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Abstract Out-of-phase electron spin echo envelope modulation
(ESEEM) spectroscopy was used to determine the distance
between the primary donor radical cation Pg3 and the quinone
acceptor radical anion Q}" in iron-depleted photosystem II in
membrane fragments from spinach that are deprived of the water
oxidizing complex. Furthermore, a lower limit for the distance
between the oxidized tyrosine residue Yz of polypeptide D1 and
Q" could be estimated by a comparison of data gathered from
samples where the electron transfer from Y, to Pgg is either
intact or blocked by preillumination in the presence of NH,OH.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

For photosystem II (PS II) of oxygenic photosynthesis a
structural model based on X-ray or electron crystallography
is not available at present. Structural parameters of PS II in
particular distances between redox active species can, in prin-
ciple, be obtained by the application of EPR techniques (see
e.g. [1-4] and references therein). Several of the distance data
derived from EPR spectroscopy, however, are of rather low
precision with an error margin of 5-10 A. Recently, a new
application of pulsed EPR on light-induced radical pair (RP)
states - out-of-phase ESEEM - has been used to gather dis-
tance information between the unpaired electron spins in RP
within photosynthetic reaction centers [5-9] with a precision
better than 0.5 A. The method is based on the particular EPR
properties of a spin polarized RP state generated by fast elec-
tron transfer from an excited singlet state [10]. Two groups
have applied this method to determine the distance between
the primary donor Py and the phylloquinone acceptor A; in
photosystem I (PS I) [6-8]. This distance is not yet available
from the X-ray crystallographic model of PS I [11]. The values
of 254203 A and 253+0.3 A obtained for the distance
between Py and AT for Synechococcus elongatus [6,7] and
spinach [8], respectively, are in excellent agreement. Using the
out-of-phase ESEEM technique on single crystals of PS I
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recently made it possible to derive three-dimensional structur-
al information on the location of A; within the electron trans-
fer chain of PS I [12].

In this study, the out-of-phase ESEEM method was applied
to determine the distance between the primary donor Pggy and
the primary quinone acceptor Q4 in PS IL In order to elim-
inate problems arising from an incomplete cyclic electron flow
in PS 1T under repetitive excitation at cryogenic temperatures,
the out-of-phase ESEEM experiments were performed at
room temperature using a flow system. This approach ensures
a stable yield of the RP state P, Q3" by continuously refresh-
ing the sample in the EPR resonator.

For EPR measurements on Q;" in PS II a decoupling of
Qy" from the non-heme iron is necessary like in bacterial
reaction centers (bRC). In bRC substitution of the Fe?* by
the diamagnetic Zn>* is most widely used to achieve this
decoupling [13]. For PS II several approaches have been
used: (i) removal of the non-heme iron [14-16]; (ii) substitu-
tion by Zn** [17]; (iii) cyanide treatment to change the spin
state of Fe?* from S=2 to S=0 [18]; (iv) high pH treatment
with an unknown reason for the decoupling [19]. In this study
PS 1II preparations depleted of the non-heme iron have been
used. A recent comparative investigation showed that iron-
depleted samples retain the native function and structure bet-
ter than the cyanide treated PS II membrane fragments [20].
The experimental results yield the distance between P, and
Q4" as well as an estimate for the distance between the oxi-
dized tyrosine residue Y5 and Q,".

2. Materials and methods

2.1. Preparation of iron-depleted PS II membrane fragments

PS Il membrane fragments were prepared according to Berthold et
al. [21] with some modifications as described in Vélker et al. [22].
Removal of the non-heme iron was performed as in MacMillan et
al. [15]: mildly trypsinized PS II membrane fragments were incubated
with 1,10-phenanthroline and lithium perchlorate. Subsequently con-
albumin was added. For complete extraction of the iron, a second
treatment with 1,10-phenanthroline, lithium perchlorate and conalbu-
min was necessary [16]. After the final centrifugation step the samples
were resuspended in 20 mM MES/NaOH pH 6.5, 10 mM NaCl and
30% sucrose to chlorophyll concentrations of about 5 mM. They were
frozen in small aliquots in liquid nitrogen and stored at —80°C until
use. Removal of the non-heme iron was confirmed by measurements
of the flash induced changes of the fluorescence quantum yield with
home built equipment {23] as described in Kurreck et al. [16]. For
measurements at pH 9 the samples were washed in a medium con-
taining 50 mM Tris-HCI pH 9.0 and 10 mM NaCl. At pH 9.0 and
room temperature the reduction of Pf, by Yy takes place with a time
constant of less than 2 us according to measurements of absorption
changes at 830 nm (data not shown).

2.2. Donor side inhibition
The reduction of Py, by Yz in the iron depleted PS II membrane
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fragments was blocked by preillumination in the presence of hydroxyl-
amine (NH,OH) [24]. Samples diluted to a chlorophyll concentration
of 400 uM in 10 ml (final volume) buffer (containing 20 mM MES/
NaOH pH 6.5 and 10 mM NaCl) were illuminated with strong white
light (425 W m2) for 20 s in the presence of 1| mM K;Fe(CN); and
3 mM NH,OH while stirring on ice. The reaction was stopped by 10-
fold dilution with ice-cooled buffer. Afterwards the samples were
washed twice. The inhibition of the electron transfer from Yy, to
Py was confirmed by measuring the kinetics of the Py, rereduction
via flash-induced absorption changes at 830 nm as described in Eckert
et al. [25] (data not shown).

2.3. EPR spectroscopy

The pulsed EPR spectrometer with laser excitation, data acquisition
and data processing has been described previously [7]. For the room
temperature experiments presented here a continuous sample flow
system consisting of a quartz capillary with 3 mm outer and 1 mm
inner diameter centered in the dielectric ring resonator, 0.5 mm teflon
tubing and a peristaltic pump replaced the He flow cryostat. The
sample reservoir was kept in the dark at 0°C. The total sample volume
used was about 1.2 ml. The flow time through the whole system was
about 30 s. Of the total sample volume a fraction of 40% was in the
tubing of the flow system and the rest in the cooled reservoir. A
precise determination of the sample temperature in the EPR resonator
was impossible due to the warming of the sample in the tubing of the
flow system and the heating effect of the laser and microwave irradi-
ation. The loading of the resonator with the highly ‘lossy’ sample
resulted in the requirement of microwave pulses of 16 ns and 32 ns
in a hv-r-{/2-1-C pulse sequence with {=130° [9] for maximum echo
intensity at a microwave power of nominally 400 W.

3. Results and discussion

Fig. 1 shows the observed out-of-phase ESEEM for the PS
IT membrane fragments with inhibited electron transfer from
Yy to Pg,. The first microwave pulse of a {/2-{ pulse se-
quence was applied at =800 ns after the laser flash and leads
to the formation of the RP state Pl Q," with a time constant
of about 300 ps [26,27]. The lifetime of this state in iron-
depleted PS II with inhibited electron transfer from Yy was
measured to be about 1 ms. Therefore, from the lifetime of the
RP state the echo modulation signal shown in Fig. 1A can be
assigned to the RP state P{;Q,". The principal value
D=—135%4 uT of the dipolar interaction and the value
J=120.5 uT for the isotropic exchange interaction between
the unpaired spins on P, and Q" were obtained from sim-
ulation of the sine Fourier transforms (SFT) of the out-of-
phase ESEEM on the basis of the theoretical model for out-
of-phase ESEEM {10] as shown in Fig. I|B. The value of D
corresponds to a distance between the two unpaired electron
spins of 27.41+0.3 A in the point dipole approximation. This
approximation is well satisfied as has been shown for the RP
state P, Q" in the bRC of Rhodobacter sphaeroides where
the out-of-phase ESEEM yielded a distance between P, and
Qy of 284103 A, which is in excellent agreement with a
distance between Pyg; and Q4 of 28.3 A from the X-ray struc-
ture [28].

To further corroborate the assignment of the observed out-
of-phase ESEEM to the RP state P{5,Q", preparations of PS
I1 were analyzed that are competent to reduce PZ;, by Y. In
this sample the time constant for electron transfer from Y, to
P, depends on the pH. A value of about 15 s is observed at
pH 6.5. Measurements on such samples at pH 6.5 resulted in
echo modulation patterns indistinguishable within the signal/
noise ratio {from the one shown in Fig. 1A. Under these con-
ditions the electron transfer from Yy to Py, is slow compared
with the time scale of our measurement and, therefore, results
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identical to those of samples with blocked electron transfer
from Y; were found. In order to obtain further information,
experiments were performed at pH 9.0 where the reduction of
Pls by Yz is faster than 2 ps. Thus, under these conditions
electron transfer from Yy to PJ, takes place within the time
scale of our measurements. Using a shorter delay time 7= 50 ns
between the laser pulse and the first microwave pulse, an out-
of-phase ESEEM pattern is rccorded which closely resembles
that observed at pH 6.5. Fig. 2 shows the corresponding SFT
as trace A. Increasing the delay time ¢ strongly affects the
observed out-of-phase ESEEM patterns. This is shown in
Fig. 2 by the SFT of ESEEM patterns obtained with 1=
800 ns and ¢= 1200 ns in traces B and C, respectively. A clear
shift of the most prominent peak in the SFT around
[Vimax | =2 MHz (indicated as a solid line) to lower frequencies
(dashed line) with increasing delay is visible. This shift reflects
the increasing contribution of the RP state Y{“Q." to the
ESEEM patterns. The decrease of the frequency v, with
highest amplitude in the SFT implies that the distance be-
tween the unpaired spins in the RP state Y5°Q," is larger
compared to that of the state P,Q,". Unfortunately, the
decreasing echo intensity with increasing delay time ¢ does
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Fig. 1. Out-of-phase ESEEM of iron-depleted PS II membrane frag-
ments with blocked electron transfer from Yy to Pfy, measured
near room temperature using the pulse sequence shown at the top
with =800 ns. The recorded t dependence is shown in part A. Part
B shows the sine Fourier transforms (SFT) of the experimantal data
of A (solid line) after reconstruction of the spectrometer deadtime
[7] together with a numerical simulation (dotted line). The pulse
scheme used for this experiment is shown at the top.
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Fig. 2. Sine Fourier transforms (SFT) of the out-of-phase ESEEM
observed for iron depleted PS II membrane fragments competent in
electron transfer from Yz to Ply. Traces A, B, and C correspond
to delay times z=750, 800, and 1200 ns (see Fig. 1 top). The solid
and dotted lines indicate the shift of the frequency with maximal in-
tensity V.

not permit an unambiguous conclusion that the value for vy
observed at =1200 ns is the limit for complete reduction of
Ps- This problem, and the missing theoretical treatment of
out-of-phase ESEEM for a sequence of two consecutive RP
states, prevents a direct interpretation of the data shown in
Fig. 2 in terms of a precise distance between Y3 and Q,".
However, a simulation of the central part of Fig. 2C around
the frequency v, can be used to give a lower estimate for the
distance between Y3 and Qy of 32 A.

4. Conclusion

Using the out-of-phase ESEEM spectroscopy on the RP
states Py, Q" and Y§°Q," in iron depleted PS II preparations
allowed a determination of the distance rpq=274%03 A
between Pl and Q3. This result has been obtained for
iron depleted PS II preparations with inhibited electron trans-
fer from Y; as well as for samples which are competent in
electron transfer from Yy at pH 6.5 showing slow reduction of
Pg,- The accelerated electron transfer from Yy to Pgs'o at pH
9.0 in non-inhibited samples provided the possibility to fur-
ther study the effect of the reduction of P, by Y9 on the
out-of-phase ESEEM. The resulting altered ESEEM patterns
have been used to give a lower limit for the distance ryq
between Y3 and Q" of ryq > 32 A
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