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ESE relaxation measurements in photosystem II
The influence of the reaction center non-heme iron on the spin-lattice
relaxation of Tyr Dr
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The spin-lattice relaxation of the tyrosine radical D’ in Photosystem II particles was studied at 4.2 K in samples in which flash-induced oscillations

of the oxidation state of the Mn-cluster of the oxygen evolving system were abolished by addition of ANT2P, leaving Fe?'/Fe** oscillations intact.

Samples subjected to 0, 1 or 2 light-flashes all showed the same relaxation kinetics. No period-2 oscillation in the spin-lattice relaxation

corresponding to the Fe**/Fe**-oscillation was observed. Thus the T-oscillations of D' as a function of flash number in untreated samples are solely
caused by the charge-oscillations of the Mn-cluster (1989, Biochim. Biophys, Acta 973, 428-442).

Photosynthesis; Photosystem I1; Oxygen evolving complex; Manganese; ADRY-agent; Electron spin echo spectroscopy

1. INTRODUCTION

During the past decades investigations on plant pho-
tosynthesis have led to the conclusion that the oxidation
of water to molecular oxygen takes place at the donor
side of photosystem II (PS II) during a four-step cyclic
process in a manganese-containing membrane-bound
protein complex, called the oxygen evolving compiex
(OECQC). The states involved in this cycle are denoted the
S-states and are labelled S, to S; [1]. The chemical
nature of the S-states has been subject to a large number
of spectroscopic studies and, although these states have
not yet been fully understood, it is now generally accep-
ted that manganese ions in different oxidation states act
as the accumulator of the oxidizing equivalents for some
or possibly all S-states. (For a recent review of EPR-
spectroscopy on PS II see Miller and Brudvig [2].)

Recently Evelo et al. [3] measured the spin lattice
relaxation time (7)) of the stable tyrosine radical D’
(Signal II) in PS II particles using Electron Spin Echo

Abbreviations: ADRY: acceleration of the deactivation reactions of the
watersplitting enzyme system Y (OEC); ANT2p: 2.(3-chloro-4-trifluo-
romethyl)anilino-3,5-dinitrothiophene; BBY: thylakoid membrane
fragments prepared according to [10}; DMSO: dimethylsulfoxide;
EPR: electron paramagnetic resonance; ESE: electron spin echo;
MES: 2-(N-morpholino)ethanesulfonic acid; OEC: oxygen evolving
complex; PPBQ: phenyl-p-benzoquinone; PS II: photosystem II of
higher plants.
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(ESE) spectroscopy. It was found that the relaxation
time 7, of D’ oscillated with the S-state. The relaxation
of D' was slow in S, (dark), fast and similar in S, and
S;, and fastest in S,. Similar results were obtained using
cw-EPR [4]. From the S-state-dependent average rela-
xation time of D’ and from considerations of data in the
literature it was concluded that two Mn in the OEC
form an antiferromagnetically coupled binuclear
cluster, which is in the redox state Mn?"Mn*,
Mn**-Mn*, Mn*Mn* and Mn**-Mn** in the S;, S|,
S, and S states, respectively. The distance between the
Mn-cluster and D’ was found to be 3040 A [3].

In [3] the biphasicity of the decay was suggested to be
due to a frozen-in charge resonance between the two
other Mn of the OEC. Ia later work it was proposed
that the biphasicity in Mn-depleted material originates
from a dipolar interaction with the acceptor-side iron
[5-71. In the presence of certain quinones added as
electron acceptors, this iron ion oscillates between Fe?*
and Fe'* with a period of 2 when cycling through the
S-states with a series of flashes [8). This oscillation
could, through the magnetic dipole—dipole interaction
between D" and Fe**'**, influence the average relaxation
in the various S-states. If this effect were severe, this
could invalidate the above conclusion on the redox state
of the binuclear Mn-cluster as a function of S-state and
the calculation of the distance between ihe Mn-cluster
and D",

In this report, the effect of the charge-oscillations of
the iron ion on the relaxation of D’ is investigated. PS
I samples were prepared in different S-states and
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treated with ANT2p. This compound, a so-called
ADRY-agent, causes the higher S-states to return to §,
[9], while maintaining the redox state of the iron [8].
This makes it possible to investigate the influence of the
redox state of iron on the relaxation behaviour of D,
independent of the S-state.

2. MATERIALS AND METHODS

Photosystem [I preparations (BBY-particles) were prepared as de-
scribed by Berthold et al. [10] with the modifications of Ford and
Evans|11]. These particles were suspended in & MES buffer containing
20 mM MES at pH 6.3, 0.4 M sucrose, S mM MgCl,, 15 mM NaCl
and 30% (v/v) ethyleneglycol to a final concentration of 2 mg Chl per
ml.

To trap the BBY-particles in the desired S-states, the samples were
first dark-adapted for 10 min at room temperature. A saturating laser
preflash was given, using a Spectra Physics DCR3G Nd-YAG fre-
quency- doubled laser (8 ns, 300 m] at 532 nm). The samples were kept
in the dark for 10 min in order to equilibrate. Then 0.5 mM FPPBQ (in
DMSO0) was added and the desired number (0-3) of saturating laser
flashes was given at 2 Hz frequency. After a waiting time of 10-15s
the samples were frozen rapidly in an ethanol/solid CQO, bath (200 K)
[4]. This series of samples is indicated as ‘untreated’.

With the same batch of BBY-particles a second series of samples
was prepared according to the protocol described above. Immediately
after the last fash to a sample. 5 uM ANT2p was added and mixed
very quickly in the dark. After a total time of ~10 s the samples werc
frozen in an ethanol/solid CO; bath. This series of samples is indicated
as ‘ANT2p'.

X-band cw-EPR measurements were recorded at a microwave fre-
quency of 9.239 GHz with a Bruker ESP 300 spectrometer using the
ESP 300 program. The spectrometer was equipped with an Oxford
Instruments cryostat and temperature controller. Normalization of
the EPR spectra for tube calibration factors and chlorophyll con-
centration was done with the computer.

Pulsed EPR experiments were carried out on a home-built X-band
ESE-spectrometer {6}, equipped with an Oxford Instruments helium
flow cryostat and a home-built temperature controller. Temperature
control was within 0,5 K: absolutc temperature was accurate within
1 K. T, measurements were performed using a three-pulse echo
sequence (¥ — T— n/2 — 7,— & — 7, — echo, see inset Fig. 3), in which
the echo intensity was recorded as a function of the time 7 between
the first and the second microwave pulse. The first pulse (40 ns)
perturbs the thermal equilibrium, while the subsequent 2-pulse echo
sequence, with a constant spacing 7,. serves as a monitoring echo
sequence to record the recovery of the magnetization to equilibrium.
For all 7| measurements a Space Microwave | kW microwave power
amplifier was used. which made it possible to realise a 7, as short as
180 ns. The time resolution of the 7, measurements was better than
1 us. The repetition rate was 7 Hz for all ESE experiments. In previous
experiments {3] it was found that the relaxation of D" was independent
of the width of the first pulse up to 60 ns, indicating that spin diffusion
effects arc negligibie (for pertinent discussions see [3,12)).

The iron oscillation was dctected with cw-EPR at g=8 [13]; the
S.-state was monitored by the multiline signal. T'-rclaxation measure-
ments were performed in the same samples on the ESE-spectrometer
as described [3,14). All relaxation curves were fitted to bi-exponential
decay functions using the EQ4CGF fitting routine from the Fortran
NAG library. The average relaxation time 7, which is defined as the
area bounded by the relaxation curve and the steady state echo in-
tensity [3,14], was approximated from the data using Simpson’s rule.

3. RESULTS

To make sure that the new samples were comparable
with the samples used for the measurements described
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in {3], relaxation measurements with the untreated sam-
ples were performed (data not shown). From this we
conclude that, within the experimental error, the relaxa-
tion behaviour of the newly prepared samples was iden-
tical to that of the samples used for our earlier work.

Tc determine the miss factor in the experiment the
amplitude of the multiline signal, which is a measure of
the amount of §, present, was measured for all samples
(Fig. I, left hand side). Figure 2A shows this amplitude
as a function of flash number. These data could be well
fitted with a miss factor of 23%, assuming no double
hits (Table 1).

To determine the Fe** concentration at the acceptor-
sicle of PS I we measured the intensity of the g=8 signal
(Fig. 1, right hand side). The oxidized form of the accep-
tor-side iron (Fe®") gives rise to an EPR signal that is
visible at g=8 while Fe** is not [13]. Therefore the inten-
sity of this signal is proportional to the relative concen-
tration of Fe**. Both the untreated and ANT2p samples
displayed a period-2 charge-oscillation of Fe** observa-
ble at g=8 (Fig. 2B), although the oscillation in the
ANT2p series is only 40% of its original amplitude (un-
treated sample, 1 flash: 68; ANT2p sample, 1 flash: 28;
Fig. 2B). The reason for the lower amount of Fe** in the
ANT2p series is not known. In BBY-particles at pH 6.3,
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Fig. 1. The oscillation with flash number (0-2 flashes) of the S, state
multiline EPR signal around g=2 (left hand spectra) and the EPR
signal at g=8 from the oxidized form of the acceptor-side iron (right
hand spectra). (A) Untreated samples. (B} Samples treaied with the
ADRY agent ANT2p immediately after the laser flashes. The spectra
were recorded at 9.239 GHz with a modulation amplitude of 3.2 mT,
The multiline EPR signal was recorded at 10 K with a4 microwave
power of 20 mW and the g=8 Fe* signal at 4 K with 32 mW micro-
wave power. The buars indicate the peaks used for the measurement of
the amplitude of the multiline signal. In the middle of the multiline
speetra (left) the large signal from Tyry'(Signal 1) has been omitted.
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Table 1

Calculated S-state distributions for 0. 1. 2 and 3 flashes assuming 100%
S; from the start, 23% misses and no double hits

Flash number So (%) 8§ (%) S (%) S:(W)
0 0 100 0 0
1 0 23 77 0
2 0 5 35 59
3 45 I 12 40

the maximum oxidizable percentage of Fe** is approxi-
mately 50-75% on a reaction center basis [15,16]. Thus
the maximum expected Fe**/Fe™ oscillation in the
ANT2p series involves 50-75% x 40% = 20-30% of the
PS II centers.

The samples characterized by cw-EPR were subse-
quently used for our ESE relaxation measurements
(Fig. 3). 7, was chosen as 260 ns. Since the maximum
Fe effect is expected to be about 20-30% we confined
the temperatures to 4.2 K. as the signal-to-noise ratio
diminishes at higher temperatures [3].

The differences between the different S-states (untrea-
ted samples) are expressed in the values of 7. as defined

in section 2. For the untreated samples we determine 7

values of 15.4 ms, 11.4 ms and 10.8 ms for S, (0 flash).
S, (1 flash) and S, (2 flashes), respectively, whereas for
the ANT2p samples we find values of 14.4 ms, 14.9 ms
and 15.2 ms. We see that the values of T, for the three
ANT2p samples are the same within 3%, and close to
7 of the O-flash untreated sample (S,). Thus, the rela-
xation of D’ in ANT2p samples conforms to the expec-
ted action of ANT2p. which rapidly returns the higher
S-states to S,, while no period-2 T-oscillation larger
than 3% is observed. Since the iron oscillation is about
20-30% of the total amount of Fe present (see above),
the contribution of the acceptor side iron to the spin-
lattice decay of the tyrosine radical D' is smaller than
15-10%.
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Fig. 2. Cw-EPR-detected flash dependence of (A) the multiline and (B)

the g=8 EPR-signal intensity in ANT2p-treated (+) and untreated (©7)

synchronized BBY-particles. The amplitude of the multiline signal was

simulated assuming 0% double hits. 23% misses and 100% S, before
the flashes.

The above conclusion is reinforced by fitting the spin-
lattice relaxation curves to bi-exponential decay curves
of the shape
A() = Ag + W, " + We's 1)

All fits were satisfactory as seen from the residuals in
Fig. 3. The fit parameters are reported in Table II. For

the untreated samples, the slow decay time 7, shows
similar variation as 7. viz. 7, is 33.1 ms for S,; 18.9 ms
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Fig. 3. ESE-detected T-Kinetics of ANT2p-treated (+) and untreated () synchronized BBY-particles for different flash numbers. measured at

4.2 K with a 3-pulsc echo sequence 7 ~ 72/2 — & with variable spacing T between the first and the second pulse and with a constant delay 7, of

260 ns between the second and the third pulse (see inset). The drawn lines are bi-exponential fits: the residuals of the ANT2p samples are shown
at the bottom of cuch pancl,
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Table II

ESE-detected relaxation kinetics of Signal II (D). The fit parameters
W, T, W,, 7, and t are defined in formula (1).

Flash State* W, e W, T, T

number (%) (ms) (%) (ms) (ms)

Untreated 0 S, Fe** 474 22 510 331 154
1 S, Fe'* 467 26 505 18y 114

2 S, Fe** 513 25 464 190 108

ANT2p 0 S, Fe** 473 20 510 296 144
1 S, Fe** 471 2.2 521 311 149

2 S, Fe* 465 20 522 320 152

* Fe**: in almost all reaction centers ferrous iron; Fe*: in 40% of the
reaction centers iron oxidized.

and 19.0 ms for S, and S;, respectively. In the ANT2p-
treated samples the values of 7, are all similar and ap-
proach the same value as for S,-untreated: 29.6 ms, 31.1
ms and 32.0 ms for 0, 1 and 2 flashes, respectively. The
flash number dependence of the fast lifetime 7; in the
untreated samples is less dramatic than that for ¢ 2.2
ms for the §,-state; 2.6 ms and 2.5 ms for S, and S;. In
the ANT2p-treated samples the 7; lifetimes all have be-
come fast and within the accuracy of ~0.1 ms the same
as for S;-untreated: 2.0 ms, 2.2 ms and 2.0 ms for 0, 1
and 2 flashes, respectively. The same behaviour is found
in the fitted weights W;and W;: in the untreated samples
the weights differ for the different flash numbers; in the
ANT2p samples, within the measuring accuracy the
same value is found for all flash numbers, which is the
same as for the untreated S, sample. Thus, not only the
average relaxation 7, but also the shape of the relaxa-
tion curves as parametrized by the bi-exponential fit is
within the measuring accuracy the same for all ANT2p
samples, and agrees with that of the S, untreated sam-

ple.

4. DISCUSSION

Both the cw-EPR multiline data and the ESE T-
relaxation measurements show that ANT2p addition
after the flashes rapidly deactivates the S,- and S,-states
in the OEC. However, after the ANT2p-treatment the
Fe**/Fe** oscillation still occurs at a level of about 40%
with respect to the untreated sample.

Comparing the relaxation behaviour of D' in the
ANT2p-treated samples and the untreated samples
leads to the conclusion that D' relaxes similarly in the
ANT2p-treated flashed samples (in which no S-state
oscillation occurs, but in which Fe-oscillation is still
observed) and in the untreated S, sample (0-flash
untreated). The Fe-oscillation influences the weight or
lifetime of neither the fast nor the slow phase in the
ANT2p-treated samples, nor does the Fe-oscillation
alter the value of 7'by more than 15-10%. We therefore
conclude that the T)-oscillations as observed by Evelo
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et al. [3] are solely caused by the oscillation of the redox
state of the four manganese ions in the oxygen evolving
complex,

The absence of an influence of the Fe?* — Fe** oxida-
tion on the relaxation of D’ can be explained in 2 ways:
either the Fe-ion is too far from D’ to cause an apprecia-
ble relaxation enhancement, or the spin-lattice relaxa.
tion times (which governs the enhancement of the
relaxation [3]) of Fe** and Fe* in the PS II reaction
center are very similar. The former possibility is un-
likely as, judging from the crystal structure of the reac-
tion center of Rsp. viridis [17], the D-tyrosyl residue is
about 3040 A from the Fe-ion, a distance that is small
enough for appreciable dipolar enhancement [3,6,7].
Supporting this conclusion is the observation that for
PS II preparations without Mn-cluster (Tris-EDTA
washed particles) the relaxation of D' is still a factor of
about 10 faster than that of the Tyr* cation in vitro [5,
12, 14].

Information on low temperature 7,’s of high-spin
Fe-ions is scant. Moreover spin lattice relaxation of
such ions depends rather much on the precise crystal
environment, which makes it hazardous to use literature
data on T, of high-spin Fe in crystals in vitro for estima-
ting T, of Fe**/Fe** in the PS Il reaction center. Some
idea, however, may be gleaned from power saturation
measurements. Evans et al. reported a P,,; of about 18
mW at 4.5 K for Q,Fe?* [18], the relaxation of which
complex is dominated by the high-spin iron [19], while
Petrouleas measured P, = 5 mW at 4.6 K for the g =
8 signal arising from Fe** (personal communication).
Taking into account the spectrometer variability in-
herent in such measurements we conclude that the P,
values and thus the relaxation behaviour of Fe?* and
Fe* are rather similar. Thus, cycling the Fe-ion
through the 2+ and 3+ oxidation states will little in-
fluence the relaxation of D' and consequently, the de-
pendence of this relaxation on flash number must be
due to changes in the redox state of the Mn-cluster [3].
Earlier we have calculated the distance between the Mn-
cluster and D' (30-40 A) from the temperature de-
pendence of T'in the §; state [3]. The underlying assump-
tion is that dipolar enhancement induced by the Mn-
cluster dominates over that induced by Fe?*/Fe®, an
upper limit for the latter given by the relaxation of D’
in the S,-state, which is about equal to that of D’ in
Mn-depleted material [3]. This assumption seems to be
justified since the Sy-state has an average relaxation (at
temperatures between 5 K and 20 K) of a factor 2-3
faster than that of the S,-state [3]. In addition the tempe-
rature dependence of the relaxation in the S;-state is
much less pronounced than that in the Sy-state [3], while
the temperature dependence in the S, S, and S;-states
(containing predominantly Fe**, 40% Fe** and Fe**,
respectively) is very similar.

We conclude that a likzly explanation for the absence
of Fe?*/Fe** iadneed cacillations in the relaxation of D'
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is that both high spin Fe-ions have similar spin-lattice
relaxation times. In addition it is likely that Fe is re-
sponsible for the enhanced relaxation of D’ in Mn-de-
pleted PS 1I preparations compared to Tyr" in vitro (in
agreement with earlier suggestions [5.6,7,20]), while the
temperature dependence of the relaxation of D in the
S,-state is dominated by the enhancement due to the
Mn-cluster. This validates our eariier estimate of the
distance between D" and the Mn-cluster.
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