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ABSTRACT: The stable tyrosine radical Yp* (tyrosine 160 in the D2 polypeptide) in photosystem II (PSII)
exhibits nonexponential electron spin—lattice relaxation transients at low temperature. As previously reported,
the tetranuclear Mn complex in PSII significantly enhances the spin-lattice relaxation of Yp*. However,
in Mn-depleted PSII membranes, the spin—lattice relaxation transients of Yp* are also nonexponential, and
progressive power saturation (P;/,) experiments show that it does not behave like an isolated tyrosine radical.
A model is developed to treat the interaction of two paramagnets in a rigid lattice at a fixed distance apart
but with a random orientation in a magnetic field. This model describes the spin-lattice relaxation of a
radical in proximity to another paramagnetic site in terms of three relaxation rate constants: the “intrinsic”
relaxation rate, the relaxation rate due to scalar exchange, and the relaxation rate due to dipole—dipole
interactions. The intrinsic and the scalar exchange relaxation rates are isotropic and together contribute
a single rate constant to the spin—lattice relaxation transients. However, the dipolar relaxation rate is
orientation dependent. Each orientation contributes a different dipolar relaxation rate constant to the net
spin—lattice relaxation rate constant. The result is a superposition of single-exponential recoveries, each
with a different net rate constant, causing the observed saturation-recovery transients to be non-(sin-
gle)-exponential. Saturation-recovery relaxation transients of Yp,* are compared with those of a model tyrosine
radical, generated by UV photolysis of L-tyrosine in a borate glass. From this comparison, we conclude
that scalar exchange does not make a significant contribution to the spin-lattice relaxation of Yp* in
Mn-depleted PSII. We account for the nonexponential relaxation transients obtained from Yp® in Mn-depleted
PSII membranes in terms of dipolar-induced relaxation enhancement from the non-heme Fe(II). From
simulations of the spin—lattice relaxation transients, we obtain the magnitude of the magnetic dipolar
interaction between Yp,* and the non-heme Fe(II), which can be used to calculate the distance between them.
Using data on the non-heme Fe(II) in the reaction center of Rhodobacter sphaeroides to model the non-heme
Fe(II) in PSII, we calculate a Yp*~Fe(II) distance of =38 A in PSII. This agrees well with the distance
predicted from the structure of the bacterial reaction center.

Researchers have noted in several studies of multisite redox
enzymes that a paramagnetic species of interest showed non-
exponential (or at least non-single-exponential) spin—lattice
(T)) relaxation kinetics at temperatures under 100 K. Ex-
amples include Cu, in cytochrome oxidase (Scholes et al.,
1984) and the tyrosine radical Yp* in PSIT' (Britt et al., 1987;
Evelo et al., 1989; Beck et al., 1990). We suggest that in both
cases the source of the observed nonexponential spin—lattice
relaxation kinetics is an orientationally dependent dipole—dipole
interaction between the observed spin system and one or more
of the endogenous paramagnetic centers in these enzymes. In
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this paper, we demonstrate that the unusual spin-lattice re-
laxation kinetics of Yp* in manganese-depleted PSII arise
directly from its dipolar interaction with another paramagnetic
center, probably the non-heme Fe(II).

PSII contains a remarkably stable tyrosine radical, Yp°,
which exhibits the well-studied EPR spectrum known as signal
II, (Babcock et al., 1989). Although it is now known that Yp°
is located at tyrosine 160 in the D2 polypeptide (Debus et al.,
1988; Vermaas et al., 1988), the location of Yy, with respect
to the other components of the O,-evolving center (OEC) and
to the rest of the PSII reaction center is not well established.

! Abbreviations: Chl, chlorophyll; EPR, electron paramagnetic reso-
nance; HEPES, N-(2-hydroxyethyl)-piperazine-N"-2-ethanesulfonic acid;
MES, 2-(N-morpholino)ethanesulfonic acid; OEC, O,-evolving center;
PSII, photosystem II; Y,", tyrosine radical in photosystem II giving rise
to signal II,.
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If the sequence homology between the L and M subunits of
the reaction center from Rhodopseudomonas viridis and the
D1 and D2 subunits of PSII is an indication of structural
homology, one can estimate the distance between Yp* and the
non-heme Fe(II) (Michel & Deisenhofer, 1988). Tyrosine 160
(Yp) of D2 corresponds to histidine 162 in the M subunit of
the bacterial reaction center. The distance from the center
of the imidazole ring of histidine 162 to the non-heme Fe(1I)
in Rps. viridis is 36.8 A. However, there is currently no
reliable estimate of this distance from direct measurements
on PSII. The function of Yp* in the mechanism of photo-
synthetic water oxidation remains unclarified, but it is known
that Yp* participates in the dark one-electron oxidation of the
OEC from the S, to S, state (Styring & Rutherford, 1987).

The electron spin relaxation properties of Yp* have been
studied in the past by continuous EPR power saturation
(Warden et al., 1976; Hales & Das Gupta, 1981; Styring &
Rutherford, 1988; Isogai et al., 1988; Innes & Brudvig, 1989)
and electron spin echo techniques (Nishi et al., 1978; de Groot
et al., 1986; Britt et al., 1987; Evelo et al., 1989; Evelo, 1990).
In this work, we have employed the pulsed EPR method of
saturation recovery (Hyde, 1979) to measure directly the
electron spin-lattice relaxation properties of Y,* and also to
characterize a model system employing photochemically
generated and cryogenically trapped L-tyrosine radicals in a
borate glass. The saturation—-recovery transient records the
recovery of the bulk z-magnetization to its equilibrium value
in a static magnetic field. If all of the observed spins relax
with the same time constant, the bulk magnetization will
recover with single-exponential kinetics. If, however, a dipolar
relaxation mechanism causes each spin to relax with a time
constant that is a function of that spin’s orientation, and the
spins are randomly oriented in the sample, then the satura-
tion-recovery transient will be the superposition of many
single-exponential recoveries. The net result is a non-(sin-
gle)-exponential recovery for the bulk magnetization. We
proposed earlier that this was the explanation for the anom-
alous spin—lattice relaxation behavior of Yp* (Beck et al.,
1990).

The same considerations apply to progressive power satu-
ration (Py/,) experiments. P, the microwave power at
half-saturation, is proportional to (H, /2)2, the microwave
magnetic field needed to saturate a spin packet and defined
by (H,/»)'/? = 1/(¥*T\T,). If all of the observed spins relax
with the same time constants, 7; and T,, then there should
be a single P, , value for a given instrumental and experimental
configuration. If 7| and T, are a function of the spin’s ori-
entation in the static magnetic field, then there will be a range
of “P,, values” in a randomly oriented matrix of spins.

We develop equations that describe the saturation—recovery
transient of a “slow” relaxing spin when its spin-lattice re-
laxation is perturbed by pairwise interactions with a “fast”
relaxing spin. These equations are general for the pairwise
interaction of two paramagnetic centers and when applied to
a saturation—recovery transient make it possible to seperate
the orientation-dependent and isotropic contributions to the
spin-lattice relaxation. We have applied them quantitatively
to the case of the tyrosine radical Yp* in PSII. We also
analyze the effect of dipole—dipole induced relaxation on P,
measurements of Yp°.

MATERIALS AND METHODS

Sample Preparation. PSII membranes were isolated from
market spinach leaves as previously described (Berthold et al.,
1981; Beck et al., 1985). For storage at 77 K and for low-
temperature EPR experiments, PSII membranes were sus-
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pended in a resuspension buffer: 20 mM MES, 15 mM NaCl,
and 30% (v/v) ethylene glycol (as a cryoprotectant), pH 6.0.
For studies involving the S, oxidation state of the Mn complex
in the OEC, the S,-state multiline EPR signal was generated
in extensively dark-adapted S,-state PSII membranes by a
2-min illumination at 210 K, as previously described (Beck
et al., 1985).

The following method was used to deplete PSII of manga-
nese. PSII membranes were suspended to 1 mg of Chl/mL
in buffer A: 0.4 M sucrose, 50 mM MES, 15 mM NaCl, and
1 mM CaCl,, pH 6.5. The presence of 0.4 M sucrose ac-
celerates the release of Mn(II) ions. The suspension was mixed
1:1 with buffer A containing 10 mM NH,0H and 10 mM
EDTA and allowed to incubate for an hour at 0 °C. PSII
membranes were pelleted by centrifugation and resuspended
to a concentration of <0.3 mg of Chl/mL in buffer A con-
taining S mM EDTA., This suspension was incubated for 10
min and centrifuged. The pellet was resuspended in buffer
A and centrifuged again before finally suspending it in re-
suspension buffer. Y,* was generated in Mn-depleted samples
by illuminating the sample with a quartz—halogen lamp (700
W/m?) for 6 min in a transparent quartz Dewar filled with
ice water followed by a 3-min dark incubation at 0 °C. For
saturation-recovery experiments, the concentration of PSII
was approximately 12 mg of Chl/mL. Experiments with
anaerobic samples prepared on a vacuum system gave no
indication that the measured electron spin—lattice relaxation
rates were affected by ambient dissolved O,.

L-Tyrosine was used as received from Aldrich. L-Tyrosine
radicals (Sahlin et al., 1987) were generated in a frozen so-
lution of 10 mM L-tyrosine in 12.5 mM sodium borate, pH
10. The radicals were generated by an 8-min illumination with
a 250-W Hg arc lamp at 77 K.

The B2 subunit of ribonucleotide reductase from Escher-
ichia coli was isolated as described previously (Beck et al.,
1991). The EPR sample contained approximately 50 uM
tyrosine radical in 25 mM HEPES, 10% ethylene glycol, pH
7.5.

Mn Assay. The Mn content of NH,OH-treated PSII
membranes was assayed by EPR. PSII membranes at 4.8 mg
of Chl/mL were mixed 1:1 with 1 N HCl and incubated for
an hour in an EPR tube. The Mn(H,0)%* signal from de-
natured PSII was compared to an equal volume of a 5 uM
Mn(H,0)4** standard. The concentration of manganese in
NH,0OH-treated PSII membranes was 0.17 £ 0.03 Mn/200
Chl.

EPR Measurements. Saturation-recovery EPR spectros-
copy and conventional continuous-wave (cw) EPR spectroscopy
were performed on a home-built X-band pulsed EPR spec-
trometer (Beck et al., 1991). Saturation-recovery transients
were obtained with direct cw detection (without magnetic field
or microwave frequency modulation) in the absorption mode.
To nullify contributions from free induction decay (Hyde,
1979), the phase of the saturating pulses was set to 90° with
respect to the continuous observing phase, and the phase of
the saturating pulses was modulated every other pulse by a
180° phase modulator. The magnetic field was set at the zero
crossing point of the first derivative spectrum (Figure 1,
vertical arrows). The pumping microwave power level was
usually set to 250-450 mW. Saturating pulse widths were set
equal to either the T (L-tyrosine) or K .., (Yp*) of the sample
at each temperature to saturate spin diffusion channels (Beck
et al,, 1991).

In a saturation—recovery experiment, the observing micro-
wave power level, P, produces an isotropic relaxation en-
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FIGURE 1: Continuous-wave first-derivative EPR spectra of (a) the
stable tyrosine radical Yy in spinach PSII membranes, (b) a UV-
generated model L-tyrosine radical in a borate glass, and (c) the
tyrosine radical of ribonucleotide reductase isolated from E. coli. Each
spectrum was recorded with a 2.0-G field-modulation amplitude,
100-kHz field-modulation frequency, 9.05-GHz microwave frequency,
and 720-nW microwave power. Spectra a and b were recorded at
5 K, spectrum c at 7 K. The vertical arrows mark the static magnetic
field positions employed for the saturation—recovery measurements.
The horizontal arrows mark the positions used to measure the
peak-to-peak height in the spectra for the progressive power saturation
(Py/,) measurements.

hancement. We have shown previously for the inhomogene-
ously broadened line of the tyrosine radical of ribonucleotide
reductase that the observed spin—lattice relaxation rate 1/T,(P)
is linearly dependent on P, for P < Py, (Beck et al., 1991),
that is

1/Ty(P) = 1/T, + CP (1)

where 1/T, is the limiting rate unperturbed by the observing
microwave power level and Cis a constant. The corresponding
equation for the case where scalar exchange is also a source
of relaxation enhancement is then

klscalar(P) = klscalar + CP (2)

where Kj,; is the sum of ky; and k., as described below under
Theory. To determine 1/T; or kjyq,. at a given sample tem-
perature, three to four saturation-recovery transients were
recorded, each at a different level of observing microwave
power. For the UV-generated tyrosine radical, each satura-
tion—-recovery transient was fit to a single exponential to de-
termine 1/7,(P). 1/T, was determined by a linear least-
squares fit of eq 1 to the 1/T,(P)’s. For Yy°*, each satura-
tion—recovery transient was fit to the dipolar model (eqs 14
and 17) to determine k;..,..(P) and k4 at that power level.
K1scatar Was then determined by a linear least-squares fit of eq
2 to the k1. (P)’s. k14 Was taken as the average of the fitted
values of k4 since the observing microwave power should make
no contribution to the orientationally dependent relaxation rate
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constant. The dipolar model (eqs 14 and 17) was fit by a
nonlinear regression program that employed the Marquardt
algorithm (Press et al.,, 1989). The integral in eq 14 was
approximated by a summation over 20 evenly spaced values
of cosine from 0 to 1.

Fits to the progressive power saturation data in Figure 4
employing eq 20 and to the temperature dependence of the
relaxation rates in Figure 6 employing a power law equation
were found using Kaleidagraph (Abelbeck Software/Synergy
Software), which also employs the Marquardt algorithm.

Sample temperatures were controlled by an Oxford ESR-
900 cryostat system. Sample temperatures were measured
using a gold-chromel thermocouple held in a sample tube at
the same position.

Theory. We start by considering an enzyme with two spins
deeply buried in the protein matrix and hence isolated from
interenzyme magnetic interactions. In our model system this
isolated pair of electron spins is in a static magnetic field, with
a “slow” relaxing spin and a “fast” relaxing spin at a fixed
distance r apart. The interspin vector r from the slow to the
fast relaxing spin is in a2 random but fixed orientation with
respect to the static magnetic field, and slow or fast relaxation
is simply defined by the relative intrinsic relaxation rates of
the two spins. Both spins are assumed to be isotropic. For
the purpose of this discussion, the “observed spin” is the slow
relaxing spin.

In the system described above, there are three contributions
to the spin—lattice and transverse relaxation rates of the ob-
served spin. The first is the intrinsic relaxation rate, k;;
(spin-lattice) or k,; (transverse), which is defined as the re-
laxation rate of the observed spin in its native matrix in the
absence of the fast relaxing spin.

A second contribution to the observed spin-lattice and
transverse relaxation rates will arise from scalar exchange
coupling if there is spatial overlap in the orbital wave functions
of the unpaired spins. Abragam (1961) has solved the
physically analogous problem for the scalar relaxation of a
nuclear spin I by an electron spin S through théir hyperfine
coupling. His solution treats the fast relaxing spin S as a part
of the lattice with the assumption that it is in thermal equi-
librium because of its short relaxation time. Substituting the
scalar exchange coupling, J,,, for the hyperfine coupling, A,
and changing the subscripts we can write

2(Jex)2 T2f
ki = JJ+1)———— 3
lex 3 ( )1+ (ws _ w{)szfz ( )
(Jex)z T2f
kyy = —J(J+ )| —————+ T, 4
2ex 3 ( ) 1+ (ws _ wf)2T2f2 1f ( )

where T; and T are the spin-lattice and transverse relaxation
times of the fast relaxing spin, w, and w; are the Larmour
frequencies of the observed (slow) and fast spins, respectively,
and J is the spin quantum number of the fast relaxing spin.
The third contribution to the observed relaxation rates comes
from the dipolar interaction between the two paramagnetic
sites. Following the methods outlined by Abragam (1961),
the appropriate equations have been derived by Kulikov and
Likhtenstein (1977) and by Goodman and Leigh (1985).

1 'Yszl-‘fz(l 3 )
=2 —_—— = —— _B + + =
ki o = \s 3C 2E )]
1 'Yszl‘"fz(l 1 3 3 )
= = = - —B+ =C+ + =
kys o 3A+ 123 2C 3D 4E (6)

where 7, is the magnetogyric ratio for the slow spin, y; is the
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magnetic dipole moment of the fast relaxing spin, r is the
interspin distance, and 6 is the angle between the magnetic
field and the interspin vector. The terms A-E are defined as
follows:

A = T;(1 - 3 cos? §)? @)
B= T (1 -3 cos? §)? )
1+ (w, — wp)?Tof
Ty - )
= ————— sin® 0 cos‘ 8 9)
1 + wslefz
Ty PP
= sin® 8 cos® 4 (10)
1 + wf2T2f2
Ty

E= sin* @ 11
1+ (w5 + )Ty (an

Equations 3—6 are valid within the Redfield limit. For eqs 3
and 5 this limit requires that T and T < T, for egs 4 and
6 the Redfield limit requires that T'; and Ty << T,

To summarize, the observed rates of spin—lattice and spin—
spin relaxation can be described by

klobs(a) = klscalar + k10 (12)
k20bs(0) = kZScalar + k20 (13)

where the scalar rate constant in eq 12 represents the sum of
the isotropic contributions, k;; and k., and the scalar rate
constant in eq 13 represents the sum of the isotropic contri-
butions, k,; and k,.,. For any one orientation of the interspin
vector, the saturation—recovery transient will be described by
a single exponential, k;.,(f). However, since the relaxation
rate is a function of § and our actual sample has a random
distribution of orientations, the observed saturation-recovery
transient will be the sum of many different exponential re-
coveries, i.e.,

)=1-N j; " sin gl uane + k] dg (14)

where I(2) is the intensity of the saturation-recovery transient
at time ¢ and N is an adjustable scaling factor. A similar
equation has been proposed by Hyde et al. (1979).

An additional assumption in the analysis of the satura-
tion-recovery transient should be discussed. Limitations on
the power and the length of our saturating pulse allow us to
“saturate” only a fraction of the total line width of an EPR
absorption signal. In effect one can only observe those spin
packets which contribute to the signal at the chosen resonant
field position. Consider the case where the broadening of the
observed absorption signal due to an anisotropic interaction
is large compared to other sources of inhomogeneous broad-
ening. Since the interspin vector is fixed relative to the an-
isotropic g or hyperfine tensor, choosing a particular field
position within the absorption signal corresponds to restricting
the accessible values of 8 in eq 14 above. In the case of Yp°,
the anisotropic contribution to the hyperfine tensor is much
less than the isotropic contribution (Barry & Babcock, 1988),
and we make the approximation that by choosing the center
of the EPR signal we get a statistical contribution from all
orientations of the interspin vector to the saturation—recovery
transient.

Equation 14 is completely general for the two-spin model
we have described. Explicit evaluation of eq 14 requires
knowledge of Ty, Ta, ws, wp, and 7. There are two limits in
which the expression for the dipolar contribution to the spin—
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lattice relaxation rate is particularly simple and in which
knowledge of either T;; or T is unnecessary. For a very fast
relaxing spin, i.e.,

(w5 + W) T, w, 2T, (w, — )Ty L 1
eq 5 becomes
‘Yszﬂfz

1
kg = — gTzf(l ~ 3cos? 0) + 3Ty sin? 6§ cos? 6 +

%Tzf sin? 0] (15)

If Ti¢ » Ty the “C” term will dominate and Ty can be
ignored. For eq 15 to apply at X-band (v = 9.0 GHz) for two
spins near g = 2.0 requires that T\; and Ty << 107! s,

In the opposite limit where

Wi Ti?, (w5 + w)?Tof?, and (w; — wp)?To? > 1
eq 5 becomes
3 sin® 6 cos? 8
wslef

_ vstud| (1 - 3 cos? §)?

k
e 5| 6w — wp)? Ty

ind
3 sin* § (16)
2(w, + wp)* Ty
For eq 16 to apply at X-band requires that T}y and Ty >> 107!
s, reasonable limits for a first row transition metal near or
below liquid-nitrogen temperatures.

If in addition (w, - wg)? « w.? and (w, + wr)?, the “B” term
will dominate k, in eq 16. For EPR, the resonance condition
is more naturally described by the g value of the paramagnetic
species. By factoring out w, from the inequality above and
using the relation w = g8H2x/h, one can restate the inequality
as (1 - g/g)? «< 1 and (1 + g/g,)% where g, and g; are the
g values of the fast and slow relaxing spins, respectively. If
this inequality holds true, i.e., the “B” term dominates the
dipolar relaxation, we can rewrite eq 16 in terms of a dipolar
rate constant kg4

ks = kig(1 - 3 cos? §)2 an
where
_ v
6% (1 - g1/8) Ty

(18)

kg

Evaluation of a saturation—recovery transient using eqs 14
and 17 will yield two rate constants, ks, and k. If 4, g,
2 &, and T are known, the distance r can be determined from
k\q using eq 18. In addition, the presence of scalar exchange
coupling can be inferred if the scalar rate constant is signif-
icantly greater then the intrinsic relaxation rate k;;. In the
same limit for T, i.e., T 3> 107! 5, eq 3 becomes

2(J.0)? JUJ+ 1)
3 ws2(1 - gf/gs)szf

In this case, knowledge of J, g, g;, and T allows evaluation
of the exchange coupling J,, in eq 19. Finally, we note that
equations analogous to 14, 17, 18, and 19 can be derived for
the phase-memory or “T,” experiment.

klex =

(19)

RESULTS AND DISCUSSION

Anomalous Spin—Lattice Relaxation of Yp*. We find that
in Mn-depleted PSII, signal II; (Yp*) relaxes with nonexpo-
nential kinetics over the 5-70 K temperature range, while the
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FIGURE 2: Saturation-recovery transients observed at 20 K for (a)
the UV-generated model L-tyrosine radical, and the stable tyrosine
radical Yp' in (b) Mn-depleted PSII membranes, (c) S,-state PSII
membranes, and (d) S,-state PSII membranes. Single-exponential
(dashed line) and double-exponential (solid line) fits are shown su-
perimposed upon the experimental traces. The traces are arbitrarily
scaled vertically; note the different time scales for each case. The
observing microwave power level was 1.80 uW.

L-tyrosine radical exhibits single-exponential spin-lattice re-
laxation kinetics at these temperatures. Our analysis of the
anomalous relaxation behavior of Yp* is based on the as-
sumption that a dipolar interaction between Yp* and the
non-heme Fe(II) produces a powder-pattern distribution of
spin—lattice relaxation rates. However, there are other plau-
sible explanations which we will examine first. It has been
proposed that the nonexponential relaxation behavior of Yp°
is the result of redox heterogeneity in PSII (Evelo et al., 1989).
We also consider the possibility that the EPR signal associated
with Yp°(signal I1,) arises from more than one radical species
or that the anomalous relaxation behavior of Yy is the result
of a dipolar interaction with a paramagnetic site other than
the non-heme Fe(1I).

We consider first the possibility that redox heterogeneity
of the Mn center in PSII causes the nonexponential spin—lattice
relaxation of Y*. In their first paper describing spin-echo
detected T, measurements of Yp°, Evelo et al. (1989) ac-
counted for the nonexponential relaxation properties of Yp*
in terms of a weak dipolar interaction between it and the Mn
complex in the OEC. The relaxation kinetics of Y,* were
modeled with a rate law incorporating two exponential rate
constants, which were assigned to two distinct Mn-Yp* dis-
tances arising from cryogenic trapping of valence states in the
Mn complex. Figure 2 presents examples of the spin—lattice
relaxation transients observed at 22 K with Y in native (S,
state and S, state) and Mn-depleted PSII membranes in
comparison with relaxation transients observed with the model
L-tyrosine radical. Yp" relaxes with kinetics that are more

Hirsh et al.
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FIGURE 3: Time-resolved, field-swept, first-derivative EPR spectra
of Yp’ in Sy-state PSII obtained at 22 K by boxcar averaging at fixed
delays following at 200-us saturating microwave pulse. A conventional
continuous-wave EPR spectrum, obtained as described in Figure 1,
is shown in spectrum a for comparison to the time-resolved spectra
obtained at (b) 40 us and (c) 300 s during the recovery from sat-
uration. In spectra b and c the derivative was calculated from the
absorption mode spectra actually acquired; the gate of the boxcar
averager was 10 us wide, the microwave frequency was 9.04 GHz,
and the saturating pulse repetition rate was 145 Hz.

adequately described by a rate law incorporating two evenly
weighted exponential relaxation components than by a single
exponential relaxation component (Figure 2b—d). However,
while the relaxation of Yp* occurs more rapidly in the presence
of a functional S,-state or S,-state Mn complex (Figure 2¢,d),
nonexponential relaxation traces are observed from Yp® even
in the absence of the Mn complex (Figure 2b). The deviation
from a single exponential is just as great in the Mn-depleted
sample as in the samples having a functional Mn complex
present. The model L-tyrosine radical, however, exhibits
single-exponential relaxation traces (Figure 2a). The fact that
even Mn-depleted PSII shows nonexponential recovery does
not by itself disprove the original hypothesis of Evelo et al.
(1989). However, a simpler explanation is that, in both
Mn-depleted and in Mn-containing PSII, a dipolar interaction
and the random distribution of orientations produces a powder
distribution of relaxation rates.

The presence of a chemically distinct radical species at the
same resonant field position could produce a biexponential
recovery for signal II,, However, Figure 3 shows that the
relaxation transients exhibited by Yp* arise from a single
chemical entity. A boxcar averager was employed to record
a time-resolved, field-swept EPR spectrum from Yy’ in S,-state
PSII membranes at two delay settings following the saturating
microwave pulse that began the saturation-recovery experi-
ment. Similar spectra were obtained with S;-state PSII
membranes although lower signal/noise ratios were obtained.
The faster relaxation of Yp' in the S, state allowed higher pulse
repetition frequencies and better averaging of signals. The
line shape exhibited by Yp* at 40 and 300 us following the
microwave pulse (Figure 3b,c) is the same as that recorded
by a conventional continuous EPR experiment (Figure 3a).
Hence, it is unlikely that two or more radical species contribute
to the observed relaxation transient. It is also improbable that
another radical entity interferes with the measurement, since
a semiquinone or chlorophy!l radical would exhibit a much
different EPR line shape. Thus, the explanation that the two
observed exponential relaxation rate constants arise from two
distinct radical species in PSII can be rejected. The nonex-
ponential relaxation properties of Y* must arise, then, from
interactions of Yp* with neighboring relaxers in all PSII
centers.
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We have considered the possibility that a paramagnetic
species other than Fe(II) is involved in the dipole—dipole in-
duced relaxation of Yp'. There are several paramagnetic sites
in the PSII reaction center, in addition to the Mn complex,
that might act as relaxation rate enhancers for Yp,*. Radical
species, such as the other tyrosine radical in PSII, Y;*, or the
cryogenically trapped chlorophyll cation radical that is formed
under illumination at temperatures below 120 K in functional
PSII membranes (de Paula et al., 1985, 1986), relax too slowly
to provide an efficient relaxation enhancement for Yp*. Cy-
tochrome bss, is unlikely to enhance the relaxation of Yp°. It
is apparently far enough away that direct electron transfer to
Y is not observed, and, being low spin, cytochrome bssg is
expected to be a relatively weak relaxation rate enhancer. In
addition to the non-heme Fe(II) and the low-spin Fe(IT)/(III)
of cytochrome bsg,, the g = 4.3 “turning point” of rhombic iron
was always present in our samples. Since the hydroxylamine
treatment used to remove the manganese from the OEC also
includes washes with EDTA, it is unlikely that the relaxation
enhancement observed is due to adventitious binding of iron
or other paramagnetic ions. While the possibility that there
is a structural/functional Fe(II)/(III) bound near Yy, cannot
be excluded at this time, we found that while the intensity of
the g = 4.3 turning point varied from preparation to prepa-
ration relative to that of cytochrome bssq or Yp', the satura-
tion—recovery relaxation kinetics were unaffected.

On the other hand, it is fairly certain that the non-heme
Fe(II) in PSII is bound by the same D2 polypeptide that
contains the tyrosine which functions as Y. The histidine
ligands to the non-heme Fe(II) in the M subunit of the bac-
terial reaction center are conserved in the D2 polypeptide of
PSII (Michel & Deisenhofer, 1988). This high-spin Fe(II)
species is expected to be an excellent electron spin relaxation
enhancer for Y,". In the photosynthetic reaction center in
purple non-sulfur bacteria, the analogous non-heme Fe(II) site
enhances the relaxation of the radical cation of the “special
pair” reaction center chlorophyll (Norris et al., 1980).

Anomalous Progressive Power Saturation Behavior of Yp'.
Beinert and Orme-Johnson (1967) have shown that in the limit
of an inhomogeneously broadened line, the effect of progressive
power saturation can be described by

S=KvVP/(+P/Pp)' (20)

where S is the EPR absorption signal amplitude, P is the
applied microwave power, and P;, is the microwave power
at half-saturation. K is simply a scaling factor. We examined
the progressive power saturation behavior of three tyrosine
radicals at 7.0 K: Yy, the UV-generated L-tyrosine radical
in a borate glass, and the tyrosine radical in the B2 subunit
of ribonucleotide reductase. Our saturation-recovery mea-
surements on the UV-generated tyrosine radical indicate that
it behaves like an isolated spin. At 7.0 K the tyrosine radical
of ribonucleotide reductase of E. coli is also expected to behave
like an isolated spin; at this temperature the nearby antifer-
romagnetically coupled diferric center is in its S = 0 ground
state (Sahlin et al., 1987).

The results of progressive power saturation for each radical
are plotted as log (S/+/P) vs log P in Figure 4. The signal
amplitude, S, was measured as shown in Figure 1. Equation
20 predicts that a curve drawn through these points will be
linear in two regions. In the limit that P < P, ,, log (S/+/'P)
remains constant. In the limit where P >> P, ,, log (S/~/P)
will exhibit a linear dependence on log P, with a slope m =
~1/2. In the presence of dipole—dipole induced relaxation, egs
12 and 13 predict that Py, will be a function of the orientation
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FIGURE 4; Continuous microwave power saturation of the EPR signals
from (@) Yp' in Mn-depleted PSII, (01) the UV-generated L-tyrosine
radical, and (@) the tyrosine radical in ribonucleotide reductase from
E. coli. The solid lines are fits to eq 20. The vertical positions of
the curves are offset arbitrarily. Conditions: temperature, 7.0 K;
field modulation width, 2.0 G; field modulation frequency, 100 kHz;
microwave frequency, 9.05 GHz. The peak-to-peak height (¥”) was
measured as illustrated in Figure 1.

of the interspin vector with respect to the static magnetic field.
This will not effect the progressive power saturation behavior
in the two limits just described. In other words, if P << P\ /3y,
where Py /5, is the minimum value of P/, in the sample, then
log (S/+/P) will be constant. If P>> P, ;5,,, then log (S/+/P)
will exhibit a linear dependence on log P with a slope m =
—1/2. However, since there is a range of P,, values, the
“curved region” between these two limits will be longer and
the radius of curvature will be greater.

The experimental results for each tyrosine radical were fit
using eq 20 allowing X and P, /, values to vary simultaneously.
These fits are shown superimposed on the data in Figure 4.
Equation 20 fits the data well for both the UV-generated
tyrosine radical and the tyrosine radical of ribonucleotide
reductase, and the fitted P, /, values are approximately equal,
3.7 and 3.2 uW, respectively. In contrast, the data for Yp°
are fit poorly by eq 20. In the transition from P « Py, to
P> P,), ie., at the higher power points in Figure 4, the radius
of curvature is greater for Y° than it is for either of the other
two species. The fitted P,, value for Yp* of 9.1 uW is sig-
nificantly higher than for the other two radicals.

For line shapes which are neither perfectly inhomogeneous
nor homogeneous, the absorption amplitude can be empirically
fit to the function

S =KyVP/(1+P/P )" (1)

where b is the inhomogeneity parameter determined by the
ratio of Lorentzian spin packet width to the Gaussian envelope
width. For the EPR derivative amplitude, b = 1.0 and b =
3.0 represent the inhomogeneous and homogeneous limits,
respectively. If we use this function to fit the data and now
allow b to vary as well, we find that the UV-generated tyrosine
radical and the tyrosine radical of ribonucleotide reductase
give b values close to 1.0, i.e., 1.03 and 0.95, respectively, and
that their fitted P, /, values are changed by less than 1.0 uW.
On the other hand, the fit to the data from Y,* gives b = 0.71
and a Py, of 2.4 uW. While a “b value” of 0.71 provides a
better fit to the data for Yp', it is not a physically meaningful
inhomogeneity parameter. The fact that the fitted b value for
the tyrosine radical in ribonucleotide reductase is slightly less
than 1 may indicate that there is a small dipolar contribution
to the spin—lattice or phase memory relaxation due to the
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FIGURE 5: (a) Saturation—recovery transient obtained for Yp* in
Mn-depleted PSII membranes at 25 K and the fit by the orienta-
tion-dependent rate law (eqs 14 and 17). The observing microwave
level was 4.5 uW, and the saturating microwave pulse (230 mW) was
of 10-ms duration. The residuals for fits to the observed transient
by (b) the orientation-dependent rate law, (c) a double exponential,
and (d) a single exponential are plotted using an expanded vertical
scale.

neighboring diferric center, even an 7.0 K.

Application of the Model Equations. The rate constant k;
can be measured experimentally in one of two ways. The first
is to remove the fast relaxing spin from the protein, either
directly or by oxidation/reduction. The second is to model
the intrinsic relaxation rate of the observed spin using a
chemically identical species in an environment free of the fast
relaxing spin. We chose the latter course, using photochem-
ically generated and cryogenically trapped L-tyrosine radicals
in a borate glass to model the intrinsic relaxation of Yp*. This
model system was exploited previously by Sahlin et al. (1987)
in their study of the continuous power saturation and EPR line
shape properties of the tyrosyl radical in ribonucleotide re-
ductase. Their study suggests that the relaxation behavior of
the model L-tyrosine radical exemplifies the behavior of a
tyrosine radical within a protein matrix in the absence of
perturbations from neighboring paramagnetic ions. At tem-
peratures below 30 K, the relaxation rate product, (7,7,)},
for the tyrosine radical in ribonucleotide reductase from E.
coli and the L-tyrosine radical are equal within experimental
error (Sahlin et al., 1987). In addition, 7|, measurements
performed earlier on ribonucleotide reductase (Beck et al.,
1991) and those quoted here on the L-tyrosine radical indicate
that these values are also equal within experimental error.

Saturation-recovery transients were collected as described
in the under Materials and Methods over a temperature range
of 5-70 K. Figure 5a, shows a saturation-recovery trace from
Yp' in Mn-depleted PSII and the best fit of the dipolar model.
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FIGURE 6: Scalar and orientation-dependent electron-spin relaxation
rate constants [k;1, (@) and k4 (O), respectively] for Yp* obtained
as a function of sample temperature in Mn-depleted PSII membranes.
Kigalar and k4 were obtained by fitting the orientation-dependent rate
law, eqs 14 and 17, to saturation~recovery transients at each tem-
perature. The single-exponential electron spin-lattice relaxation rates
for the UV-generated model tyrosine radical (A) are plotted in order
to allow comparison with the k., constants of Yp'. The equations
Kigcaiar = 0.0459 X T2 and k4 = 2.21 X T'73 have been fit to the
temperature-dependent relaxation rates of Yp'. The equation kg,
= 0.111 X T has been fit to the temperature-dependent relaxation
of the L-tyrosine radical.

As demonstrated by the residual traces presented in Figure
5b,c, eq 14 fits the relaxation transient as well as the two-
exponential model and does so with one less adjustable pa-
rameter. Figure 5d demonstrates that the recovery is poorly
fit by a single exponential.

Figure 6 presents the rate constants k5., and k4 for Yp°
and a single-exponential fit for the UV-generated tyrosine
radical, in which case 1/T), is treated as ke oy, The scalar
relaxation rate of Yp' is slightly less than the spin-lattice
relaxation rate of the L-tyrosine radical, probably resulting
from differences in the local environment of the two radicals.
Note that a contribution of scalar exchange to kg, of Yp'
would be expected to result in ki, of Yy being Jarger than
the spin—lattice relaxation rate of the L-tyrosine radical. In
addition, the temperature dependence of 1/T) of the L-tyrosine
radical and Kk, of Yp' are both proportional to 724,
Equations 18 and 19 indicate that if scalar exchange were the
primary contribution to the scalar rate constant, then ka1,
and k,4 would have the same (or nearly the same) temperature
dependence. However, as shown in Figure 6, the temperature
dependence of k,q4 is proportional to T'7 in this temperature
range. These results indicate that the primary contribution
10 Kygcaar Of Yp' is the intrinsic relaxation, &, of the radical.

The dipolar interaction between the non-heme Fe site and
Yp' leads to a temperature-dependent electron spin-lattice
relaxation enhancement (Figure 6). The temperature de-
pendence of k4 indicates that eqs 16 and 17 represent the
correct limit for evaluation of k. Ineq 17, k4 is proportional
to 1/T,y, indicating that k4 (and hence k) should remain
constant or increase with temperature. In the opposite limit,
eq 15 with the “C” term dominant, k4 would be directly
proportional to Ty, indicating that k4 should decrease with
increasing temperature. The significant temperature depen-
dence of T is perhaps surprising. The conventional wisdom
in continuous wave microwave power-saturation experiments
has been that T is independent of temperature in the tem-
perature range we have explored. Apparently for high-spin
Fe(I), either T is limited by T, because of rapid spin-lattice
relaxation or T has its own temperature dependence due to
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FIGURE 7: Second-derivative, continuous-wave EPR spectra of Yp*
obtained as a function of temperature in S;-state PSII membranes.
The second derivative was calculated from the digitized first-derivative
spectra; the field-modulation amplitude was 0.4 G, and the observing
microwave power level was 5 uW; otherwise conditions were as in
Figure 1.

couplings between lattice vibrations and the crystal field of
the iron.

The dipolar interaction responsible for the enhancement of
the spin—lattice relaxation might be expected to shorten the
phase-memory time (7,) of Yp* and produce a powder dis-
tribution of rates. One could investigate this directly by doing
a spin-echo experiment. On the other hand, a significant
shortening of T, should manifest itself in a cw experiment as
the “Leigh effect” (Leigh, 1970), i.e., an apparent decrease
in the absorption signal intensity or an increase in the signal
line width with decreasing temperature as a result of dipolar
interactions between a pair of paramagnetic centers. However,
we find (data not shown) that in Mn-depleted PSII, the in-
tensity of the EPR signal from Yp,* shows Curie Law behavior
from 7 to 71 K. Even in oxygen-evolving PSII membranes
where the relaxation enhancement of Yp* is much greater, we
see Curie Law behavior from 13 to 220 K (Innes & Brudvig,
1989). Leigh (1970) predicted in his original paper that
outside the Redfield limit of T'; << T, one would expect the
broadened peak to split into two peaks which would finally
resolve into a Pake doublet when T'; > T, We find, however,
that the EPR line shape exhibited by Yp,* is essentially constant
from 10 to 74 K, as is apparent from the series of higher
resolution, second-derivative spectra shown in Figure 7 that
were recorded with a S;-state PSII membrane sample. We
cannot rule out the existence of 7, relaxation enhancement
of Yp' on the basis of these experiments, particularly at tem-
peratures below 7 K. However, these experiments place a limit
on the magnitude of this relaxation enhancement. Note that
the EPR line shape exhibited by the tyrosyl radical in ribo-
mucleotide reductase, in contrast, exhibits a significant
broadening as the temperature is increased owing to in-
creasingly strong perturbations from the adjacent diferric site
(Sahlin et al., 1987).

Calculating a Yy—Fe(II) Distance. If eq 17 applies and ~,,
U & &> and T are known, the distance 7 can be determined
from k,4 using eq 18. Since the magnetic properties of the
non-heme iron in PSII have not been experimentally deter-
mined, we must rely on measurements on the high-spin non-
heme Fe(II) in reaction centers from Rb. sphaeroides. There
is reason to believe that the magnetic properties of the two
iron centers are very similar. In the bacterial reaction centers
the non-heme Fe(Il) has four histidine and one bidentate
carboxylate ligands. Sequence homologies in PSII (Michel
& Deisenhofer, 1988) indicated that its high-spin iron has the
same ligand set with the exception that the carboxylate may
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be replaced with a bicarbonate anion (Eaton-Rye & Govindjee,
1988; Diner & Petrouleas, 1990). The non-heme Fe(II) in
Rb. sphaeroides has been well characterized by Butler et al.
(1980) using static magnetic measurements on Fe(II) and EPR
measurements (Butler et al., 1984) on the weakly exchange-
coupled Fe(II)—quinone radical anion system. Their mea-
surements indicate that, for Fe(II), g,, = 2.17. This is a good
approximation to g,, of Fe(II) in PSII because the Fe(II)-Q,~
EPR signals in PSII and bacterial reaction centers are quite
similar (Nugent et al., 1981; Rutherford & Zimmermann,
1984). The g value of Yp" is known to be 2.00. The “B” term
dominates since g; = g,,[Fe(II)] = 2.17, and g, = g(Yp') =
2.00, and hence (1 — g¢/g,)* «< 1 and (1 + g;/g,)>. Therefore,
we can use eq 18 to estimate the distance between the tyrosine
radical, Yp*, and the non-heme Fe(II). We take v, = v., i
= yFeUD = 535 8 (Butler et al., 1980), and w, = 9.05 GHz.
Substituting into eq 18 and rearranging the terms, we find that

_ 543 X 107 cmS

3
kiaTy

(22)

Values of k4 are available from our experiments over the
temperature range 5-77 K. If T, is known somewhere in this
temperature range, we can calculate the distance using eq 22.
While no direct observation of T has been made in either PSII
or bacterial reaction centers, Calvo et al. (1982) have studied
the low-temperature (<4 K) spin—lattice relaxation behavior
of the Fe(II)-semiquinone species in reaction centers from Rb.
sphaeroides. They show that the temperature dependence of
the spin-lattice relaxation rate is well fit by an equation which
assumes that relaxation is a two-step process in analogy with
the Orbach process. Using their equation and the dominant
component of the exchange interaction between the Fe(II) and
semiquinone, J, = 0.58 K (Butler et al., 1984), one can es-
timate 7, of the non-heme iron itself. We estimate T, of the
iron to be 5.6 X 108 s at 5 K. Using this value of T} and
our measured value for k4 of 34 s at 5 K in eq 22, we
calculate an Fe(I1I)-Yp" distance of 38 A. Since Ty < Ty,
this sets an upper limit on Ty and a lower limit on the Fe-
(II)-Yp" distance. This is in good agreement with the pre-
diction of 36.8 A based on the assumption of structural sim-
ilarities between reaction centers from Rps. viridis and PSII.

CONCLUSION

We show that, in cases where a dipolar interaction with a
neighboring spin mediates electron spin-lattice relaxation,
theory predicts that a powder distribution of relaxation rates
will be observed in a rigid sample. Thus, the distinctive non-
exponential relaxation traces observed from Yp" in Mn-de-
pleted PSII membranes can be explained in terms of a dipolar
interaction with the non-heme Fe(II). The magnitude of the
dipolar relaxation rate constant can then be used to determine
the distance between the two spins, if the g values and T are
known. We have used saturation—recovery EPR to obtain the
magnitude of the dipolar interaction between Yp* and the
high-spin non-heme Fe(II) in Mn-depleted PSII and have used
this value to calculate the distance between them. While
applying the derived equations to a situation where the relaxing
spin is an .S = 2 center ignores several complicating factors
that arise when .S > 1/2, we note that this relatively simple
analysis provides an overall picture which is both qualitatively
and quantitatively reasonable.

Use of our approach should also allow the assessment of
electron transfer probabilities via measurement of the scalar
exchange enhancement of spin—lattice relaxation. The same
electronic matrix element is found in the expression for k.,
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the scalar exchange rate constant, and the rate constant for
long-range electron transfer (Goodman & Leigh, 1985).
Therefore measurements of electron spin relaxation may afford
a powerful indirect probe of electron transfer in multisite redox
enzymes. In the case of Yp°, its fast relaxing partner ap-
parently causes little or no enhancement of spin—lattice re-
laxation by scalar exchange. This is not surprising for the
non-heme iron, since there is no evidence of direct electron
transfer between these two sites.

A progressive power saturation experiment can also indicate
the presence of a dipolar interaction. In the presence of a
dipolar interaction, one expects that the experimental points,
plotted as log (S/+/P) vs log P, will be poorly fit by eq 20 in
the “curved region” between the two linear limits and that the
fitted P, , value will be greater than that for an isolated spin.
This was observed for Yp*. However, the value of P, ; alone
does not reflect the relative contributions of dipolar, scalar
exchange, or “intrinsic” relaxation processes. In principle, the
dipolar contribution to the relaxation rate could be extracted
from a Py, experiment by explicitly including the orientation
dependence of T and 7 in the fit. However, doing so would
require at least two additional fitting parameters (if T¢ # Ty),
and it is not clear that meaningful scalar and dipolar con-
tributions to Py, could be extracted.

The approach outlined in this paper for the analysis of
electron spin-lattice relaxation transients is of general ap-
plicability. Future work will apply the approach described in
this paper to several systems in which long-range electron
transfer occurs. We have applied the method used in this paper
to an analysis of the magnetic interaction between the tyrosyl
radical and the Fe(III) dimer in ribonucleotide reductase. The
results of that investigation will be published separately. An
appropriate model system for the Fe(II)-Yp" interaction can
be found in reaction centers from Rb. sphaeroides. A dipolar
interaction has been observed between the radical P* and the
non-heme Fe(II) in these reaction centers (Norris et al., 1980),
and the distance between these two sites is already known from
their crystal structures. We have started an investigation into
the relaxation behavior of P* in bacterial reaction centers.
Also, it is known that Y}," participates in the dark one-electron
oxidation of the tetranuclear Mn coordination complex that
serves as the H,O oxidation catalyst in PSII. In the dark, Yp'
is reduced and the Mn complex is oxidized from its S, oxi-
dation state to the normally dark-stabie S, state (Styring &
Rutherford, 1987). This behavior suggests that the Mn com-
plex and Yp,* are near enough to each other to allow electron
transfer between the two sites, suggesting that a scalar ex-
change interaction should be observable.
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ABSTRACT: The g = 4 and g = 2 multiline EPR signals arising from the Mn cluster of the photosynthetic
oxygen-evolving complex (OEC) in the S, state were studied in preparations of oriented photosystem II
(PSII) membranes. The ammonia-modified forms of these two signals were also examined. The g = 4
signal obtained in oriented PSII membranes treated with NH,Cl at pH 7.5 displays at least 16 partially
resolved Mn hyperfine transitions with a regular spacing of 36 G [Kim, D. H., Britt, R. D., Klein, M. P.,
& Sauer, K. (1990) J. Am. Chem. Soc. 112, 9389-9391]. The observation of this g = 4 “multiline signal”
provides strong spectral evidence for a tetranuclear Mn origin for the g = 4 signal and is strongly suggestive
of a model in which different spin state configurations of a single exchange-coupled Mn cluster give rise
to the g = 4 and g = 2 multiline signals. A simulation shows the observed spectrum to be consistent with
an S8 = 3/2 or § = 5/2 state of a tetranuclear Mn complex. The resolution of hyperfine structure on the
NH;-modified g = 4 signal is strongly dependent on sample orientation, with no resolved hyperfine structure
when the membrane normal is oriented perpendicular to the applied magnetic field. The dramatic
NH;-induced changes in the g = 4 signal resolved in the spectra of oriented samples are suggestive that
NH; binding at the CI” site of the OEC may represent direct coordination of NH; to the Mn cluster.
Orientation dependence data on the g = 2 multiline signal show that the hyperfine transitions in the wings
of the signal are anisotropic. These peaks remain unresolved in the powder spectrum of the g = 2 multiline
signal. The g tensor for the g = 2 multiline signal may be more anisotropic than previously thought.

’I:le process of plant and cyanobacterial photosynthesis is
coupled to the oxidation of water by the photosystem II (PSII)!
reaction center complex. Four consecutive photoinduced
one-electron charge separations in the PSII reaction center
core are coupled to the four-electron oxidation of water by a
Mn-containing enzyme, the oxygen-evolving complex (OEC).
The OEC cycles through five intermediate catalytic states,
designated S, through S,; the conversion of S, to S, is ac-
companied by the release of O, (Kok et al., 1970). Four Mn
atoms are associated with each PSII reaction center (Yocum
et al.,, 1981) and form the active site of the OEC. The
structure of the Mn site and the roles of the cofactors Ca?*
and CI-, both essential for oxygen evolution activity, have been
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a topic of intensive investigation [reviewed in Rutherford
(1989), Sauer et al. (1991), and Debus (1991)].

Electron paramagnetic resonance (EPR) spectroscopy has
been a powerful method for probing the structure of the OEC.
Two EPR signals have been assigned to the Mn site of the
OEC in the S, state. The g = 2 multiline signal displays at
least 18 well-resolved Mn hyperfine transitions, providing direct
spectroscopic evidence for the existence of an exchange-coupled
Mn cluster of at least two Mn atoms (Dismukes & Siderer,
1981; Hansson & Andréasson, 1982). The second signal
associated with the Mn site of the OEC in the S, state is
centered at g ~ 4, has a peak-to-peak width of 300-400 G,
and lacks resolved hyperfine features in PSII membranes
prepared without ammonia treatment (Casey & Sauer, 1984;
Zimmermann & Rutherford, 1984, 1986; Cole et al., 1987).
We recently reported the observation of at least 16 Mn hy-
perfine transitions with a regular spacing of 36 G on the g =

! Abbreviations: PSII, photosystem II; OEC, oxygen-evolving com-
plex; EPR, electron paramagnetic resonance; ESEEM, electron spin-echo
envelope modulation; MES, 2-(N-morpholino)ethanesulfonic acid;
HEPES, N-(2-hydroxyethyl)piperazine-N"-2-ethanesulfonic acid; EDTA,
ethylenediaminetetraacetic acid; Chl, chlorophyll; PPBQ, phenyl-p-
benzoquinone; Q,, primary quinone electron acceptor in PSIL
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