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Abstract

The oxygen evolving complex (OEC) of Photosystem II (PS II) may be inhibited without inducing the loss of the manganese
cofactor. Methods include depletion of the calcium cofactor by high salt concentration and the addition of ammonium jons at
alkaline pH or acetate ions at acidic pH. ENDOR spectra of the dark stable tyrosine radical Y in PS II have been obtained for
samples treated in these ways. These show that the orientation of the tyrosine aromatic ring relative to the attached B methylene
protons is different in each case. The effects are specific to the inhibitory treatment employed and have been quantitated. Y, is
constrained by its protein environment and as such these orientation effects show that the protein environment around this
tyrosine is affected by such inhibitory treatments. Since the distance between the OEC and Yy, has previously been estimated at
3—4 nm (Evelo, R.G., Styring, S., Rutherford, A.W. and Hoff, A.J. (1989) Biochim. Biophys. Acta 973, 428—442), the ENDOR
data suggest that long-range protein-mediated communication occurs between them. The orientation of Yy, is also shown to be
sensitive to the removal of the light harvesting complex, LHC IIL.
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1. Introduction

Photosystem IT (PS II) is a multiprotein complex of
the thylakoid membrane [1]. It functions as a
water : plastoquinone oxidoreductase and contains sev-
eral redox cofactors, both organic and inorganic. Tyro-
sine radicals in PS II are generated by the action of the
oxidising species P680*, the photogenerated cation of
the primary donor. Two such tyrosine radicals have

Abbreviations: ENDOR, electron nuclear double resonance;
EPR, electron paramagnetic resonance; Hepes, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; HTG, n-heptyl thioglucoside; LHC
II, the light harvesting chlorophyll complex associated with PS II;
MES, 2- N-morpholinojethanesulfonic acid; OEC, the manganese-
containing oxygen evolving complex of PS II; P680, the primary
donor chlorophyli(s) of PS II; PS II, Photosystem II; Tris, tris-(hy-
doxymethyl)aminomethane Yy, the dark stable tyrosine radical (D2
161) of PS II; Y,, the tyrosine radical (D1 161) that transfers
electrons between the OEC and P680.
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been identified by using site-directed mutagenesis in
cyanobacteria [2-5]. One of these, Y,, constitutes the
link between P680 and the oxygen evolving complex
(OEQ) by which it is re-reduced [6]. The other, Yp,
while able to oxidise the OEC slowly in the dark, is
stable in the oxidised state for hours [6,7]. Y, has been
identified as Tyr 161 of the D2 protein. The D1 and
D2 proteins of PS II are thought to form a 1:1 com-
plex with C2 symmetry analogous to the L /M complex
of the bacterial reaction centre from which models of
D1/D2 can be made [8,9]. The distance between Yy,
and the OEC has been estimated at 3—4 nm from the
relaxation enhancement effect of the OEC on the
electron spin relaxation times of Yy, [10]. The OEC
contains a minimum of four manganese ions and is
thought to be the site of water oxidation [11]. During
the catalytic cycle the OEC is oxidised in four succes-
sive one electron steps. The oxidation states are re-
ferred to as S, states where x indicates the number of
one electron steps and varies from 0 (fully reduced) to
4 (fully oxidised) [12]. Calcium [13] and chloride [14,15]
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ions have been identified as cofactors in the water
oxidation process. They are intimately associated with
the OEC and their depletion perturbs the catalytic
cycle.

Calcium-depleted PS II forms a dark stable S, state
and from this state only one further electron may be
removed from the donor side, so that oxygen evolution
is inhibited. The dark stable S, state gives rise to a
modified multiline EPR spectrum [16-19] (¥*Mn in-
duced splitting of 5.5 mT compared to 7.5-9 mT for
uninhibited PS II [20]). Oxidation of S, generates a
new EPR spectrum at the expense of the multiline.
This new spectrum, which consists of a 16 mT wide
derivative centred around g =2, has been variously
ascribed to the interaction between a histidine radical
and the OEC (S, state) [16,21] or the interaction
between Y, and the OEC (S, state) [19]. A proportion
of the molecules may attain the ‘true’ S; state of the
OEC [22]. Thus the source of the third electron re-
moved from the OEC is still debatable. While it is not
the purpose of this communication to resolve such
debates, this description of calcium-depleted PS 11
shows that calcium removal perturbs the structure of
the OEC.

Ammonia is thought to bind to at least two sites in
the OEC. One of these competes with the chioride ion
[23,24]. Under the conditions of high chloride and low
sucrose concentration, ammonia binds not at a chloride
site but to a second site where it directly co-ordinates
the manganese cluster [25]. Ammonia-treated PS II
shows greatly reduced rates of Y, reduction, implying
disruption of electron transfer between Y, and the
OEC. The S, state of ammonia-treated PS II again has
a modified multiline EPR spectrum (**Mn splitting of
7 mT) [24]. Furthermore, oxidation of this state re-
moves the multiline spectrum and reveals a new spec-
trum consisting of a broad line (roughly) 10 mT wide
with no resolved structure, centred around g=2
[19,26]. Again the source of this spectrum is not known
definitively, but the implications for structural changes
at the OEC are evident.

Acetate also inhibits oxygen evolution by binding at
the OEC, probably at sites normally occupied by chlo-
ride ions. No dark stable multiline is formed in the
presence of this inhibitor, but oxidation to the level of
the S, state produces a new spectrum centred at g =2
with a linewidth of approx. 22 mT (27]. The stoichiom-
etry and binding site for acetate are as yet unknown.
Consistent with the behaviour of the inhibitors de-
scribed above, these observations suggest that acetate
also affects the OEC structure.

Oxygen evolution is completely inhibited by removal
of the manganese ions of the OEC. This can be
achieved by washing with high concentrations of Tris at
high pH, typically 1 M at pH 8.8 [28]. PS II treated in
this way shows no S, or S, state EPR spectra and no

oxygen evolution. The extrinsic polypeptides associated
with the OEC (the 33, 23 and 17 kDa proteins) are also
removed by such Tris treatment.

Since tyrosine radicals are paramagnetic, they can
be studied using EPR (electron paramagnetic reso-
nance) and ENDOR (electron nuclear double reso-
nance) spectroscopies. ENDOR enables hyperfine cou-
pling constants to be measured far more accurately
than EPR, and also allows for the detection of smali
hyperfine couplings to which the powder EPR spec-
trum is largely insensitive. Tyrosine radicals provided
the first EPR spectra to be associated with PS 1I [29].
The spectra are anisotropically broadened, with small
g anisotropy and partially resolved hyperfine structure.
The EPR spectrum of Yy, once formed in the dark,
may be frozen for studies at cryogenic temperatures.
Such low temperatures are necessary for the imple-
mentation of the ENDOR technique.

Previously, we have assigned many of the resonances
in the ENDOR spectrum of Y, and determined the
hyperfine coupling constants for all four ring protons
and both B methylene protons [30]. We have shown
[30] that the orientation of the aromatic ring of Yy, is
different in PS II from different species. These changes
arise from interspecies variation in the protein struc-
ture around Y. Such sensitivity suggests that orienta-
tion of Yy, could be used as a local structural probe of
the effects of site-directed mutagenesis or chemical
modification on PS II. Here we report studies using
ENDOR spectroscopy in which the spectrum of Yy, is
shown to be sensitive to treatments which specifically
inhibit the OEC, which is 3-4 nm distant [10], and to
treatment with n-heptyl thioglucoside (HTG) which
removes the light harvesting chlorophyll a /b complex
(LHC 1II), producing an oxygen-evolving core prepara-
tion {31].

2. Materials and methods

PS 1I membranes, BBYs [32], were prepared from
market spinach by the method of Ford and Evans [33].
Calcium depletion was as given in Hallahan et al. [19]
with reconstitution of the extrinsic polypeptides. Am-
monia-treated samples were also prepared as in Ref.
{19] in the presence of high chloride concentrations. To
increase the number of centres to which ammonia was
bound, these samples were annealed as in Ref. [19].
Acetate treatment was as given in Ref. [27]. BBYs were
depleted of manganese and the donor side extrinsic
polypeptides by Tris washing (1 M, pH 8.8) as in Ref.
[28]. HTG particles were produced using the method of
Ref. [31].

Samples were 15-20 mg Chl/ml in 0.3 M sucrose,
10 mM NacCl, 20 mM MES or Hepes at pH 5.5, 6.5 or
7.5. Acetate-treated samples produce maximal trapped
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S3 state at pH 5.5 and ammonia-treated samples at pH
7.5. The ENDOR spectra of such samples were better
defined at these optimal pH values. Other samples
(native, calcium-depleted, Tris-washed and HTG-
treated) exhibited pH-independent ENDOR spectra
over this pH range. Typical sample volumes were 150
pl in 3 mm i.d. quartz tubes. ENDOR spectra were
obtained at X-band using a Bruker ESP 300 EPR
spectrometer in conjunction with a Bruker EN 003
ENDOR interface, Wavetec 3000-446 radio frequency
synthesizer, EN 370 power amplifer, and EN 801 EN-
DOR cavity (estimated Q of 800). The Wavetec synthe-
sizer also provided for frequency modulation of the
radio frequency output. Spectra were obtained at 10 K
(helium flow), temperature control being effected using
an Oxford instruments continuous flow ESR 900 cryo-
stat with an ITC 4 temperature controller. The
impedance of the radio frequency circuit was 50 (2.
ENDOR spectra were corrected for baseline nonlin-
earity by the subtraction of off-resonance scans which
were filtered for noise (standard Bruker software) to
avoid reducing the spectrum signal to noise ratio. Ac-
quisition conditions for specific spectra are given in the
figure captions. The reproducibility of hfc determina-
tion was +0.05 MHz.

3. Results

ENDOR resonance assignments were made accord-
ing to Ref. [30]. ENDOR enhancements for Tris-
washed PS 1I were considerably smaller than those of
manganese sufficient preparations due to the affect of
the paramagnetic OEC on the electron and nuclear
spin relaxation times of Y. ENDOR spectra of Y,
covering the range 20-33 MHz, in oxygen-evolving
native BBY PS II particles and four inhibited states of
PS 1I are shown in Fig. 1. These spectra were recorded
with 158 kHz r.f. modulation depth. The resonances 3
and 4 arise from the A, features of the inequivalent
ring protons at positions 3 and 5 (A4, 3,5=19.1 and
21.5 MHz) (see Fig. 2 for the tyrosine numbering
scheme). These resonances are unaffected by the in-
hibitory treatments. Resonances 2 and 1 are the A4 |
and A, features respectively of the larger of two B
proton hyperfine couplings. These resonances occur at
different frequencies in each of the five species stud-
ied, Table 1. The smaller coupling constants of the
tyrosine radical are difficult to resolve at high r.f.
modulation depth. Therefore high resolution (28 kHz
r.f. modulation depth) ENDOR spectra were obtained
for each of the species in Fig. 1. Parts of these spectra
covering the range 15.5-20 MHz are shown in Fig. 3.
The B proton A resonances are visible at approx. 19
MHz, feature 5. The B proton A, resonances are
superimposed on the 4, components of the inequiva-
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Fig. 1. ENDOR spectra of the Y, covering the range 20-33 MHz in
(a) native, (b) acetate-inhibited, (c) ammonia-inhibited, (d) calcium-
depleted and (e) Tris-washed PS II. Spectra recorded with 10 mW
microwave power, 100 W r.f. power and 158 kHz r.f. FM modulation
depth, at 10 K. Numbers refer to features discussed in the text.
Vertical reference line set at the native BBY 8 proton A | .

lent 2 and 6 position ring protons at approx. 16.5 MHz
(A, 2,6 =4.4 and 4.8 MHz), feature 8. While the two
contributions to the spectrum in this region are diffi-
cult to separate, changes in this region which correlate
with changes in the g proton A are evident and can
be revealed using difference spectra [30]. The 2,6 pro-
ton A, features are labelled 7 (A4 y 2,6 =715 and 74
MHz) and the visible part of the broad 3,5 proton, 4,
turning point (Ay 3,5 = 8.0 MHz) is labelled 6. As with
the 3,5 proton couplings, the 2,6 proton couplings are
the same in all the species of Fig. 3. The spectra of the
inhibited species exhibit no heterogeneity, suggesting
that conversion to the inhibited form is quantitative.
Note that although the symmetry related pairs of ring
protons, 2,6 and 3,5, have inequivalent hyperfine cou-
plings, it is not possible to assign particular coupling
constants to a particular proton within each pair. The

Fig. 2. Numbering scheme for the carbon atoms of the tyrosine
neutral radical.
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Table 1
B-Methylene proton hyperfine coupling constants (MHz) as a func-
tion of PS II treatment

By B,

A, A4, A, A,y
Native 27.2 31.5 4.6 9.8
Acetate-inhibited 27.2 31.7 45 9.8
Ammonia-inhibited 27.6 321 43 9.6
Calcium-depleted 28.1 32.6 4.0 94
Tris-washed 28.3 331 3.9 9.2
HTG-treated 27.7 323 43 9.5

3,5 protons A, feature is hidden under the axial sys-
tem of the large B proton coupling. Using orientation
selection ENDOR taken at the low field (g,) edge of
the EPR spectrum, we have previously shown [30] that
for Yy, in spinach BBY preparations A4, 3,5 has two
components (in keeping with the behaviour of 3,5 4,)
with hyperfine couplings of —25.6 MHz and -27.5
MHz. The calcium-depleted preparation is the most
perturbed of those studied here that retains a full
complement of manganese ions. These ions provide for
large ENDOR enhancements through increased Y
electron and nuclear spin relaxation. Therefore orien-
tation selection experiments have been performed on
calcium-depleted PS II to determine the 3,5 A, posi-
tion and to confirm the B8 proton assignments in these
inhibited PS II preparations. Since calcium-depleted
PS II is the most perturbed manganese sufficient
preparation, it seems reasonable to extrapolate these
results to less perturbed states. The spectra, Fig. 4,

155 16.5 17.5 185 195
FREQUENCY (MHz)

Fig. 3. ENDOR spectra of the Y, covering the range 15.5-20 MHz
in (a) native, (b) acetate-inhibited, (c) ammonia-inhibited, (d) cal-
cium-depleted and (e) Tris-washed PS II. Spectra recorded with 6.3
mW microwave power, 63 W r.f. power and 28 kHz r.f. FM modula-
tion depth, at 10 K. Numbers refer to features discussed in the text.
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Fig. 4. ENDOR spectra of Yy, in calcium-depleted PS II with the
field setting at (a) the EPR spectrum crossing point, (b) at the high
field edge of the EPR spectrum (g,), (c) at the low field edge of the
EPR spectrum (g, ). Parameters as Fig. 1 but with a r.f. FM modula-
tion depth of 199 kHz for (b) and (c). Numbers refer to features
discussed in the text. The A, components of the inequivalent 3,5
proton hyperfine tensors are marked with arrows.

confirm the assignments of the B proton couplings
(features 1 and 2) and show that the 3,5 A (arrowed
in the Fig.) is not altered in the inhibited states. The
principle axes of the B proton hyperfine tensor have
been shown, by simulation of the EPR spectra of Yj,
deuterated at the 3 and 5 positions, to be oriented such
that A, is approximately colinear with g, while 4 , is
in the g tensor y-z plane [30,34].

HTG treatment removes both LHC II and one
calcium ion [31]. The loss of this calcium ion is not
associated with a loss of oxygen evolution activity [31].
The ENDOR spectrum of Y, in HTG treated PS II is
shown in Fig. 5a and d. The 3,5 proton couplings are
identical to those of BBYs (feature 3 and 4), but the
large B proton coupling (features 1 and 2) is unique,
Table 1. Addition of calcium ions to this preparation
had no effect on the ENDOR spectrum of Yy, Fig. 5b.
Calcium-depleted HTG preparations, Fig. 5¢, however,
have a Y, ENDOR spectrum identical to that of
calcium depleted BBYs, Fig. 1d.

The region of the ENDOR spectrum of Yy, around
the free proton frequency v, (a region often referred
to as the matrix region) arises from hyperfine coupling
between the unpaired electron and protons on the
protein. The tyrosine a proton will also contribute
resonances in this region [35]. Matrix region ENDOR
spectra of Y, at 10 K in native BBY and inhibited
forms are shown in Fig. 6. While none of the reso-
nances in this region can be definitively assigned to
particular protons, this region reflects the state of the
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Fig. 5. ENDOR spectra of Y, in HTG-treated PS II with (a) no
additions, (b) with the addition of 10 mM calcium ions (CaCl,), (c)
after calcium depletion of (a). Spectrum (d) is a high resolution
ENDOR spectrum of HTG-treated PS II. The spectra (a—c) were
recorded using the same parameters as Fig. 1 and spectrum (d) used
the same parameters as Fig. 2. Numbers refer to features discussed
in the text. Vertical reference line is set at the 8 proton A
observed in HTG-treated samples with no additions, (a).

protein environment around the tyrosine radical. The
inhibited states exhibit various degrees of resonance
broadening relative to the native BBY spectrum. This
is illustrated by the decreased resolution of the inhib-
ited state spectra and changes in the relative intensities

]
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Fig. 6. ENDOR spectra of Yp covering the matrix region, 12.5-16.5
MHz in (a) native, (b) acetate-inhibited, (¢) ammonia inhibited, (d)
calcium-depleted and (e) Tris-washed PS II. Spectra were recorded
with 6.3 mW microwave power, 63 W r.f. power and 35 kHz r.f. FM
modulation depth at 10 K.

of the resonances. Such effects are particularly evident
in the spectra of calcium-depleted and Tris-washed PS
I1, Figs. 6d and e.

While changes in the oxidation state (S-state) of the
OEC affected the relative intensities of the ENDOR
resonances, in keeping with the known affects of S-state
on the electron spin relaxation times of Yy [10] (and
hence the nuclear spin relaxation times also), no S-state
dependent changes in hyperfine coupling constants
were observed for any species.

4. Discussion

The ENDOR spectra of Y[, in each of the states
studied here show different 8-methylene proton hyper-
fine couplings, while the ring proton couplings remain
the same in all the spectra. These effects are specific to
the treatment employed and there is no evidence for
heterogeneity in any of the spectra. The ENDOR
spectrum of Yy, in HTG-treated samples suggests that
the environment of Y, is also sensitive to events occur-
ring at the interface between the PS II core and LHC
IT (Fig. 5). That the effect of HTG treatment on Yp,
ENDOR is through a calcium-depletion effect on
HTG-treated samples is excluded by the failure of
added calcium to restore the BBY Yy, spectrum (Fig.
5b).

The B proton coupling constants depend on both
the electron spin density at carbon 1 (pCl) and the
orientation of the aromatic ring relative to the 8 pro-
tons [36], i.e. the B proton conformational angle 8, Fig.
7. The contributions to the coupling from pC1 and 8
can be separated using the McConnell relation [37]:

A;, = Bpcos®8

where A, is the isotropic hyperfine coupling constant,
B is a constant equal to 162 MHz, p is the paramag-
netic electron spin density at C1, and 6 is the angle
between the normal to the ring plane and the plane
formed by C1, C8 and the 8 proton i.e the conforma-
tional angle of the 8 proton. Note that the value of 6
for the proton with the large coupling constant is
denoted 6,, while for the proton with the smaller
coupling constant is 8,, and therefore 8, is equivalent
to 120 — #,, assuming tetragonal symmetry at C8 {30,
34,38].

Solving this equation for Y, in the six PS II species
studied here leads to the data of Table 2. This shows
that the perturbations in the spectra induced on inhibi-
tion arise from small rotations of the tyrosine ring
relative to the B protons, pC1 remaining constant. The
0 values are different for each inhibition treatment
studied. Therefore cach treatment has a characteristic
effect on Y. EPR spectra of Y[, at room temperature
show that even at such temperatures the ring of tyro-
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Fig. 7. Schematic representation of the S-methylene proton dihedral
angles, 8, of Yy, for the treatments studied. The view is looking down
along the 8- carbon to ring carbon 1 bond in Fig. 1.

sine Yp is constrained by the protein [39]. Therefore
even the small changes in 8 reported here must arise
as a consequence of rearrangements in the protein
surrounding Y. This conclusion is supported by the
behaviour of the matrix region of the ENDOR spec-
trum. Resonances in the matrix region of the spectrum
arise principally from protein protons (the resonances
arising from the protons on the tyrosine a carbon also
occur in this region [35], but they are difficult to assign
without specific deuteration). A well defined matrix
region suggests a very well defined protein environ-
ment. Such a spectrum is exhibited by the native BBY
sample, Fig. 6a. Where the protein environment is
more mobile, the coupling constants vary on the
timescale of the experiment leading to line broadening
as in Fig. 6d and e. Thus the dynamics of the protein
environment are altered in the inhibited species sug-

Table 2
Methylene angles, 8, and C1 spin densities as a function of PS II
treatment

8, 9, pC1
Native 48.3° 7L.7° 04
Acetate-inhibited 48.2° 71.8° 0.4
Ammonia-inhibited 47.9° 72.1° 04
Calcium-depleted 47.5° 72.5° 04
Tris-washed 47.1° 72.9° 0.4
HTG-treated 47.8° 72.2° 0.4

gesting subtle rearrangements. The dynamics of the
tyrosine ring itself are apparently not altered, the
linewidths and resolution being the same for all those
features arising from ring or 8 protons regardless of
treatment. This is particularly evident in the 2,6 proton
couplings where the observation of non-degenerate
couplings for these two protons is expected to depend
critically on the rotational dynamics of the tyrosine
ring.

The S3 state EPR spectrum has been assigned to an
OEC-radical interaction showing weak electron spin
exchange (and also presumably electron-electron dipo-
lar) coupling [16,21]. The exchange and dipolar interac-
tions are dependent on the relative geometry (distance,
bond lengths and angles) of the two paramagnets. This
suggests that the different S3 spectra produced by the
various inhibitors could arise from the interaction of
the same manganese-radical combination, but with
these centres having a different relative geometry in
each case. The conformation changes detected in the
ENDOR of Y[, provide a mechanism for such struc-
tural variation between inhibited species and therefore
a possible explanation for S3 spectrum variation.

Predicted structures of the D1/D2 heterdimer sug-
gest the OEC is bound to the lumenal side C terminus
of D1 [8-9]. Taken with the distance between the OEC
and Y[, determined from electron spin relaxation mea-
surements (3—4 nm) [10], this implies that the effects
observed here are transmitted by a network of interact-
ing amino acid residues including those at the D1/D2
interface. Thus two regions of PS II separated by nm
distances and on different polypeptides are mechani-
cally (and /or if electrostatic interactions are involved,
electromechanically) connected. While the effects re-
ported here have little impact on the function or be-
haviour of Yy, these data do provide evidence for
information transmission through the protein matrix of
PS II. This has important consequences for the study
of regulation of PS II by effectors (e.g. covalent phos-
phorylation) acting at a site distant from the redox
active centres and for studies using site-specific muta-
genesis.
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