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ABSTRACT: The radical forms of two cofactors and an amino acid in the photosystem Il (PS 1l) reaction
center were studied by using high-field EPR both in frozen solution and in oriented multilayers. Their
orientation with respect to the membrane was determined by using one-dimensionally oriented samples.
The ring plane of the stable tyrosyl radicalp®Y makes an angle of 84t 5° with the membrane plane,

and the CG-O direction is tilted by 72+ 5° in the plane of the radical compared to the membrane plane.
The semiquinone, -, generated by chemical reduction in samples lacking the non-heme iron, has its
ring plane at an angle of 72t 5° to the membrane plane, and the-O axis is tilted by 21 + 5° in the

plane of the quinone compared to the membrane plane. This orientation is similar to that-ahQ
purple bacteria reaction centers except for the tilt angle which is slightly bigger. The pheophytin anion
was generated by photoaccumulation under reducing conditions. Its ring plane is almost perpendicular to
the membrane with an angle of 7& 5° with respect to the membrane plane. This is very similar to the
orientation of the pheophytin in purple bacteria reaction centers. The position @ténsor with respect

to the molecule is tentatively assigned for the anion radical on the basis of this comparison. In this work,
the treatment of orientation data from EPR spectroscopy applied to one-dimensionally oriented multilayers
is examined in detail, and improvements over previous approaches are given.

Photosystem 1l (PS I)is a large membrane protein observation of the semiquinone radical EPR signal. Under
composed of several intrinsic and extrinsic subunits. It strongly reducing conditions, it is possible to doubly reduce
catalyzes the oxidation of water into dioxygen and the the quinone @ to the quinol form by continuous illumination
reduction of quinonesl(-4). These processes result from a above 273 K 12). It is then possible to photoaccumulate
charge separation initiated by photoexcitation of a chlorophyll the pheophytin anion radicall—-15). In the absence of
species, ko, which forms a highly reducing singlet state. chemical reductant, another radical, the stable tyrosyl radical,
An electron is then given to a pheophy@nmolecule and Yo', is present in the dark. This species plays a role in
subsequently transferred to a plastoquinone moleculge, Q electron transfer reactions under certain conditions and is
forming the semiquinone radical, while thes§ species is symmetrically related 16) to the kinetically competent

reduced by a redox-active tyrosinez.Y tyrosyl radical, ¥;*, which is involved in oxygen evolution.
Under normal conditions, the semiquinone radical is  Crystallographic data on PS Il are limited to an electron
magnetically coupled to a high-spin non-heméFHg—7). crystallographic structure with a resolutioh®A (17). This

It is, however, possible to decouple the two species by aresolution is insufficient to determine the position of the
range of different biochemical methods: pH 11 treatment electron transfer Components apart from Ch|orophy|| mol-
(8), conversion of the F& to the low-spinS = 0 state by ecules. However, a fairly detailed structural model has
cyanide treatmen®j, substitution by Z#" (10), and removal  eyolved for the main aspects of the PS Il reaction center
of the non-heme ironi(l). In these treated preparations, the pased on comparative spectroscopic measurements on PS |I
addition of a chemical reductant in the dark allows the direct and purp|e bacteria reaction Centems)( amino acid
sequence comparisong9j, site-directed mutagenesia(
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~ 1Abbreviations: PS II, photosystem II;oY, stable tyrosyl radical in combination with 1D-oriented samples, it is possible to
in PS 1I; Pheo, the pheophytin electron acceptok, @e primary determine directly the orientation of a radical with respect

electron acceptor of the irerguinone complex; EPR, electron para- 4 the axjs of orientation. This method has been applied
magnetic resonance; ESEEM, electron s@oho envelope modulation;

ENDOR, electron nuclear double resonance; MES\2vprpholino)- successfully for ¥* (30). Here we present data with
ethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid. improved resolution for this radical both in frozen solution
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and oriented samples (a preliminary account of this work was used as the sample holder. For the determination of the
for the orientation of the tyrosyl radical has been presented orientation of the quinone and the pheophytin, the prereduced
in ref 30b). We also present high-field EPR spectra of samples were dried on the plastic films under anaerobic
Qa*~and the pheophytin anion radical which were generated conditions. The films were then inserted in the tubes and
under reducing conditions in PS Il samples pretreated at pHsubmerged in a pH 9.0 glycine-buffered dithionite solution
11 to remove the non-heme iron. By using oriented samples,which was subsequently frozen in the dark. After determi-
the orientations of these cofactors were also determined. Thenation of the orientation of the semiquinone radical, the
results are compared with structural data from bacterial samples were brought to 288 K under anaerobic conditions
reaction centers. and illuminated for 12 min at the same temperature to induce
the pheophytin anion radical.

MATERIALS AND METHODS EPR SpectroscopiNine GHz EPR spectra were recorded

Sample PreparatianAll biochemical preparations were  With a TEy; mode cavity at liquid helium temperatures on
performed on ice under dim green light unless otherwise @ Bruker ESP 300 spectrometer equipped with a liquid
stated. Photosystem || membranes were prepared accordindielium continuous-flow cryostat and transfer line from
to the procedure described previousdg) The preparations ~ Oxford Instruments. The microwave frequency was measured
were frozen at a chlorophyll concentration of about 8 mg of With a Hewlett-Packard 5350B frequency counter connected
Chl/mL in SMN buffer (sucrose, 0.4 M, MES, 50 mM, pH to the microwave bridge.

6.0, and NacCl, 15 mM) and stored &80 °C until used. Two hundred eighty five GHz EPR spectra were recorded

Mn depletion was performed by exposing the PS Il on a lab-built transmission spectrometer, the principles of
membranes (0.5 mg of Chl/mL) to room light in a 0.8 M which are similar to those described by Muller et &3)(

Tris buffer, pH 8.0, for 20 min, followed by two washes in In this case, however, a synthesizer source (ELVA-1, Saint
the dark with a 50 mM MES, pH 6.0, and 1 mM EDTA Petersbourg, Russia) capable of generating a minimum output
buffer and resuspension in SMN buffer. This treatment also power of 100 mW over a 9397 GHz frequency range was
results in the loss of the 17, 24, and 33 kDa extrinsic used as the fundamental microwave source. In conjunction
polypeptides of PS II. with the synthesizer, frequency doubler and tripler (Radio-

Removal of the non-heme iron was based on the proceduremetric Physics, Menkenheim, Germany) were used to work
in ref 8. Tris-washed PS Il membranes were incubated for in the 186-194 GHz and 279291 GHz frequency ranges
10 min at room temperature in complete darkness in 50 mM (the final power output was-34 mW). The signal was
glycine, pH 11.0, 0.4 M sucrose, 10 mM NaCl, and 1 mM detected by using an InSb bolometer (QMC Instruments Ltd.,
EDTA. They were then pelleted and washed once with a London, England) in conjunction with a lock-in amplifier
pH 9.0 glycine buffer. (SRS, Sunnyvale, CA) and field modulation. The amplitude

To generate the semiquinongQradical, the membranes ~ ©f the modulation field was calibrated by using a standard
were chemically reduced in complete darkness by one washsample. The magnetic field was generated by using a
(suspension in buffer for 5 min followed by centrifugation Superconducting 10.5 T magnet (Oxford Instruments, Oxon,
for 20 min) with pH 9.0 glycine buffer poised at450 mV England). The value of the magnetic field was obtained f.rgm
with sodium dithionite and resuspension in the same buffer. the magnet power supply with a manufacturer-specified
This treatment eliminates thepYradical. The pheophytin ~ accuracy of+0.05 mT. The absolute magnetic field was
radical was induced by illuminating the reduced membranes calibrated by using a manganese-doped magnesium oxide
at 288 K for 12 min. This treatment eliminates the semi- Standard 4). Under conditions with which the data were
quinone by causing its double reductioh?, No redox  recorded, the absolute error qwwas 10“. However, the
mediators were used. The redox potential was adjusted withrélative accuracy (difference between two data points of a
sodium dithionite under anaerobic conditions and was 9given spectrum) was better than>2 107° in g. Sample
measured with a platinum electrode and a calomel referencetemperature regulation was achieved by using a built-in
electrode. Measured redox potentials were normalized to thehelium flow cryostat.
standard hydrogen electrode by calibrating the electrode with ~ Simulations of the Data he powder spectra were obtained
a saturated quinhydrone solution (potential 286 mV at pH by calculating the resonant field for &andom orientations
6.5). of the applied magnetic field with respect to thaxis frame

To prepare the oriented samples, the pretreated PS Iland summing the results. The transition probability was taken
membrane preparation was painted onto plastic films (3M to be unity. Except for the spectra of the tyrosyl radical in
transparency film, no. PP2500) and dried in a 90% humidity frozen solution, no hyperfine couplings were included
atmosphere in darkness af@. In this work, EPR spectra  because they were unresolved and contribute only to the line
were recorded for two different orientations of the plastic width of the experimental spectra. The resulting orientation-
films with respect to the magnetic field. The plastic sheets integrated spectra were convoluted with a derivative Gaussian
were mounted perpendicular and parallel to the magneticline shape with a suitable line width. Fitting parameters were
field (which is vertical in our setup) in two separate tubes. estimated by nonlinear minimization of the root-mean-square
For the orientation corresponding to the magnetic field (rms) difference between the experimental and calculated
perpendicular to the film normal, the plastic strips, measuring spectra using a standard conjugate gradient metB&d (
20 mm by 2.5 mm, were put into regular quartz EPR tubes. Gaussian distributions were obtained by the method of
For the orientation corresponding to the magnetic field normal deviates35). All calculations were performed on a
perpendicular to the films, small plastic squares (5 mm by 5 Digital Equipment Corporation workstation by using local
mm) were stacked horizontally in a polycarbonate tube which programs written in Fortran 77.
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Scheme 1: Schematic Representation of a Protein Embedded in a Membrane Oriented on a Plastic Film

Reaction

Membrane \

Mylar Film

aThe intermediary reference frame (IRF) is linked to the film. The applied magnetic field is expressed in the IRF by using the pola#,angles (
@). The IRF is related to thg axis frame by the rotatioR (o, £, 7).

Theory of EPR for 1D-Oriented Samplé&® calculate the For these 1D-oriented samples, the angleetweenzge
resonance field of a spin, the orientation of the magnetic and the applied magnetic field is fixed in the experiment. If
field with respect to thg axis system must be known. This the magnetic field is parallel tarr, then6 is 0° and theg
orientation is specified by two angles. For powder samples, value for the resonance is independengpdfanda). In this
these angles will take on all possible values. For 1D-oriented case, the EPR resonance field is only determineg land
samples, their values will be restricted and will depend on y; the spectrum is identical to that of a single crystal
the direction of the sample orientation. To facilitate the exhibiting a single line. When the magnetic field is perpen-
calculation of spectra of 1D-oriented samples, an intermediatedicular tozgr, 0 is 90° andg takes all possible values. For
reference frame (IRF) was used (see Scheme 1). The IRF iseach value ofp, a different effectiveg value is obtained,
linked to the plastic film. Itsz axis is along the film resulting in a spectrum which is approximately the difference
perpendicular and also corresponds to the direction alongbetween the powder spectrum and the single crystal-like
which the protein complexes and membrane fragments arespectrum obtained when the magnetic field is parallelgo
nominally ordered. The IRK andy directions are perpen- (see Figure 4).
dicular toz and have no physical significance. To calculate  The calculation of the spectra of 1D-oriented samples is
the orientation of the magnetic field with respect to the determined by three independent angkesf, andy, and
axis system, the following transformation is used: theg values of the radical. Uncertainty or error in positioning
the films within the magnet corresponds to uncertainty or
error in 6. A distribution in theg tensor orientation with
respect to the normal of the plastic films naturally corre-
whereByag, Birr, andBga are vectors of equal magnitude sponds to a distribution in bofhandy. Such a distribution
expressed in the laboratory, the intermediary reference, andarises either from variation in the local membrane normal
the g axis frames, respectively, afRlare rotation matrices  with respect tazge (Mosaic spread) or from the positional
which carry out the transformation between the different axis disorder of the radical within the protein. We have modeled
systems. The angle® and ¢ define the orientation of the  this distribution with Gaussian functions, the widths of which
magnetic field in the IRF. The transformation between the were adjusted to fit the experimental data. It is important to
IRF and theg axis system is given by three Euler angles: note that, for 1D-oriented samples, a distribution of the
o, B, andy (36). It is used to express the components of axis system with respect to the applied magnetic field is
Birr in the g axis system. The IRF is rotated into thexis described by a distribution of two angles. This is due to the
system by gy-rotation aboutzge followed by aj-rotation fact that, for a given{, ¢) position, two more independent
aboutyrr, and finally ana-rotation aboutzge. Orientation angles, andy, are needed to define the position of the
averaging was achieved by generating random orientationsmagnetic field with respect to thgpaxis system. The above
of the magnetic field in thex( y) plane of the IRF (random treatment is identical to that of BlunBY) with respect to
¢ angles) while the anglé between the applied magnetic the equation for the effectivgvalue. However, his treatment
field andzrr was held constant. The averaging process, in of the orientation distribution is not correct. Specifically, the
effect, also averages all possible values of the Euler angleassertion by Blum that a distribution of the magnetic field
o, and therefore, the oriented spectra are independent of thigvith respect to the film normal (distribution i) is
angle. For an ideally oriented samplgr corresponds to  equivalent to the distribution of thggtensor with respect to
the normal of the membrane plane; hertand y define the film normal due to mosaic spread is incorrétt. fact,
the orientation of theg frame within the photosynthetic — as discussed above, the mosaic spread leads to a distribution
membrane. In this paper, the angles defining the orientationin the two angleg} andy.
of the radicals within the membrane are reported®as/}

; ; ; 2This error has been similarly noted in ré&fl in which the
pairs.§ is the a'ngle between trg axis and the. membrane distribution in6 was replaced by a distribution i However, this is
normal, andy is the angle between thg axis and the ot complete since the mosaic spread will also give rise to a distribution

projection of the membrane normal on tig, @,) plane. iny.

R(O.9) R(a.p.7)
Biag IRF Bea
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Scheme 2: Schematic Representation of the Orientationpefwith Respect to the Membrahe
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aleft: the membrane plane is perpendicular to the plane of the figure. Right: the tyrosine ring plane is in the plane of the figure.

Table 1: Parameters Used for the Calculation of the Powder EPR
Spectrum of %

gvalue$ O« = 2.00756 gy =2.00432 g, = 2.00215
hyperfine values(MHz) A Ay A,
Experiment A35 24 3 19
3 Aps 7 9 3
Simulation AB2 31 28 27
Aiso2,6 (fixed) 5 5 5

a A Gaussian distribution of 3.& 1075 half-width at half-maximum
for g« was used to account for the smglstrain observed The error
in the fitted hyperfine parameters is estimated to be on the order of 5
MHz (0.1-0.2 mT). The angle betweek andgy for the 3 and 5 ring
protons is 28. For the twop protons the hyperfine tensor is assumed
to be collinear to they tensor.

i } | + | + 1 + | 4 | + | + ]

t 1 T 1 1 T t T T 1
2.009 2008 2007 2006 2005 2004 2003 2002 2001

resolution at 285 GHz relative to 190 GHz. Better simulations
o were obtained when thgy value was distributed by using a
FIGURE 1. Powder spectra of f at 285 and 190 GHz. Solid line:  G5yssjan function with a half-width of 356 1075 in g. Fit
experimental spectra. Dotted line: simulated spectra. Experimental . .
conditions: vy = 285.363 GHz andvm, = 190.060 GHz, parameters obtained for the 285 GHz spectrum also yielded
respectively, modulation amplitude 0.33 mT for both spectra, and @ Simulation which is in very good agreement with the 190
temperature 4.2 K. Simulation parameters as listed in Table 1. GHz data (see Figure 2).
The experimental spectra obtained for oriented Mn-
RESULTS depleted PS Il membranes are shown in Figure 3 along with
the simulations. When the magnetic field is perpendicular
Tyrosine D The EPR powder pattern spectra obtained for to the membrane plane, tigezalue of the predominant signal
the tyrosyl D radical at 190 and 285 GHz are shown in Figure is close to theg, value; this indicates that thg direction is
1. The spectra were recorded with low modulation amplitude almost perpendicular to the membrane plane. The experi-
to resolve the hyperfine couplings. The calculated spectramental spectra for both parallel and perpendicular orientations
are shown along with the experimental data. For the were fitted simultaneously by using tlievalues obtained
simulations, the thregvalues and the anisotropic hyperfine from the frozen solution and the known angle between the
couplings of the 3, 5 and the twdprotons (see numbering applied magnetic field and the plastic layers. The fitting
in Scheme 2) were allowed to vary. The angle between the parameters were the Euler angles defining the orientation of
direction of the 3, 5 proton hyperfine componéytand the the molecular frameg(frame) with respect to the intermedi-
o« direction was also a variable parameter. The directions of ate frame associated with the plastic film. The orientation
the A;35 and g, components were assumed to be parallel. of the g tensor with respect to the molecule is known for a
The hyperfine tensor for the twe-protons was assumed to  tyrosyl radical 88). Theg, axis is perpendicular to the phenyl
be collinear to the tensor. A small fixed isotropic coupling  ring. Thegy direction corresponds to the carbonytO axis.
of 5 MHz was also included for each of the 2 and 6 ring Theg, direction is orthogonal to thg, direction in the phenyl
protons. The final parameters yielding the best fits are shownring plane. The best fits to the experimental data were
in Table 1. A detailed comparison of the experimental 190 obtained for the Euler angles 64nd 18 (see Scheme 2).
and 285 GHz spectra plotted with respect to the magnetic The phenyl ring plane makes an angle of 645° with the
field shows an identical resolution for tigedge (see Figure ~ membrane plane. Similar results were obtained for oxygen-
2). By comparison, they, edge exhibits a slight loss of evolving preparations3Qb).

g-value
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FiIGURE 4: Calculated EPR spectra forpYin perfectly oriented
membranes. Simulation parameters as in Figure 3 except no
distribution was used fof andy.

I i n ] + I i " [l +

+ t + T t T + T + T ¥
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FiGurRE 2: gy andg, edges of the experimental spectra at 285 (dotted
line) and 190 GHz (solid line). Experimental conditions as in Figure
1. The apparent resolution of tlge region at both frequencies is
identical. By comparison, the resolution of tiyeregion of the 285
GHz spectrum is slightly lower than that of the 190 GHz spectrum,
indicating the presence af strain.

4

Chl ,
Film L Field
———————+———————
2008 2007 2006 2005 2004 2003 2002 2.001
g-value
_ ‘ FiGure 5: Powder spectrum of £ at 285 GHz. Solid line:
Film /7 Field experimental spectrum. Dotted line: simulated spectrum. Experi-

mental conditionsym, = 285.090 GHz, modulation amplitude 2.0
mT, and temperature 4.2 K. Simulation parametegs= 2.00661,
gy = 2.00506, andy, = 2.00215.

Plastosemiquinone QFigure 5 shows the EPR spectrum

006 2002 2000 obtained at 285 GHz for a pH 9.0 frozen solution of iron-
g-value depleted PS II containing the .Q anion radical. The
. _ _ principal g values obtained by simulating the powder
Ficure 3: High-field EPR spectra of ¥ in oriented PS Il spectrum are 2.00661, 2.00506, and 2.00215fpg,, and

membranes. Solid line: experimental spectra. Dotted line: simulated ivelv. Th | . ith val
spectra. Experimental conditions: (filfd field) vmy = 284.804  J» ESpectively. These values are consistent with values

GHz, modulation amplitude 2.0 mT, and temperature 4.2 K; (film reported in the literature for similar anion semiquinone
Il field) vmw = 284.940 GHz, modulation amplitude 2.0 mT, and radical 84, 39). Similar to the 9 GHz spectrum, the hyperfine

temperature 4.2 K. Simulation parametegsvalues as in Table 1, coupling is unresolved and contributes only to the line width
B = 64° (distribution 20), y = 18" (distribution 20), and6 = 0 of the signal. The orientation of thetensor with respect to
(film O field) and 90 (film Il field), respectively. L .

the molecule is similar to that of a tyrosyl radic84j. The

Ox axis goes through the carbonyHO bonds, they, axis is

When the field direction is orthogonal to the plastic films, orthogonal to theay, axis in the quinone ring plane, and the

a single derivative line is expected (see Figufe Fhis is 0. axis is perpendicular to the quinone ring plane.
not observed experimentally. To account for the observed The spectra obtained for oriented samples of iron-depleted
line shapes, a distribution in two Euler anglgsand y, PS Il containing the @~ anion radical are shown in Figure
needed to be included. The half-width at half-maximum of 6. For the orientation that corresponds to the applied magnetic
the distribution required to correctly fit the data for the tyrosyl field being perpendicular to the plastic film plane, one signal

radical was found to be 2Cor both angles. is observed at the value gf. In the other orientation where
the applied magnetic field is parallel to the plastic film plane,
3 This figure differs from Figure 4 of reBOb in which a small two features at thegx and g, edges are observed. The

distribution in6 was mistakenly used to generate the calculated spectra. combination of these results indicates that thelirection
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Scheme 3: Schematic Representation of the Orientatiommef-Quith Respect to the Membrahe
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a Left: the membrane plane is perpendicular to the plane of the figure. Right: the quinone ring plane is in the plane of the figure.
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Ficure 6: High-field EPR spectra of Q~ in oriented PS Il

Photosystem II
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Ficure 7: High-field powder spectra of Pheoin PS Il and

membranes. Solid line: experimental spectra. Dotted line: simulated BPheo™ in R. viridis at 285 GHz. Solid line: experimental spectra.

spectra. Experimental conditions;,, = 285.636 GHz, modulation
amplitude 2.0 mT, and temperature 4.2 K. Simulation parameters:
g values as in Figure 5 = 72° (distribution 20), y = 111°
(distribution 20), and@ = 0° (film O field) and 90 (film [l field),
respectively.

is nearly perpendicular to the membrane plane. The calcu-

lated spectra for the oriented data are plotted in Figure 6.
The best fits were obtained for Euler angles of @ZAd 112

and a Gaussian distribution of 2@or both angles. The
quinone ring plane is oriented at72 5° to the membrane
plane, and the quinone-aD axis is tilted by 21 4+ 5° in

the quinone ring plane compared to the membrane plane (see

Scheme 3). Similar results were obtained in Cikeated
preparations (data not shown).

Pheophytin Pheo Under strongly reducing conditions, the
pheophytin anion can be accumulated when the quingne Q
is doubly reduced. The 285 GHz EPR spectrum obtained in
frozen solution for the pheophytaanion in PS Il is shown
in Figure 7. The smalf anisotropy of this radical can be
resolved at this high frequency. The simulated spectrum is
plotted with the experimental spectrum. The values
obtained from the fit are 2.00424, 2.00316, and 2.00237 for
Ox Oy, andg,, respectively. For comparison, we also recorded
the 285 GHz EPR spectrum of the bacteriopheophigtin
anion radical obtained ilRhodopseudomonasridis (see
Figure 7). The values for the bacteriopheophytiRiniridis
are respectively 2.00437, 2.00340, and 2.00239 g} kialues
were the same in both types of reaction center. However,
the g« and g, values were shifted to higher field for the
pheophytin in PS Il compared to the bacteriopheophytin of
R. viridis, resulting in a slightly smalleg anisotropy.

The spectra obtained for the oriented PS Il samples
containing the pheophytin anion radical are shown in Figure

Dotted line: simulated spectra. Experimental conditions: (PS II)
Vmw = 285.090 GHz, modulation amplitude 2.0 mT, and temper-
ature 4.2 K; R. viridis) vmy = 285.090 GHz, modulation amplitude
1.0 mT, and temperature 4.2 K. Simulation parameters: (P& Il)
= 2.00424,9, = 2.00316, andy, = 2.00237; R. viridis) gy
2.00437,g, = 2.00340, and), = 2.00239.

Film L Field

Film // Field

T T T T T T
2.007 2.006 2.005 2.004 2.003 2.002 2.001

g-value

Ficure 8: High-field EPR spectra of Pheoin oriented PS Il
membranes. Solid line: experimental spectra. Dotted line: simulated
spectra. Experimental conditions;,,, = 285.090 GHz, modulation
amplitude 1.4 mT, and temperature 4.2 K. Simulation parameters:
Ox = 2.00451,g, = 2.00320,g, = 2.00237,8 = 70° (distribution
20°), y = 2° (distribution 20), andf = 0° (film O field) and 90

(film 1l field), respectively.

8. The total experimental width of the spectra for oriented
samples is slightly larger than that observed in the frozen
solution spectrum. Hence, a slightly biggganisotropy than

that measured for the frozen solution was required in order
to properly fit the oriented data. The sample for which the
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Scheme 4: Schematic Representation of the Orientation of fhensor of the Pheophytin Anion in PS Il with Respect to the
Membrané

70° &z

Membrane plane

Ring plane

20

gx

al eft top: the membrane plane is perpendicular to the plane of the figure. Left bottom: the pheophytin ring plane is in the plane of the figure.
Right: the position of the principaj axis with respect to the molecule is shown. See text for details on the assignment.

magnetic field is orthogonal to the plastic film plane shows environment of the tyrosyl radical. This observation indicates
a predominant signal at a value close to tievalue. that the radical is rigidly positioned and is consistent with
Furthermore, from theoretical consideratioa8)( theg, axis previous ESEEM studie4l). Therefore, the large distribu-
should be nearly perpendicular to the ring plane, resulting tion in Euler angles found in the oriented spectra cannot be
in an orientation for which the plane of the pheophytin is due to disorder of the tyrosyl radical within the protein.
close to perpendicular to the membrane plane withghe The alternative explanation for the large distribution in
direction nearly vertical. Since, for pheophytin radicals, the Euler angles is that it is due to mosaic spread: that is, the
position of thegc andgy axes in the plane of the molecule is  disorder of the membrane normal with respect to the plastic
not known, it is not possible to obtain any more structural film plane. Significantly, it was found that the distribution
information. The Euler angles obtained from the simulations required to correctly simulate the data for the orientation of
are 70 and 2, resulting in the pheophytin plane making an the semiquinone and the pheophytin anion was the same as
angle of 70 + 5° with respect to the membrane plane (see for Y. This also supports the attribution of the disorder to
Scheme 4). Similar to the tyrosyl and the semiquinone mosaic spread rather than to a disorder of the radical within
radicals, the distribution was 2@or both angles. the protein. The width at half-maximum of the Gaussian
distribution of the Euler angles is rather large. This, however,
DISCUSSION does not prevent an accurate determination of the angular

The powder spectra of the stable tyrosyl radicaf;, Yiave orientation of the radicals. Spectra, which were simulated
been recorded at 285 and 190 GHz in frozen solution. From DY using the same distribution width but with one of the
these two spectra, it is possible to determine ghealues Euler angles shifted by 0differed §|gn|f|cantly and failed
and hyperfine coupling constants. The values obtained from {0 @ccurately reproduce the experimental d&tb). Hence
the simulations are listed in Table 1. Tlevalues are ~ We believe the errorin the angles defining the orientation of
consistent with previous measuremerdts, @2). The hyper-  the radicals to be less than°l@nd the values reported for
fine values obtained from the high-field EPR spectra are in the angles are given plus or minus. rinally, it must be
good agreement with those measured by 9 GHz ENDOR €Mphasized that, in a generalized rigorous treatment of EPR
(43, 44) and ESEEM 45) and a previous high-field EPR  data for oriented samples, the mosaic spread must be modeled
study? by a distribution ovetboth angles defining the orientation

The gy edge of the tyrosyl radical has been shown to be of the g tensor in the IRF. In the simulations shown in this
sensitive to the electrostatic environmed6,(47). The g, work, no distribution ing was used. o
edge broadens very slightly with increasing magnetic field ~As with tyrosyl radicals, the values of semiquinone have
as can be seen by the modest loss in hyperfine resolutiono€en shown to be extremely sensitive to the local electrostatic
(see Figure 2). The fact that this broadening is very slight environment 84, 39). Theg values measured for are
indicates the virtual absence of distribution in the electrostatic in the range of the experimentz84) and calculated39)

values obtained for model plastoquinones. However, the total

41t should be noted that the spectra we report exhibit true absorption g anisotropy ¢,—g,) is higher for the pIastosewqumone n
line shape in comparison to a previous high-field studg) (which PS Il compare to that measured for the radical in frozen
explored the dispersion line shape. 2-propanol solution34). This indicates that the electrostatic
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environment for the radical in the protein is more electro- spin—orbit coupling constants, and terms which describe the
neutral than in the 2-propanol glass. This conclusion is excited states of the molecule. Foiradicals with low-lying
especially interesting in light of ESEEM experiments that nonbonding excited states, these last terms will significantly
indicate the proximity of nitrogens reflecting potential enhance the spinorbit coupling contribution40). This is
hydrogen bond donorsAg). Such hydrogen bond donors expected for pheophytin radicals. Furthermore, for pheo-
would contribute an electropositive environment. Therefore, phytin radicals, the spin density is expected to be localized
these donors are either weaker than those in 2-propanol oron nonprotonated nitrogens and carbonyl oxygéds These
other electronegative contributions offset those of hydrogen atoms also have large spiorbit coupling constants com-
bonds. pared to carbon. Taken together, these three contributions
By using high-field EPR in this work, the orientation of more than adequately account for the obseyadisotropy.
the ring plane and the ©0 axis of the semiquinone has There are two possible explanations for the small but
been determined. This represents important information for measurable difference observed for the plant and bacterial
structural models of the PS Il reaction center. The acceptor pheophytins. The trivial one is that the intrinsic structural
side of PS Il has often been compared with that of purple differences induce enough difference in the electronic
bacteria reaction centers and is thought to be structurally structure. The second explanation is based on the observation
related (8). It is thus of interest to compare the orientation that appreciable spin density resides on the ring V carbonyl
of the semiquinone in PS Il with respect to the orientation oxygen 64), and the energy of the nonbonding orbitals
of Qa in purple bacteria reaction centers. We used the localized on this carbonyl will be sensitive to the local protein
coordinates from the crystallographic structures of the environment. Therefore, the observed differences may be
reaction centers fronR. viridis (49) and Rhodobacter more of a reflection of the local protein electrostatic
sphaeroideg50) to calculate the Euler angles defining the environment than a result of internal structural differences.
orientation of Q in these cases. For these calculations, the This sensitivity to the local environment in conjunction with
normal of the membrane plane was taken as the line joining photoaccumulation of the pheophytin radical when the
the non-heme iron to the center of the line joining the two sample is dry could explain the small difference gn
magnesium ions from the special pair. The resulting angle anisotropy observed for the oriented samples compare to the
between the membrane plane and the ring of the quinonefrozen solution data.
molecule was 76for R. sphaeroideand 75 for R. viridis. The angle of 70 + 5° between the ring plane and the
This is very close to the 72angle found here for the  memprane plane measured in PS Il for the pheoplgim
plastosemiquinone in PS 1. It is also similar to thé @8gle  comparable with those calculated from the crystallographic
measured for the phyllosemiquinona & PS | 61, 52). data inR. sphaeroidesandR. viridis (67° and 65, respec-
Hence, for all three types of photosystem, the plane of the tjyely). This result is in agreement with the linear dichroism
quinone has the same orientation with respect to the gyydy of Ganago et al.56), who concluded that the
membrane plane. However, the filt angle between théO  phegphytin ring was nearly perpendicular to the membrane
axis and the intersection of the membrane plane with the pjane. The tilt angle of 2+ 5° measured in PS I gives the
quinone plane varies from one system to the otherRIn  position of theg, andg, axis in the ring plane. If we assume
sphaeroidesand R. viridis, this angle is small, being 15 that the ring position is similar in PS Il and purple bacteria
and 4, respectively, which makes the-@ axis aimost  reaction centers, we can tentatively assign gheand g,
parallel to the membrane plane. In the case of PS Il the tilt gjrections with respect to the molecule by combining the
angle is slightly higher with a value of 2lwhile this angle  x_ray data with the measured Euler angles. Theaxis
is 63 in PS | 61, 52). In purple bacteria, Qis hydrogen  appears to go through the protonated nitrogens of rings |
bonded on each of its carbonyl oxygens. One hydrogen bondgng || (see Scheme 4). This direction also coincides with
is provided by a histidine which _also co_ordlnates the Iron the ring V carbonyl bond direction, similar to tyrosyl and
and the other hydrogen bond is provided by a protein semiguinone radicals. This would be consistent with a
backbone nitrogen. This has been proposed also to be thge|atively large spir-orbit contribution of the ring V carbonyl
case for PS Il based on ESEEM studié8, 63). The change oxygen to they anisotropy as discussed above. Thexis
in the tilt angle for the GO axis of the semiquinone is small ;g perpendicular tay in the plane of the molecule and goes
between PS Il and the bacterial reaction centers. Differencesthrough the nonprotonated nitrogens of rings Il and IV. Ring
could be due to the fact that we measured the orientation of | js ynsaturated in pheophytamcompared to bacteriopheo-
the semiquinone radical with EPR whereas it is the orienta- phytin b; this is likely to induce small geometrical changes

tion qf the quinone that is given by the X-ray c_iata. Another for the nitrogen of the ring that could account in part for the
possible reason is that the measure for the orientation of thebigger change observed in tigvalue compared to the,

semiquinone was carried out on iron-depleted centers.,5) e between the two types of radicals.
However, experiments done on Citreated samples in

which the iron is present yielded similar results for the concLuUSION

orientation of the semiquinone (data not shown).

The g anisotropy of the pheophytia and bacteriopheo- The present data, using high-field EPR and oriented
phytin b anions is smaller than that ofaQut is still clearly multilayers, provide more information to add to the structural
resolvable. Stone has showt0] that the dominant contribu-  model of PS Il. For Q and Pheo the data confirm the view
tion to g anisotropy in organic radicals is due to spiorbit that PS Il has a close structural similarity to the purple
coupling. Furthermore, this contribution is approximately a bacteria reaction center. These data replace the assumption
weighted sum of the constituent atoms (or groups of atoms). based on comparative and evolutionary thinking with ex-
The weights depend on the ground-state spin density, atomicperimentally measured structural information.
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