relaxation time of 
the oxygen-evolving complex decreases with higher 
S state, and that the lifetime of the S 1 state is 
strongly dependent on the pH. 

Materials and Methods 

PS II particles were prepared from spinach 
chloroplasts according to Ref. 19 but modified as 
in Ref. 4. PS II particles at pH 6.0 were prepared 
by washing in a Mes buffer containing 50 mM 
Mes (pH 6.0), 5 mM MgC12, 15 mM NaCI, 0.4 M 

sucrose and 0.01% Triton X-100. In the following, 
these preparations will be referred to as PSII/6.0.  
For PS II preparations at pH 8.3 (hereafter labeled 
PSII/8.3)  the Mes buffer was replaced by Tricine 
buffer containing 50 mM Tricine (pH 8.3), 5 mM 
MgCt 2, 15 mM NaC1, 0.4 M sucrose and 0.01% 
Triton X-100. Tris washing was accomplished by 
resuspending PS II particles in 0.8 M Tris-HCl 
(pH 8.3) to a chlorophyll concentration of 0.2 mg 
Chl /ml ,  incubating at 0°C for 15 min and pellet- 
ing at 40 000 × g for 20 min. Tris-washed particles 
at pH 6.0 (labeled Tris/6.0) were prepared by 
washing the Tris-washed particles in the pH 6.0 
Mes buffer as mentioned above and pelleting. For 
Tris-washed particles at pH 8.3 (Tris/8.3) the 
washing was done with the pH 8.3 Tricine buffer. 

Tris- and EDTA-washed particles were pre- 
pared by resuspending Tris-washed particles in 0.5 
mM EDTA (pH 6.4) to a Chl concentration of 1 
mg Chl /ml ,  incubating at 0°C for 30 min and 
pelleting, pH adjustment was performed as de- 
scribed above, yielding the pH 6.0 and pH 8.3 
preparations (Tris, EDTA/6 .0  and Tr i s ,EDTA/  
8.3, respectively). The electron spin-echo samples, 
with a concentration of 5 mg chlorophyll/ml,  
were contained in 3 mm diameter Suprasil quartz 
tubes and dark-adapted at 0°C for 1 h. For all 
preparations, at both pH 6.0 and 8.3, two different 
samples were prepared that differed with respect 
to the illumination and subsequent freezing proce- 
dure. In the following, each sample will be de- 
noted with the format preparation procedure /  
p H / i l l u m i n a t i o n  procedure.  For  example,  
T r i s , E D T A / 8 . 3 / L  denotes a sample of the 
Tris,EDTA-washed preparation at pH 8.3, frozen 
to 77 K under continuous illumination. 

With the PS II particles at pH 6.0 three ad- 
ditional samples (PSI I /6 .0 /140K,  PS I I / 6 . 0 /  
200K and PSI I /6 .0 /250K)  were prepared, which 
were illuminated at a temperature of 140, 200 and 
250 K, respectively. The dark adaptation, tempera- 
ture equilibration and illumination procedure was 
as in Ref. 14. 

The electron spin-echo experiments were car- 
ried out on a home-built phase-sensitive electron 
spin-echo spectrometer similar to that described in 
Ref. 20. Electron spin-echo field-swept spectra 
(where the magnetic susceptibility, X", is dis- 
played versus the magnetic field) were recorded 
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using a two-pulse echo sequence with spacing, ~', 
between the two pulses of 500 ns (see also Fig. 
1A). T 1 measurement were performed using a 
three-pulse sequence (as indicated in Fig. 2) in 
which the two-pulse echo intensity is monitored as 
a function of the time, T, between the first (per- 
turbing) pulse and the subsequent two-pulse echo 
sequence. In these experiments a fixed ~" of 500 ns 
was used. All electron spin-echo experiments were 
carried out at a repetition rate of 7 Hz. 

The optical experiments were carried out in a 
single-beam apparatus as described in Ref. 4 with 
an optical pathlength of 1.2 mm. The time con- 
stant was about 0.3 ms. Illumination was provided 
by a series of saturating Xe flashes with 400 ms 
between two successive flashes. The optical sam- 
ples contained 200 ~g chlorophyll /ml and 100 
/~M DCBQ in the indicated buffer. 

Results and Discussion 

Electron spin-echo field-swept spectra 

All samples displayed a similar electron spin 
echo field-swept spectrum, of which a characteris- 
tic example is depicted in Fig. 1A. To facilitate 
comparison with continuous wave EPR, where 
dx" /dH  is monitored, we numerically calculated 
the first-derivative spectrum (Fig. 1B) which yields 
the familiar Signal II lineshape. When the mag- 
netic field is scanned over a larger interval (not 
shown), the SII lineshape appears to be superim- 
posed on a broad background signal similar to 
that in Refs. 17 and 18. Consequently, the mea- 
sured spin-lattice relaxation of SII (observed at 
g = 2.0047) is determined by that of D ÷ and Z ÷, 
as well as by that of the background. The intensity 
of this background was never larger than 10% of 
the intensity at g = 2.0047. Since its T~ was inde- 
pendent of pH and of the illumination procedure, 
the contribution of the background to the mea- 
sured T~ is constant for all samples with the same 
preparation procedure. None of the samples 
showed a noticeable T-dependence of the SII line- 
shape. The electron spin-echo field-swept spectra 
were checked for nonuniform T t by recording the 
spectra at varying repetition rates. Up to a rate of 
1000 Hz no noticeable repetition rate dependence 
of the lineshape was observed. This was confirmed 
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Fig. 1. (a) Electron spin-echo field-swept spectrum of D ÷ in 
the PSII/6.0/D sample, and (b) its first derivative. Pulse 
sequence as indicated with ~" = 500 ns; repetition rate, 7 Hz. 
Temperature, 5 K. 

by T t measurements performed at different field 
positions (as indicated by 1, 2 and 3 in Fig. 1A). 
In the following we will therefore discuss only 
those T 1 measurements carried out on the top of 
the SII lineshape (position 2 in Fig. 1A) with the 
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Fig. 2. Definition of the surface, 1. The pulse sequence used to 
monitor the relaxed population is indicated (not on scale) in 
the figure. 



repetition rate fixed on 7 Hz and ~" fixed on 500 
as .  

Spin-lattice relaxation measurements 
We will first define a data analysis procedure 

which makes a quantification of the T~ measure- 
ments possible. The T 1 relaxation traces obtained 
for SII are all poly-exponentials which cannot be 
defined by one single characteristic relaxation time. 
In our experiments we monitor the relaxed popu- 
lation at time T after the perturbing pulse. After 
normalization of the initial amplitude to unity, the 
surface I (see Fig. 2), obtained by numerical in- 
tegration, is a measure of the average spin-lattice 
relaxation time: the smaller the surface, I. The 
faster the spin-lattice relaxation is. In fact, the 
saturation recovery trace of Fig. 2 can be written 
as a sum of exponentials: 

~,~, exp( - t / ~ , )  

f ( t )  = 1 -  i (1) 

i 

whe're a~ and ~'~, are the amplitude and character- 
istic time constant of the ith relaxation process. 
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The surface, I, is given by: 

E - -  ai,..rc, 

l =  f~)~[ l_ f ( t ) ]d t  i 
~, 
i 

(2) 

Thus I I I represents the average spin-lattice re- 
laxation time, %. 

Some of the recorded T 1 traces are depicted in 
Fig. 3. The values % for all samples are listed in 
Table I. Note that as,a consequence of the super- 
position of the SII and the background signals as 
mentioned above, the absolute value of ~'~, of sam- 
ples that differ with respect to Tris a n d / o r  EDTA 
treatment cannot be compared. 

Tris- and EDTA-washed preparations 
In these preparations the oxygen evolution was 

inhibited by Tris washing, and a subsequent EDTA 
washing was carried out to remove the loosely 
bound manganese. Under these conditions, SII, 
which is still present, can arise from D + in dark- 
adapted samples and from both D ÷ and Z ÷ in 
samples illuminated during freezing to 77 K. 

From the fact that for pH 6.0 as well as for pH 
8.3 ~ is equal for dark-adapted and illuminated 
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Fig. 3. Some of the recorded saturation re- 
covery traces obtained with the pulse se- 
quence depicted in Fig. 2 and under the same 
conditions as in Fig. 1. Preparation procedure 
and pH as indicated in the figure. - -  
indicates t h e / D  and - - -  t h e / L  samples. 
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TABLE I 

AVERAGE SPIN-LATTICE RELAXATION TIME OF SII 
OBTAINED BY ELECTRON SPIN-ECHO SPEC- 
TROSCOPY 

The samples are labeled (preparation)/pH/(illumination pro- 
cedure). ~ equals the surface, I I [. in Fig. 2; error +0.5 ms. 
Relative signal height indicates the relative SII intensity of a 
sample compared to that of i ts /D analogue. 

Sample ~ Relative 
(ms) signal height 

Tris,EDTA/6.0/D 14.2 
/L  13.4 2 

Tris,EDTA/8.3/D 14.4 
/L  13.8 2 

Tris/6.0/D 16.7 
/L  13.4 2 

Tris/8.3/D 18.8 
/L  14.8 2 

PSII/6.0/D 12.1 
/140K 12.2 1 
/200K 10.6 1 
/250K 6.5 1 
/L  7.5 1 

PSII/8.3/D 13.7 
/L 12.4 1 

samples ( T r i s , E D T A / p H / D  and T r i s , E D T A /  
p H / L  in Table I, respectively), while the signal 
intensity is doubled in the illuminated ( / L )  sam- 
ples as a result of the photogenerat ion of  Z +, we 
conclude that Z + and D + have the same Tt. Fur- 
thermore, as all four samples have the same T l, we 
conclude that the pH does not influence the T~ of 
Z + or D + itself. 

In samples where the E D T A  washing is omitted 
(indicated as T r i s / p H / L  and T r i s / p H / D  in 
Table I) the oxygen-evolving complex is in- 
activated by the Tris washing. However, since it is 
not  actively removed by E D T A  washing, an inter- 
action between its residues, such as the inactivated 
manganese, and SII is still possible. F rom Table I 
it is seen that both at pH  6.0 and 8.3 the il- 
luminated samples have a smaller ~-,. than their 
dark-frozen analogues. The signal intensity of  the 
illuminated samples is twice that of the dark-frozen 
samples. Presumably in the latter only D + is con- 
tributing to the echo signal, while in the former 
both  D ÷ and Z ÷ are present in equal amounts.  It 
was found that in these preparations D + is not 

reduced at high pH, in contrast  to observations on 
Tris-inactivated chloroplasts in Ref. 21. We al- 
ready concluded that the ~ values of D + and Z + 
are equal  in samples  w i thou t  an act ive 
oxygen-evolving complex. It follows that the light- 
induced ~c change, as observed in preparat ions 
which are only Tris-washed, reflects an interaction 
between D ÷ a n d / o r  Z ÷ and the loosely bound  
residues of the oxygen-evolving complex and that 
this interaction is different for these two radicals. 
It seems likely that the difference between the 
relaxat ion propert ies  of  the Tris and the 
Tr is ,EDTA preparations is caused by the active 
removal (in the latter) of the strongly relaxing 
paramagnet ic  manganese ions of the oxygen-evolv- 
ing complex. Apparently,  one or more of these 
manganese ions interacts with D + a n d / o r  Z + 

Illumination at low temperature 

PS II preparat ions at pH  6.0 possess an intact 
oxygen-evolving complex, as they still produce 02 
[19]. The period-four oscillation pattern of the Mn 
absorpt ion as measured optically confirmed that 
in a dark-adapted ( P S I I / 6 . 0 / D )  sample, 75% of 
the systems are in the stable S~ state, while 25% 
are in the S 0 state [9]. From Table I it is seen that 
at pH  6.0 the ~ of  a sample illuminated at 140 K 
( P S I I / 6 . 0 / 1 4 0 K  in Table I) is equal to that of a 
dark-adapted sample ( P S I I / 6 . 0 / D ) .  At 140 K no 
S-state transitions occur [14] and consequently the 
S-state distribution in the dark of 25% S 0 and 75% 
S 1 is preserved. The paramagnetic  species of un- 
known origin that, according to Ref. 22, might be 
light-induced at 140 K, showing an EPR line at 
g = 4.1, apparent ly does not affect the ~ of  D + 
and Z ÷. When the illumination is carried out at 
200 K (the P S I I / 6 . 0 / 2 0 0 K  sample), only the 
transitions S o ---, S t and S 1 --, S 2 can occur [14] in 
addit ion to the formation of the g = 4.1 signal 
[15]. Since the ~ value of  P S I I / 6 . 0 / 2 0 0 K  is some- 
what smaller than those of  P S I I / 6 . 0 / D  and 
P S I I / 6 . 0 / 1 4 0 K ,  where only the S o and S 1 states 
are present, we conclude that the S 2 state de- 
creases % more than the S 0 a n d / o r  the S~ state. In 
the P S I I / 6 . 0 / 2 5 0 K  sample, where the illumina- 
tion was carried out at 250 K, the S 2 ---, S 3 transi- 
tion can also occur, whereas the S 3 ---, S o transition 
is still blocked or very inefficient [23] so that a 
relatively high percentage of the oxygen-evolving 
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complexes will be in the S 3 state. For P S I I / 6 . 0 /  
250K the value of ~ is decreased considerably with 
respect to the ~ value of PS I I / 6 . 0 /200K (Table 
I). Hence, in the S 3 state the relaxation is much 
stronger than the S 2 state. The fact that the ~-~ 
value of P S I I / 6 . 0 / L  seems to be slightly larger 
than that of P S I I / 6 . 0 / 2 5 0 K  is probably due to a 
less efficient accumulation of the higher S states 
by illumination during cooling. 

High pH 
At pH 8.3 the ~ for dark-adapted samples is 

somewhat higher than at pH 6.0. From the PSI I /  
6.0 results it was concluded that ~ decreases with 
higher S state. Thus, the somewhat higher ~ for 
P S I I / 8 . 3 / D  compared to P S I I / 6 . 0 / D  (Table I) 
could be explained by assuming that in the former 
more oxygen-evolving complexes are in the S 0 
state. At pH 8.3 the difference in ~ between the 
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Fig. 4. The absorbance changes at 350 nm induced by ten successive saturating flashes spaced 400 ms of dark-adapted PS II 
preparations at (a) pH 6.0; (b) pH 8.3. 
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dark-adapted ( P S I I / 8 . 3 / D )  and the illuminated 
samples ( P S I I / 8 . 3 / L )  is much smaller than that 
at pH 6.0, with the ~ value for P S I I / 8 . 3 / L  being 
remarkably close to that of P S I I / 6 . 0 / D .  This 
suggests that also in the P S I I / 8 . 3 / L  sample most 
systems are in the lower S states. Two possible 
explanations are that high pH and high light inten- 
sity inhibit progression through the S states, so 
that little or no S 2 or S 3 is formed, or that the high 
pH promotes a fast back-reaction from the higher 
S states to the S O and S 1 state. To sort out these 
two possibilities the progression through the S 
states was verified by measuring absorbance 
changes at both pH 6.0 and 8.3 as a function of 
the flash-number, as in Ref. 9. 

Absorbance changes were measured at 350 nm, 
where the manganese cluster causes relatively large 
absorbance changes superimposed on the changes 
of the acceptor side. The PS II preparations were 
dark-adapted for at least 15 min, after which the 
lipophilic acceptor DCBQ (100 #M) was added, 
and a series of saturating flashes spaced 400 ms 
was fired. The flash-induced absorbance changes 
were measured in successive 50 ms sweeps, the 
off-set being adjusted before each flash. Fig. 4 
shows the absorbance changes as a function of the 
flash number of PS II preparations in 50 mM 
Mes NaOH (pH = 6.0), 5 mM MgC12, 15 mM 
NaC1, 0.01% Triton X-100 and in 50 mM Tricine 
N a O H  (pH = 8.3), 5 mM MgC12, 15 mM NaC1, 
0.01% Triton X-100, respectively. At pH 6.0 (Fig. 
4A) the manganese reduction on flash numbers 3 
and 7 is clearly seen. The oscillation pattern could 
be fitted with a dark contribution of 25% S O and 
75% $1 (see above). The oscillation has minima on 
flash numbers 4 and 8, suggesting that the initial 
state was S O rather than predominantly $1 and 
could be fitted with 100% S O , 11% double hits and 
11 misses on all transitions with the amplitude of 
the oscillation about 70% of that at pH 6, showing 
that the manganese cluster is still active for at least 
two cycles in the majority of the reaction centers. 
Since the electron spin-echo data show that the SII 
amplitudes of P S I I / 8 . 3 / D  and P S I I / 8 . 3 / L  are 
equal, the first flash does not generate D + or a 
long-living Z +. Thus it appears that the normally 
stable $1 state indeed reverts to the S O state at pH 
8.3. 

Conclusions 

(a) The spin-lattice relaxation times of D + and 
Z + are influenced by the presence of one or more 
strongly relaxing species in their vicinity. 

(b) This strongly relaxing species is associated 
with the oxygen-evolving complex. At pH 6.0 the 
average spin-lattice relaxation time of SII is smal- 
lest when the oxygen-evolving complex is in the S 3 
state at pH 8.3 (Fig. 4B) and increases with lower 
redox state of the oxygen-evolving complex: 

~c(So) >~c(S1) > ~c(S2) >~c(83) 

The most likely candidate for a species in interac- 
tion with SII is the manganese cluster [24,25]. In 
Ref. 9 it was concluded that the S-state transitions 
S O -~ S 1, $1 --, S 2 and S 2 -~ S 3 correspond to pro- 
gressive oxidation of the manganese cluster, with 
each transition being associated with the oxidation 
of one Mn(III)  to Mn(IV). Apparently, the relax- 
ing influence of the manganese cluster increases 
with its oxidation state. This is not unexpected, 
because in general the spin-lattice relaxation of a 
molecule shortens with increasing spin-orbit cou- 
pling, which for the manganese free ion increases 
with its oxidation state [26]. 

(c) The pH does not affect the relaxation of D ÷ 
and Z + when the interaction of D + and Z + with 
the oxygen-evolving complex is absent (Tris,EDTA 
preparations). 

(d) In preparations with intact oxygen-evolving 
complex the pH strongly influences the stability of 
the normally stable S~ state. At a pH of 8.3 
dark-adapted preparations are predominantly in 
the S O state. 

The conclusions summarized above show that 
the spin-lattice relaxation of SII is a sensitive 
probe for the redox states of the oxygen-evolving 
complex. In principle, determination of the T~ 
values of SII as a function of the S state permits 
insight into the relative distances of the manganese 
ions to D + and Z +. For practical application, 
however, one needs to know the exact 7"1 values of 
the manganese ions themselves in their respective 
environment, which are presently unknown. 
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