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ABSTRACT: Saturation—recovery EPR spectroscopy has been used to probe the location of the redox-
active tyrosines, Yp (tyrosine 160 of the D2 polypeptide, cyanobacterial numbering) and Yz (tyrosine
161 of the D1 polypeptide), relative to the non-heme Fe(Il) in Mn-depleted photosystem II (PSII).
Measurements have been made on PSII membranes isolated from spinach and on PSII core complexes
purified from the cyanobacterium Syrechocystis sp. PCC 6803. In the case of Synechocystis PSII, site-
directed mutagenesis of the Yp residue to either phenylalanine (Y160F) or methionine (Y160M) was
done to eliminate the dark-stable Yp* species and, thereby, allow direct spectroscopic observation of the
Yz EPR signal. The spin—Ilattice relaxation transients of both Yp* and Yz were non-single-exponential
due to a dipolar interaction with one of the other paramagnetic species in PSII. Measurements on CN~-
treated, Mn-depleted cyanobacterial PSII, in which the non-heme Fe(II) was converted into its low-spin,
diamagnetic state, proved that the non-heme Fe(II) was the sole spin—Ilattice relaxation enhancer for both
the Yp* and Yz’ radicals. This justified the use of a dipolar model in order to fit the saturation—recovery
EPR data, which were taken over the temperature range 4—70 K. The dipolar rate constants extracted
from the fits were identical in magnitude and had the same temperature dependence for both Yp* and Yz".
The observation of identical dipolar interactions between Yp® and Yz* and the non-heme Fe(II) shows
that the distance from each tyrosine to the non-heme Fe(II) is the same. The calculated distance of 37 £+
5 A between Yp or Yz and the non-heme Fe(II) agrees well with the distance predicted from the structure
of the reaction center from purple bacteria. These results constitute the first spectroscopic evidence for
a symmetric location of tyrosines D and Z in PSII and are consistent with the existence of a C> symmetry

axis among the chromophores of PSII, as in the purple bacterial reaction center.

Photosystem II (PSII) is a multisubunit integral membrane
protein complex used by higher plants and cyanobacteria to
catalyze water oxidation and plastoquinone reduction. Al-
though its multiple redox-active components have been the
object of detailed biophysical characterization during the last
few decades, their three-dimensional arrangement is still
elusive. The X-ray crystal structures of the photosynthe-
tic reaction centers from the purple non-sulfur bacteria
Rhodopseudomonas viridis (Deisenhofer et al., 1985) and
Rhodobacter sphaeroides (Chang et al., 1986; Allen et al.,
1988), together with significant similarities in the primary
structures of the L and M subunits of the bacterial reaction
center and the D1 and D2 subunits of PSII, respectively,
have provided some insight into the structure of the D1/D2
complex. For example, this structural analogy made possible
the assignment of specific functional amino acids in PSII
(Michel et al., 1986; Trebst, 1986; Michel & Deisenhofer,
1988), as well as a prediction of the folding pattern of the
five transmembrane helices proposed to constitute each of
the D1 and D2 proteins (Michel et al., 1986; Trebst, 1986).
Subsequently, immunological studies provided experimental
evidence for the predicted topology of the membrane-
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spanning helices of the D1 protein (Sayre et al., 1986).

By using the available crystal structures of the bacterial
reaction centers as a framework, computer modeling has been
used to produce three-dimensional models of the D1 and D2
proteins. Two models have been constructed in order to
investigate the Qp/herbicide-binding site on the electron-
acceptor side of the PSII reaction center (Bowyer et al., 1990;
Tietjen et al., 1991). Models of the structure of electron-
donor side components in PSII have also been generated
(Svensson et al., 1990; Ruffle et al., 1992). While in purple
photosynthetic bacteria a cytochrome acts as the reducing
agent of the oxidized primary electron donor, in PSII this
function is much more complex. At least three distinct
electron-donation pathways exist to the oxidized primary
electron donor in PSII, Psgo*. These pathways (Buser et al.,
1990) lead to the oxidation of a tyrosine residue known as
Yp, of cytochrome bssy via a redox-active chlorophyll known
as Chlz (Thompson & Brudvig, 1988), and of the tetranuclear
Mn complex via a second redox-active tyrosine residue
known as Yz (Hoganson & Babcock, 1988). On the basis
of the predicted folding model of the D1/D2 complex, iodide
labeling experiments indicating that tyrosine residues are
involved in electron donation to the PSII reaction center
(Takahashi et al., 1986; Ikeuchi & Inoue, 1987) and
deuteration experiments identifying Yp and Yz as tyro-
sine residues (Barry & Babcock, 1987, 1988; Boerner
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& Barry, 1993); site-directed mutagenesis experiments were
carried out to identify the two redox-active tyrosine residues
in PSII. These experiments definitively showed that Yp is
Tyrl60 (Vermaas et al., 1988; Debus et al., 1988a) and Yz
is Tyr161 (Debus et al., 1988b; Metz et al., 1989) in the D2
and D1 proteins, respectively.

The computer-generated models of the three-dimensional
structure of the donor side PSII components (Svensson et
al., 1990; Ruffle et al., 1992) predict the immediate environ-
ment of the two tyrosine radicals and also arrange them
symmetrically around the primary electron donor, Pegy. Thus,
the pseudo-C,-symmetry axis seen in the arrangements of
the L/M polypeptides and of the chromophores in the
bacterial reaction center is also predicted to be present in
PSII. In addition, the dramatically different kinetics of
oxidation of Yp and Yz is well established (Hoganson &
Babcock, 1988; Buser et al., 1990). This also echoes the
well-documented fact of the inactivity of one of the Cs-
symmetry-related branches of bacterial reaction centers in
charge separation (Kirmaier & Holten, 1987).

In this work, we have used the pulsed EPR technique of
saturation—recovery (Hyde, 1979) to probe the locations of
Yp and Y7 relative to the non-heme Fe(Il) in PSII. Past
work has shown that the spin—lattice relaxation of Yp"® is
enhanced via dipolar interactions with other paramagnetic
centers in PSII (Styring & Rutherford, 1988; Evelo et al.,
1989; Beck et al., 1990; Hirsh et al., 1992; Hirsh & Brudvig,
1993). In Mn-depleted PSII, the non-heme Fe(Il) was
assigned as the relaxation enhancer of Yp* (Hirsh et al.,
1992). By using cyanide to convert the non-heme Fe(II) to
its Jow-spin diamagnetic form (Sanakis et al., 1994), we have
confirmed that the non-heme Fe(Il) is the sole relaxation
enhancer of Yp* in Mn-depleted PSII. In order to prepare a
sample in which to probe the dipolar interaction of the non-
heme Fe(II) with Yz*, two different site-directed mutants of
PSII in the cyanobacterium Synechocystis sp. PCC 6803 were
constructed, in which the Yp tyrosine residue (D2-Tyr160)
was changed to either phenylalanine (Y160F) or methionine
(Y160M). These mutants were isolated by Dexter Chisholm
and will be described in a forthcoming publication (Tang et
al., 1995). In PSII core preparations purified from these
mutants, freezing under illumination results in the trapping
of Y7* without any contribution from the stable free radical,
Yp*, normally present in wild-type preparations. The
independent study of the spin—lattice relaxation behavior of
Y7 is, thus, made possible. Analysis of the dipolar enhance-
ment of the spin—lattice relaxation rate of both Yp* and Y7
has allowed us to determine the locations of these tyrosines
relative to the non-heme Fe(II). These results provide the
first spectroscopic evidence for the symmetric location of
tyrosines D and Z in PSII and are consistent with the
existence of a C, symmetry axis among the chromophores
of PSII.

MATERIALS AND METHODS

Sample Preparation. PSII membranes were isolated from
market spinach leaves by a modified version (Beck et al.,
1985) of the isolation procedure described by Berthold et
al. (1981). NH,OH treatment was used in order to deplete
PSII of manganese (~5% residual Mn) according to the
procedure described in Hirsh et al. (1992). The CN-
derivative of Mn-depleted PSII was prepared according to
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Sanakis et al. (1994) and also as described in Koulougliotis
et al. (1994). A dark incubation time of 4—6 h was needed
for complete conversion of the non-heme Fe(Il) to its low-
spin state (vide infra). Chemical reduction of the CN™-
treated samples was performed by adding S0 mM sodium
dithionite from a degassed stock solution prepared and
adjusted to pH 8.0 just prior to use. The sample concentra-
tion for saturation—recovery EPR experiments was between
4 and 6 mg of Chi/mL. Induction of Yp* in Mn-depleted,
CN~-treated samples was achieved by illumination (700
W/m?) at 0 °C for 8 min, followed by dark adaptation for 3
min and freezing at 77 K in complete darkness. The Yp°
EPR signal in Mn-depleted PSII was used as a spin standard
for the spin quantitation of the Q.= free radical species
(induced in Mn-depleted, CN™-treated, dithionite-reduced
PSII) (Koulougliotis et al., 1994; Sanakis et al., 1994).
The PSII core complexes from Synechocystis sp. PCC
6803, depleted of the Mn cluster, were prepared by the
procedure of Tang and Diner (1994), as modified by Tang
et al. (1995). The modifications include breaking the cells
in buffer A containing 50 mM HEPES—NaOH (pH 7.2)
instead of MES—NaOH (pH 6.0) and following the DEAE-
Toyopearl ion-exchange chromatography by a second column
step on hydroxylapatite, according to Rogner et al. (1990).
The PSII core complexes are completely inactive for oxygen
evolution as isolated and contain no EPR-detectable Mn. The
core complexes were washed and resuspended, using a
Centricon 100 (Amicon), in 0.4 M sucrose, 100 mM
Tricine—NaOH (pH 8.0), 15 mM NaCl, and 5 mM MgCl,
to a final concentration of ~10 mg of Chl/mL. In order to
form the cyanide derivative, the core complexes were then
diluted 10-fold (to 1 mg of Chl/mL) in the preceding buffer
containing 340 mM NaCN (pH adjusted to 8.0) and incubated
for 30 min at 0 °C. K;3Fe(CN)s was added to give a final
concentration of 0.3 mM, and the sample was placed in an
EPR tube. Yz® was trapped by freezing under illumination

_with white light provided by a 150 W lamp (Cuda Products

Corp. Model 1-150). Further details on the trapping and
spectroscopic properties of Yz will be provided in a
forthcoming paper (Tang et al., 1995).

As a test of the transformation of the non-heme Fe(I) from
high (§ = 2) to low (S = 0) spin, 10 4L of 500 mM dithionite
was added to 95 uL of the CN™-treated core complex, and
the sample was incubated for another 7—10 min at 0 °C and
then frozen in an EPR tube in the dark. Measurement of
the g = 2.0045 QA EPR signal showed that a 30-min
incubation with cyanide was optimal for the spin transforma-
tion of the iron.

Instrumentation. Saturation—recovery EPR experiments
and continuous-wave (cw) EPR spectroscopy were performed
on a home-built X-band pulsed EPR spectrometer (Beck et
al., 1991). The temperature was controlled with an Oxford
ESR 900 liquid helium cryostat and calibrated by using a Si
diode sensor at the sample position.

THEORY

Saturation—recovery EPR has already been used in our
laboratory in order to probe the location of the Yp® radical
in PSII (Hirsh et al., 1992; Hirsh & Brudvig, 1993). By
following the theory of spin—Ilattice relaxation enhancement
of a paramagnetic species due to dipole—dipole interactions
with neighboring paramagnets (Bloembergen, 1949; Abrag-
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am, 1955, 1961), a dipolar model was developed in order to
explain the non-single-exponential spin—lattice relaxation
kinetics of the Yp* radical in PSII (Hirsh et al., 1992).
According to this model, if we can assume the existence of
only pairwise interactions between slow- and fast-relaxing
paramagnets, we can discern two major contributions to the
spin—Ilattice relaxation rate of the observed (slow) spin: (i)
an isotropic term, denoted kigcaiar, incorporating the intrinsic
relaxation rate of the species (k;;) and the relaxation arising
from its exchange coupling (ki.x) through spatial orbital
overlap with the neighboring paramagnetic center, and (ii)
an orientation-dependent term, k¢, arising from the dipolar
interaction between the two paramagnets.

In the case of a nonoriented protein in a frozen solution,
the relative orientation of the interspin vector and the applied
magnetic field is random, and the angle 6 between them can
take all possible values between 0 and ;. The resulting
angular distribution of spin—lattice relaxation rates gives rise
to non-single-exponential relaxation kinetics. Taking this
fact into account, the saturation—recovery EPR transients
can be fit by using the following equation:

K =1~ N[7sin 6 (e”=saTh0¥) d (1)
0

where I(¢) is the intensity of the saturation—recovery EPR
transient at time ¢, N is an adjustable scaling factor, &iscaar
= ki + kiex, and k¢ is expressed by eqgs 2 and 3 to follow.
Equation 1 is applicable when the anisotropic contribution
to the g or hyperfine tensor is less than the isotropic
contribution, so that the saturation—recovery measurement
samples a statistical distribution of orientations, as is the case
for the tyrosine radicals (Hirsh et al., 1992).

It has been shown (Hirsh & Brudvig, 1993) that, for the
case of a dipolar interaction between an organic radical
(slow-relaxing spin) and the non-heme Fe(II) in PSII or in
purple bacterial reaction centers (fast-relaxing spin), the C
term of the dipolar alphabet is the dominant term in the
theoretical expression for kg, which is then simplified to
the following relation:

kip= kS, sin 6 cos’ 6 (2)
where
3ylui 1
kg = 3)
d P cuSzTlf

In eq 3, r is the interspin distance, y; and w, are the
magnetogyric ratio and the Larmor frequency of the slow-
relaxing spin, respectively, and ur and Tir are the magnetic
moment and the spin—Ilattice relaxation time of the fast-
relaxing spin, respectively. A fit of eq 1 to the experimental
saturation—recovery EPR traces extracts two rate constants
associated with the observed slow-relaxing spin: Kiscalar
which is isotropic and equals the intrinsic relaxation rate in
the absence of a significant exchange interaction, and Kigipolar,
k¢, which is expressed in eq 3. As seen in eq 3, the
temperature dependence of the dipolar rate constant, klcd,
depends on two terms associated with the fast-relaxing spin
(4 and Tis). Therefore, the temperature dependence of
klcd provides a signature for the identity of the fast-relaxing
spin. The dipolar rate constants measured independently for
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the Yp" radical in Mn-depleted PSII and for the bacterio-
chlorophyll dimer radical, (BChla),*, in Rb. sphaeroides
reaction centers, where the non-heme Fe(II) of the electron-
acceptor side is the only other paramagnet, have the same
temperature dependence (Hirsh and Brudvig, 1993). On this
basis, Hirsh & Brudvig (1993) assigned the non-heme Fe(II)
as the relaxation enhancer of Yp" in Mn-depleted PSII. By
using the known distance of 28 A between (BChla)," and
Fe(II) in order to calibrate the observed dipolar rate constants,
the Yg’ to non-heme Fe(Il) distance was estimated to be 37
+5A

In accordance with the dipolar model presented earlier, if
the dipole—dipole interaction between the slow- and the fast-
relaxing spins is eliminated (as is the case in CN™-treated,
Mn-depleted PSII), then the spin—lattice relaxation rate of
the observed (slow) spin should decrease significantly and
at the same time exhibit single-exponential kinetics. The
slow-relaxing spin would then relax with its intrinsic
relaxation rate, ki;. In these cases, we have fit the satura-
tion—recovery EPR transients to a single exponential, and
the relaxation rate is denoted as 1/7;.

The methods used to obtain 1/T1, Kiscaiar, OT Kigipolar have
been described previously (Beck et al., 1991; Hirsh et al.,
1992). At any given temperature, at least three saturation—
recovery EPR transients were recorded at different levels of
observing microwave power because the observing micro-
wave power will contribute to the measured isotropic
relaxation rate. When a dipolar relaxation mechanism was
present, the spin—lattice relaxation was non-single-expo-
nential, and eq 1 was fit to the saturation—recovery EPR
transient by using a nonlinear regression program written
by Dr. Donald Hirsh, employing the Marquardt algorithm
(Press et al., 1989). These fits provided initial values of
kiscalar and kigipolar-  FOT a noninteracting spin, the spin—lattice
relaxation was single-exponential, and an exponential func-
tion was used to fit the saturation—recovery transient. These
fits provided initial values of 1/7;. The true values of kiscaar
and 1/T; were determined by linear extrapolation to zero
power. The values of kigipolar Obtained from the initial fits
did not show any dependence on the observing microwave
power, and kigipolr Was taken as the average of values
obtained at different levels of observing microwave power.

RESULTS

Spin—Lattice Relaxation of Yp*. Saturation—recovery EPR
has been used in the past to probe the spin—Ilattice relaxation
properties of Yp* in Mn-depleted PSII from spinach (Hirsh
et al., 1992; Hirsh & Brudvig, 1993). The saturation—
recovery EPR transients showed non-single-exponential
kinetics over the entire temperature range employed (5—70
K). A typical saturation—recovery EPR transient obtained
for Yp* (at T = 9 K) is shown in Figure 1A (top trace) with
the dipolar model fit superimposed. The residuals of single-
exponential and dipolar model fits, shown in Figure 1A as
the middle and bottom traces, respectively, illustrate the non-
single-exponential character of the recovery. The tempera-
ture dependence of the dipolar rate constants extracted for
Yp* (T'6) was found to be identical, within experimental
error, to that of (BChla),™ in Rb. sphaeroides reaction centers
(Hirsh, 1993). This was taken as strong evidence that, in
both cases, the spin—lattice relaxation of the radicals was
enhanced by the non-heme Fe(II) of the electron-acceptor
side.
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FIGURE 1: Saturation—recovery EPR transients of Yp° and residuals (differences between the saturation—recovery transient and fitted
curves). The vertical displacements are arbitrary. (A) (Top trace) Saturation—recovery EPR transient of Yp® in Mn-depleted spinach PSII
at 9.0 K with the dipolar model fit (eqs 1—3) superimposed. The observing microwave power was 1.14 uW, the saturating microwave
power was 72 mW, and the pulse was of 20 ms duration [data taken from Hirsh and Brudvig (1993)]. (Middle trace) Residual for a
single-exponential fit. (Bottom trace) Residual for the dipolar model fit. (B) (Top trace) Saturation—recovery EPR transient of Yp* in
CN~-treated (for ~4.5 h), Mn-depleted spinach PSII at 9.1 K with a single-exponential fit superimposed. The observing power was 1.14
uW, the saturating microwave power was 360 mW, and the pulse was of 110 ms duration. (Middle trace) Residual for the single-exponential
fit. (Bottom trace) Residual for the dipolar model fit. (C) (Top trace) Saturation—recovery EPR transient obtained for Yp* in Mn-depleted,
wild-type Synechocystis PSII at 10.0 K with the dipolar model fit (eqs 1—3) superimposed. The observing microwave power was 2.28 uW,
the saturating microwave power was 144 mW, and the pulse was of 37 ms duration. (Middle trace) Residual for a single-exponential fit.
(Bottom trace) Residual for the dipolar model fit. (D) (Top trace) Saturation—recovery EPR transient of Yp* in CN™-treated, Mn-depleted,
wild-type Synechocystis PSII at 10.1 K with a single-exponential fit superimposed. The observing microwave power was 0.29 uW, the
saturating microwave power was 360 mW, and the pulse was of 110 ms duration. (Middle trace) Residual for a single-exponential fit.
(Bottom trace) Residual for the dipolar-model fit. Insets: cw X-band EPR spectra measured with the following experimental conditions:
temperature, 6 K; microwave frequency, 9.07 GHz; field modulation amplitude, 4.0 G; microwave power, 1.44 uW, field modulation
frequency, 100 kHz. The arrows indicate the magnetic field setting for the saturation—recovery EPR measurements.

Signal or Residual Intensity (a.u.)

The possibility of selectively converting the non-heme EPR transients of Yp* in Mn-depleted, CN™-treated spinach
Fe(Il) to its low-spin state (S = 0) by cyanide treatment PSII were single-exponential throughout the range of tem-
(Sanakis et al., 1994) provided us with the means to test peratures examined (6—50 K), and the rate constants
this conclusion. The length of dark incubation with CN~ extracted from single-exponential fits are shown in Figure
needed to make this conversion complete was decided by 3. Their magnitude and temperature dependence (7 24) are
following the time course of the yield of the Qa™ radical very similar to those recently measured (Hirsh et al., 1992)
EPR signal induced in the dark in a Mn-depleted, CN~- for a model L-tyrosine radical photochemically generated and
treated, dithionite-reduced PSII sample. Approximately 5 cryogenically trapped (shown in Figure 3), as well as to the
h of incubation with CN~ were needed in order to obtain scalar rate constants (kiscaiar) €xtracted from the dipolar model
the maximal yield of ~0.9 spin of Qa~ per PSII reaction fit in a non-CN~-treated, Mn-depleted sample (Hirsh et al.,
center in spinach PSII samples. Figure 1B (top trace) shows 1992). These results demonstrate that the spin—Ilattice
a typical saturation—recovery EPR transient for the Yp* relaxation rates measured for Yp* in the CN™ derivative of
radical induced in a Mn-depleted, CN™-treated spinach PSII Mn-depleted PSII are the intrinsic relaxation rates of the
sample. The recovery is single-exponential, as shown by radical. Overall, the results described earlier confirm that
the superimposed fit and by the identical flat residuals for the high-spin form of the non-heme Fe(II) is the fast-relaxing
either the single-exponential fit (Figure 1B, middle trace) spin that enhances the relaxation of Yp' in Mn-depleted
or the dipolar model fit (Figure 1B, bottom trace). A spinach PSII. These results also confirm that there is a
comparison of the time scales for the two saturation— pairwise dipolar interaction between Yp* and the non-heme
recovery EPR traces shown in Figure 1A,B, which were Fe(Il), upon which the dipolar model (eqs 1—3) and the
taken at the same temperature, shows that the spin—lattice calculation of the distance of 37 &+ 5 A between the two
relaxation of the Yp* radical is significantly faster when the species were based (Hirsh & Brudvig, 1993).
non-heme Fe(JI) is in its high-spin state (§ = 2) than when The spin—Ilattice relaxation of Yp* was also studied in Mn-

it has been rendered diamagnetic. The saturation—recovery depleted PSII core complexes from Synechocystis sp. PCC
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FIGURE 2: Saturation—recovery EPR transients of Yz* and residuals
(differences between the saturation—recovery transient and fitted
curves). The vertical displacements are arbitrary. (A) (Top trace)
Saturation—recovery EPR transient of Yz* in Mn-depleted, Y160F
mutant Synechocystis PSII at 11.3 K with the dipolar model fit
(egs 1—3) superimposed. The observing microwave power was 3.6
uW, the saturating microwave power was 144 mW, and the pulse
was of 23 ms duration. (Middle trace) Residual for a single-
exponential fit. (Bottom trace) Residual for the dipolar model fit.
(B) (Top trace) Saturation—recovery EPR transient of Yz* in CN~-
treated, Mn-depleted Y 160F mutant Synechocystis PSII at 10.0 K
with a single-exponential fit superimposed. The observing micro-
wave power was 0.72 uW, the saturating microwave power was
360 mW, and the pulse was of 120 ms duration. (Middle trace)
Residual for a single-exponential fit. (Bottom trace) Residual for
the dipolar model fit. Insets: cw X-band EPR spectra measured
with the experimental conditions given in Figure 1. The arrows
indicate the magnetic field setting for the saturation—recovery EPR
measurements.

Signal or Residual Intensity (a.u)

6803. A typical saturation—recovery EPR transient is shown
in Figure 1C (top trace) with the dipolar model fit super-
imposed. The residuals for single-exponential and dipolar
model fits show that the recovery is non-single-exponential.
The temperature dependence (7 < T < 50 K) of the dipolar
rate constants, kS, extracted from the fits is shown in
Figure 4. Taking into account the results presented earlier
on the spin—lattice relaxation characteristics of the same
radical in spinach PSII, we can explain the results from Yp°
in Synechocystis PSII in terms of a pairwise dipolar interac-
tion between Yp* and the non-heme Fe(II). In order to test
this hypothesis, we measured the spin—Ilattice relaxation of
Yp' in the CN~ derivative of Synechocystis PSII. A
saturation—recovery EPR transient of Yp® in CN™-treated
Synechocystis PSII is shown in Figure 1D (top trace). The
recovery shows single-exponential kinetics as seen from the
superimposed fit and the residuals. The spin—Ilattice relax-
ation rate in the CN~-treated sample is also decreased
significantly relative to that observed at the same temperature
in a non-CN™-treated sample. The temperature dependence
of the spin—lattice relaxation rate in the CN~-treated
Synechocystis PSII sample (8 < T < 55 K) is presented in

Koulougliotis et al.

104
[m]

1034 QSD
: o
S 102 5
= g
= %i%;

101 [-_)k.@

o %o
100 : —
10 100

Temperature (K)

FiGure 3: Temperature dependence of the intrinsic spin—lattice
relaxation rate, 1/T;, of the following: model L-tyrosine radical
photochemically generated (UV irradiation) and cryogenically
trapped [O; data taken from Hirsh et al. (1992)]; Yp* in CN™-treated,
Mn-depleted spinach PSII (®); Yp* in CN~-treated, Mn-depleted
wild-type Synechocystis PSII (O); Yz* in CN™-treated, Mn-depleted
Y 160F mutant Synechocystis PSII (x). The intrinsic relaxation rates
were determined from single-exponential fits to the saturation—
recovery EPR traces.

Figure 3 and, within experimental error, it is identical to that
of the model tyrosine radical. As in the case of Yp* in
spinach PSII, we conclude that the non-heme Fe(Il) is the
only paramagnet acting as a relaxation enhancer of Yp' in
Mn-depleted PSII isolated from Syrechocystis sp. PCC 6803.

Spin—Lattice Relaxation of Y7. Due to the use of
continuous illumination to induce Yz, some Q4™ is present
in the steady state and is trapped when the sample is frozen.
This leads to two considerations. First, it is possible that
the relaxation enhancement of Yz* by Qa~—Fe(Il) is different
from that of Qa—Fe(II). However, we previously showed
that the relaxation enhancement of Yp* by the non-heme
Fe(II) was the same when Q, was either oxidized or reduced
(Koulougliotis et al., 1994). Thus, it is unlikely that the
presence of Q4 influences the spin—lattice relaxation of Yz'.
Second, Qa~ exhibits an EPR signal that overlaps that of
Yz in the CN™-treated sample. The spin—Ilattice relaxation
of Qa~ has been studied independently (Koulougliotis et al.,
1994). In order to assess the contribution of Qa~ to the
saturation—recovery EPR signal of Y7* in the CN~-treated
sample, measurements were made as the magnetic field was
stepped through the EPR spectrum. (The g values of Y7*
and Q4 are similar, but the EPR signal from Y* is broader;
therefore, Yz* makes the major contribution to the wings of
the EPR spectrum.) At the zero-crossing point, some
contribution from Q4™ was evident in the CN™-treated sample
from a non-single-exponential relaxation transient. However,
at magnetic fields =5 G above the magnetic field of the zero-
crossing point, the relaxation transients were single-
exponential and the value of 1/7; was constant. Therefore,
the data in Figures 2 and 3 from the CN™-treated sample
were taken at a magnetic field 5 G above the zero-crossing
point (indicated by the arrow in the inset to Figure 2B).

Yz was studied in Mn-depleted PSII core complexes from
two different site-directed mutants of Synechocystis PSII
lacking Yp (Y160F and Y160M). Saturation—recovery EPR
measurements were made on Yz® in both mutants, and the
transients showed non-single-exponential kinetics at all
temperatures examined (5 < T < 70 K). A typical recovery
of Y7 in the Y160F mutant is shown in Figure 2A. A single
exponential provides a poor fit, while the dipolar model fit
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FIGURE 4: Temperature dependence of k,cd for the following: Yp*
in Mn-depleted wild-type Synechocystis PSIL (x); Yz* in Mn-
depleted, Y160F mutant Synechocystis PSII (O); Yz* in Mn-
depleted, Y160M mutant Synechocystis PSII (O); Yp* in Mn-
depleted spinach PSII [4; data taken from Hirsh and Brudvig
(1993)]. The dipolar rate constants were determined from the dipolar
model fits (eqs 1—3) to the observed non-single-exponential
saturation—recovery EPR traces. The solid lines are least-squares

fits to the data: kfd = 1.8T 22 (Yp* and Yz* in Synechocystis PSII)
and k5, = 18714 (Yp' in spinach PSII).

is satisfactory. The temperature dependencies of the dipolar
rate constants, klcd, from the dipolar fits are given in Figure
4 for both the Y160F and Y160M mutants.

The spin—lattice relaxation of Yz* was also examined in
the CN~ derivative of Mn-depleted PSII purified from the
Y160F mutant. A typical saturation—recovery EPR transient
is presented in Figure 2B (top trace). It shows single-
exponential kinetics with a significantly decreased rate
relative to the non-CN~-treated sample. The magnitude and
temperature dependence of the spin—lattice relaxation (Figure
3) are very similar to the corresponding data for a model
tyrosine radical and for Yp* in Mn-depleted PSII from both
spinach and Synechocystis (Figure 3). Thus, we conclude
that the conversion of the non-heme Fe(Il) to its low-spin
diamagnetic state eliminates its dipolar interaction with Y7,
which consequently relaxes with only its intrinsic spin—
lattice relaxation rate.

Locations of Yp and Yz, The experimental results dis-
cussed earlier demonstrate that, for both Yp* and Y7* in Mn-
depleted PSII, the electron acceptor-side non-heme Fe(Il)
acts as the only source of their observed spin—lattice
relaxation enhancement. In this way, the dipolar rate
constants (k\,) extracted for either radical independently
provide a quantitative measure of their distance from the non-
heme Fe(Il). Figure 4 shows these rate constants for both
Yp' and Yz as measured in PSII core complexes from
Synechocystis sp. PCC 6803. Their identical magnitude and
temperature dependence, within experimental error, are direct
evidence that Yp* and Y7* are located at equal distances from
the non-heme Fe(Il). Since the Yp*' to Fe(II) distance has
been measured independently (Hirsh & Brudvig, 1993), we
cAonclude that the Yz* to Fe(Il) distance also equals 37 + 5

DISCUSSION

The spin—Ilattice relaxation of the dark-stable tyrosine
radical in photosystem II, Yy, is enhanced by dipole—dipole
interactions with other endogenous paramagnetic centers.
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Previously, the non-heme Fe(II) was assigned as the relax-
ation enhancer of Yp' in Mn-depleted PSII, on the basis of
the identical temperature dependencies of the dipolar relax-
ation rates of Yp' in Mn-depleted spinach PSII and of
(BChla),* in the reaction center from Rb. sphaeroides (Hirsh
& Brudvig, 1993). The results of saturation—recovery EPR
measurements on Yp* in CN™-treated, Mn-depleted PSII
(Figure 1) definitively show that the non-heme Fe(II) is the
sole relaxation enhancer of Yp" in both spinach and Syn-
echocystis PSII. The non-heme Fe(Il) was also identified
as the relaxation enhancer of Yz* in Synechocystis PSII
(Figure 2).

As shown in eq 3, the temperature dependence of kigipotar
is determined by the magnetic properties of the fast-relaxing
spin. In the cases of Yp" in Mn-depleted spinach PSII, Yp*
and Yz' in Mn-depleted Synechocystis PSII, and (BChla),™
in the reaction center from Rb. sphaeroides, the homologous
non-heme Fe(Il) is the fast-relaxing spin. A comparison of
the temperature dependence of kigipolar Of these four radicals,
therefore, provides a comparison of the magnetic properties
of the non-heme Fe(Il) in the different proteins. In Syn-
echocystis PSII, the temperature dependence of klcd is
identical for both Yp* and Y7* (7224, Figure 4). On the other
hand, it is slightly different from those observed for Yp* in
Mn-depleted spinach PSII (7', Figure 4) or (BChla)," in
Rb. sphaeroides reaction centers [data not shown, see Hirsh
and Brudvig (1993)]. In the latter two cases, the temperature
dependence of kS, is identical (Hirsh & Brudvig, 1993).
These results indicate that the magnetic properties of the non-
heme Fe(Il) in spinach PSII and in Rb. sphaeroides reaction
centers are quite similar, but that the magnetic characteristics
(e.g., g factor or zero-field splittings) of the non-heme Fe(II)
in Synechocystis PSII may be slightly different.

Another difference between spinach and Synechocystis
PSII is the time needed for quantitative conversion of the
non-heme Fe(II) to its low-spin diamagnetic state by CN~
treatment: ~5 h for PSII isolated from spinach compared
to ~0.5 h for PSII isolated from Synechocystis sp. PCC 6803.
This difference in chemical reactivity may reflect the slightly
different coordination environments of the non-heme Fe(II)
in spinach and in Synechocystis PSII, or it may be due to
the spinach PSII being a membrane preparation while the
Synechocystis PSII is a core complex.

On the other hand, the magnitude and temperature
dependence of the intrinsic spin—lattice relaxation of Yp*
are very similar in both spinach and Syrechocystis PSII
(Figure 3), even though, according to Rigby et al. (1994)
and Warncke et al. (1994), the S-proton hyperfine coupling
constants are slightly different for Yp' in the two species.
Our results indicate that these variations in the electronic
structure of Yp* do not have a measurable effect on its
intrinsic spin—lattice relaxation rate. As seen in Figure 3,
Yz and Yp* have identical intrinsic spin—lattice relaxation
rates, which are also very similar to the ones recently
observed for the tyrosine radical in the R2 subunit of
ribonucleotide reductase (R2-RNR) isolated from Salmonella
thyphimurium (Galli et al., 1995). In that study, it was shown
that the spin—Ilattice relaxation rate of Salmonella R2-RNR
was considerably slower than those of the tyrosine radicals
in R2-RNR enzymes isolated from mouse, herpes simplex
virus 1, or Escherichia coli. The uniqueness of the tyrosine
radical in the Salmonella R2-RNR protein is the magnitude
of the J-proton hyperfine interaction: it is similar
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to that of either Yp* or Yz* and considerably smaller than
that of either the mouse, herpes simplex virus 1, or E. coli
R2-RNR tyrosine radical. Thus, the observation of identical
and considerably slower intrinsic spin—Ilattice relaxation rate
constants for the Yp', Y2", and Salmonella R2-RNR tyrosine
radicals is in accordance with the conclusion of Galli et al.
(1995) that the dominant contribution to the intrinsic spin—
lattice relaxation rate of the tyrosine radicals is the modula-
tion of the B-proton hyperfine interaction by thermal lattice
motions.

CONCLUSION

In this paper, we present direct experimental evidence for
a pairwise dipolar interaction between either Yp* or Yz and
the electron-acceptor side non-heme Fe(Il) in Mn-depleted
PSII. This dipolar interaction causes spin—lattice relaxation
enhancement, as well as non-single-exponential relaxation
kinetics, of both tyrosine radicals. Because the magnitude
of this dipolar interaction is identical for both Yp* and Y7*,
we conclude that they are located at equal distances from
the non-heme Fe(II). On the basis of the results of Hirsh
and Brudvig (1993), in which the known (BChla),*—Fe(II)
distance was used for calibration, the distances in PSII are
estimated to be Yp—Fedl) = 'Y,/ —Fe() = 37+ 5 A These
results provide the first spectroscopic evidence for a sym-
metric location of tyrosines D and Z in PSII and are
consistent with the existence of a C, symmetry axis among
the chromophores of PSII, as in the purple bacterial reaction
center.
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