J. Am. Chem. S0d.997,119, 4471-4480

4471

One- and Two-Dimensional Electron Spin Echo Envelope
Modulation Study of the Intermediate Electron Acceptor
Pheophytin int*N- and>N-Labeled Photosystem Il

Yiannis Deligiannakis* and A. William Rutherford

Contribution from the Section de Bioergdiqgue (URA CNRS 2096), Partement de Biologie
Cellulaire et Moleulaire, CEA Saclay, 91191 Gif-sur¥tte, France

Receied September 19, 1996

Abstract: The intermediate electron acceptor of the photosystem Il (PSll) reaction center, which is a pheaphytin-

(Pheo) molecule, was studied by pulsed EPR. Electron spin echo envelope modulation (ESEEM) experiments were
carried out int“N- andN-labeled PSII reaction centers. The assignment of the ESEEM frequencies was achieved
by the application of three-pulse (stimulated echo) and four-pulse 2D-HYSCORE sequences. Computer simulations
of the1*N- and**N-stimulated ESEEM spectra were performed, yielding a complete set of hyperfine and quadrupole
coupling constants of the four nitrogens of the macrocycle of the pheophytin. The nitrogen hyperfine couplings are
characterized by considerable anisotropy while the isotropic part is either smaller or much larger than the nuclear
Larmor frequency. The present results show that the spin density distribution on the BhE&II is highly
asymmetric. In agreement with earlier theoretical predictions for Pheoitro, the ESEEM data show that in PSII

the two unprotonated nitrogens bear considerable spin density while the protonated nitrogens bear a small fraction
of the spin density.

Introduction recent’H-ENDOR study of the Pheo anion radidalzitro as
well as in PSIl membranes andDycyt bssg particles? revealed
differences between the spin-density distributions on the Pheo
in vitro and in the reaction center of PSII.

The ESEEM technique is eminently suited for measuring low
nuclear spin resonance frequenci®®.Its application for the
study of chlorophyll radicals, photosynthetic paramagnetic
centers in bacterial photosynthetic systérttse primary donor
of photosystem T,and in a number of paramagnetic centers in
photosystem A has been fruitful. Furthermore, in complex
biological systems with multiple nuclei coupled to the same

In photosynthesis, reaction centers mediate the light-induced
charge separation and subsequent conversion of light into
chemical energy. In the photosystem Il (PSII) reaction center
a plastoquinone-9 (§ and a pheophytin: (Pheo) molecule
mediate the photoinduced electron transfer from the primary
donor, Rgo, to a plastoquinone poét® The pheophytin
molecule forms part of the primary radical pair'fglPhec]?
and thus plays a key role in the photoinduced electron transport
in PSII. Its spatial proximity to the Qand the non-heme iron,
Fe+(S= 2), of the acceptor side in the PSII reaction center is (5) (2) Fujita, |- Davis, M. S.: Fajed. Am. Chem. Sod978 100, 6280.

evidenced from the EPR spectrum of the P Fe?* (S= ) (b) Fajer, J.; Davis, M. S.; Forman, A.; Klimov, V. V.; Dolan, E.; Ke, B.
2) staté? In a recent study we showed that the non-heme iron J. Am. Chem. Sod.98Q 102, 7143. (c) Lendzian, F.; Mobius, K.; Lubitz,

acts as a moderate relaxation enhancer of the Plasw from

the observed relaxation enhancement the distance between th

pheophytin and the non-heme iron is estimated to be-2D2
A3

An understanding of the electron transfer dynamics from first

W. Chem. Phys. Lett1982,90, 375. (d) Lubitz, W.; Isaakson, R. A,;
kamura, M. Y.; Abresch, E. C.; Plato, M.; Feher, Bochim. Biophys.
ctal1989977, 227. (e) Lubitz, W. '€hlorophylls, CRC Handboolscheer,

H., Ed.; CRC Press: Boca Raton, FL, 1991; pp-9034.

(6) (a) De Groot, A.; Hoff, A. J.; De Beer, R.; Scheer, Ehem. Phys.

Lett 1985 113 286. (b) Hoff, A. J.; De Groot, A.; Dikanov, S. A,

Astashkin, A. V.; Tsvetkov, Y. DChem. Phys. Lett1985 118 40. (c)

principles requires the knowledge of the spatial and the Lin, C. P.; Bowman, M. K.; Norris, J. Rl. Chem. Phys1985 85, 56. (d)
electronic structure of the donor and acceptor molecules. TheAstashkin, A. V.; Dikanov, S. A.; Tsvetkov, Y. IChem. Phys. Let1986

detailed electronic structure information required for this analysis
can be obtained by using electron paramagnetic resonanc

130 337. (e) Astaskin, A. V.; Dikanov, S. A.; Tsvetkov, Y. Bhem. Phys.
Lett 1988 152 258. (f) K&s, H.; Rautter, J.; Bogk, B.; Hdfer, P.; Lubitz,

8. J. Phys. Chem1995 99, 436. (g) Bosch, M. K.; Gast, P.; Hoff, A. J.;

techniques like electron spin echo envelope modulation Spoalov, A. P.; Tsvetkov, Y. DChem. Phys. Lettl995 239, 306.

(ESEEMY@band electron nuclear double resonance (END®R).
The Pheo radicalin vitro has been studied By1-ENDORea0d
and“N-ENDOR in solution®¢ for a review see ref 5e. A more
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electron spin, two-dimensional hyperfine sublevel correlation
spectroscopy (HYSCOREijs a promising method for elucidat-
ing the hyperfine coupling®?

Deligiannakis and Rutherford

corresponding t@; ~ 6 G. Measurements were carried out at 40 K
with a repetition rate of 10 Hz andvalues from 120 to 720 ns. 2D-
HYSCORE spectra were recorded using the sequerizet—m/2—

In the literature there is no ESEEM study of a Pheo molecule 1=~ t—7/2—7—echo, where the echo is measured as a function of

in eitherin »itro or in vivo systems. In the present work we

report an ESEEM study of the Pheo anion in the PSII reaction

t; andt,.% The durations of ther/2 ands pulses were 16 and 32 ns,
respectively, with equal amplitudes. A total of £7256 points were
recorded in each dimension for a serieg eflues from 80 to 368 ns,

center. In contrast to ENDOR spectroscopy the present ESEEM e t, andt, were incremented in steps of 32 ns from their initial

measurements can afford, in addition to the an_iSOtmpi_C hyperfine yajues. To remove the unwanted echoes, the appropriate phase-cycling
coupling constants, the nuclear quadrupole interaction param-procedures in the stimulated eéhand HYSCORE* experiments were

eters.

nitrogens of the Pheo macrocycle are assigned by numerical

simulations and 2D-HYSCORE experimentsiN]- and ['°N]-
PSII reaction centers.

Experimental Section

Sample Preparation. PSII membranes were isolated from market
spinach as described previoudiwith the modifications described by
Boussac and Rutherfoté? N-labeled membranes were prepared from
spinach grown in a medium supplemented with-labeled minerals
(98% KNQO3, (NH4),SQy, Cal>NOs), Eurisotop, Saclay, France). Tris
treatment to remove the Mn clust®rwas performed by incubating
these PSIl membranes (0.5 mg of chlorophyll/mL) in 0.8 M Fris
HCL (pH 8.3) and 5 mM NaEDTA for 30 min at 8C under room

light. The Tris-treated membranes were pelleted and washed once in

a buffer containing 60 mM HEPES (pH 8.0), 10 mM NacCl, and 5 mM
MgCl; and resuspended in the same buffer at 5 mg of chlorophyll/mL
final concentration. The Pheaadical was induced by a procedure

The hyperfine and quadrupole tensors for the four applied.

Data Manipulation. (i) 1D-Stimulated Echo ESEEM. Deadtime
reconstruction was performed according to MithsPrior to Fourier
transform the time-domain echo decay was factored out by subtraction
of a linear function, and zero-filling to 512 points was performed
followed by a tapering with a Hamming window.

(i) 2D HYSCORE ESEEM. The background decay in bothand
t, dimensions was subtracted using a linear function followed by zero-
filling to 512 points in two dimensions and tapering with a Hamming
window; then Fourier transform was carried out in both dimensions.
The spectra shown are in the absolute value mode.

Simulation of the ESEEM Spectra. *N (S= 1/2,1 = 1). The
spin Hamiltonian for arS = 1/2,1 = 1 system characterized by an
isotropicg tensor with magnetic fiel®, alongz is*

H = gugBS, — guinBol, + S Al +1-Q-I (1)

where the hyperfine coupling tensarhas principal valuesAy, Ay,
A) and consists of the isotropic contributiég, and the traceless tensor

which involved incubation of the membranes under reducing conditions T describing the anisotropic hyperfine coupling. The nuclear quad-

(En = —430 £ 20 mV) for 60 min at 5°C in the dark followed by
illumination at 15°C for 12 min® No redox mediator was used. The

redox potential was adjusted by sodium dithionite under anaerobic
conditions and was measured in the sample with a platinum electrode
and with a calomel reference electrode (Russell pH, Auchtermuchty,

U.K.) connected to a Tacussel pH/millivolt meter (Tacussel, Villeur-

rupole interactionQ, is traceless by definition. In its principal axis
system the final term in eq 1 is expressed in the form
Q-1 = K[3I2 — 17+ (1,2 = 1] )

whereK represents the quadrupole coupling consééa®/4h andy is

banne, France). Measured redox potentials were normalized to thethe asymmetry parameter of the electric field gradient. The energies
standard hydrogen electrode, calibrating the electrode using saturatecand eigenfunctions are calculated numerically for each spin manifold,

quinhydrone (potential 286 mV, at pH 6.5).
Spectroscopic MeasurementsContinuous-wave (cw) EPR spectra
were recorded at liquid helium temperatures with a Bruker ER 200D

X-band spectrometer equipped with an Oxford Instruments cryostat.
The microwave frequency and the magnetic field were measured with

a microwave frequency counter, HP 5350B, and a Bruker ER035M
NMR gaussmeter, respectively.

Pulsed EPR was performed with a Bruker ESP 380 spectrometer

with a dielectric resonator described previou¥lyypical instrument

deadtime was 100 ns. The field swept spectra were obtained by

recording the amplitude of the echo as a function of the magnetic field
after a two-pulse sequence/—144 ns-x); the durations of ther/2
and s pulses were 32 and 64 ns, respectively. In the three-pumise (
2—t—n/2—T—n/2) ESEEM data the amplitude of the stimulated echo
as a function ofr + T was measured at a frequency near 9.6 GHz at
a magnetic field corresponding to the maximum intensity of the field
swept spectrum. The minimum interpul§ewas 16 ns and was
incremented in steps of 8 ns; the duration of t2 pulse was 16 ns,

(9) (a) Hdfer, P., Grupp, A.; Nederifu, H.; Mehring, M.Chem. Phys.
Lett. 1986 132, 279. (b) Shane, J. J.; '\, P.; Reijerse, E. J.; De Boer, E.
J. J. Magn. Resonl1992, 99, 596. (c) Héfer, P. In Electron Magnetic
Resonance of Disordered Systems EMARDIS¥@tlanov, N., Ed.; World
Scientific: Singapore, 1991; p 1. (d)"Her, P.J. Magn. Reson., Ser. A
1994 111, 77. (e) Shane, J. J.; van der Heijden, P. A. A. W.; Reijerse, E.
J.; de Boer, EAppl. Magn. Resorl994 6, 427. (f) Shane, J. J. Doctoral
Thesis, University of Nijmegen, 1993.

(10) (a) Dikanov, S. A.; Samoilova, R. I.; Smieja, J. A.; Bowman, M.
K. J. Am. Chem. Sod995,117, 10579. (b) Kofman, V.; Shane, J. J;
Dikanov, S. A.; Bowman, M. K.; Libman, J.; Shanzer, A.; Goldfarb,JD.
Am. Chem. S0d.995 117, 12771. (c) Shergill, J. K.; Joannou, C. L.; Mason,
J. R.; Cammack, RBiochemistry1995 34, 16533. (d) Kofman, V.; Farver,
O.; Pecht, I.; Goldfarb, DJ. Am. Chem. S0d.996 118 1201.

(11) (a) Riejerse, E. J.; Dikanov, S. Rure Appl. Chem1992 68, 789.

(b) Dikanov, S. A.; Bowman, M. KJ. Magn. Reson., A995 116, 125.

(12) (a) Berthold, D. A.; Babcock, G. T.; Yocum, C.FFEBS Lett1981,
134, 231. (b) Boussac, A.; Rutherford, A. \Biochemistryl988 27, 3476.

(c) Yocum, C., Yerkes, C. T.; Blankenship, R. E.; Sharp, R; R.; Babcock,
G. T. Proc. Natl. Acad. Sci. U.S.A981, 78, 7507.

and the three-pulse modulations were calculated with the relations
derived by Mimst” Numerical simulations of th#N-ESEEM spectra
were performed with a FORTRAN program generously provided by J.
McCracken.

N (S=1/2,1 = 1/2). The stimulated echo modulation amplitude
E(z,T) of a singlel = 1/2 nucleus coupled to an electron s@ir- 1/2
is given by®

E(z,T) = 1 — Ksin*(mv,7) sinf(rvy(z + T)) +
sirf(mv7) sinf(rovy (r + )] (3)

The fundamental hyperfine frequencies for the two electron spin
manifolds are

Vg = [(A2mw))? + (BI2)7] (4a)
where, for an axial nuclear hyperfine couplindio — T, Aiso — T,
Aiso +2T)

A=A, +T@BcosH—1) (4b)

B = 3T cosf sinf (4c)

In the above relations, is the nuclear Larmor frequencyis, the
isotropic hyperfine coupling, anfl the angle describing the direction

of the laboratory magnetic field with respect to the principal axis of
the hyperfine tensor. In the case of several nuclei coupled to the same

(13) Fauth, J. M.; Schweiger, A.; Braunschweiler, L.; Forrer, J.; Ernst,
R. J. Magn. Resonl986,66, 64.

(14) Gemperle, G., Aebli, G.; Schweiger, A., Ernst, RJRMagn. Resan
199Q 88, 241.

(15) Mims, W. B.J. Magn. Resan1984,59, 291.

(16) Van Mieghem, F. J. E.; Nitschke, W.; Mathis, P.; Rutherford, A.
W. Biochim. Biophys. Actd989 977, 207.

(17) (a) Mims, W. B.Phys. Re. B51972 2409. (b) Mims, W. BPhys.
Rev. B6 1972 3543.



ESEEM of Pheoin [1“N]- and [*N]Photosystem Il

electron spin, the resulting modulation functions for each spin manifold
were multiplied in the time domattaccording to

E@T) = (1/2)(r| E (z.T) + |'| Ey(z.T)) 5)

In orientationally disordered systems, the line shapes for the basic
ESEEM frequencies, andvs are determined by the angular depen-
dence of the line positions according to eq 4, the modulation depth
factor, which is usually written in the forrk = (vB/vqv4)? and the
statistical weight factor (1/2) sif df. The powder average in the
time domain is calculated as

E( Dpouoer= (147) " [T E@Tod)sinodods  (6)

2D-ESEEM. In the 2D-HYSCORE experiment the nuclear spin
transitions in the twd/s manifolds are correlated to each other by cross-
peaks in the 2D-frequency domdin.

In the case of an anisotropic hyperfine interaction the correlation
peaks of a powder 2D spectrum become ricRj€4! In the case oS
= 1/2,1 = 1/2 the contour line forms of the correlation ridges can be
calculated from the relatioh®

12

Vo) = [Qupan” + Cugpy ] @)

where
Quipy = QAo T 4y + T)I(2Ag, £ 4v, + T)
and
Gogpy = 20 ()" — Ao’ + 2T = TAQI(2Ag + T 4v)

These relations do not depend on the tintgetween the first and the
second pulses and thus correspond to ideal “suppression free” 2D
spectral’® Also, since no information about the relative phase of the
nuclear transitions is contained in these relations, only the shape of
the ridges can be calculated. The amplitude coefficients of the cross-
peaks in the 2D-HYSCORE spectrum are given by the relation

() = 117 — WA, £ vy ), (8)
and they determine the sign of the phase moduldidim the limit of
weak hyperfine interaction, the contributions with positive phase
modulation (which have an amplitude coefficienf) dominate;
consequently in the frequency domain the cross-peaks are predominantl
in the (+, +) quadranf*! In the limit of strong hyperfine interaction,
the contributions with negative phase modulation (which have an
amplitude coefficients?) dominate; in this case the cross-peaks are
predominantly in the , — ) quadrant. When the hyperfine and

J. Am. Chem. Soc., Vol. 119, No. 19, 198773

Computer simulations 0fN- and“N-ESEEM spectra obtained in
this study were undertaken to determine the hyperfine and quadrupole
interaction constants. The procedure was the following: a set of
hyperfine coupling constants was determined from the HYSCORE
experiment and the numerical simulations of the stimulated ESEEM
of the Pheo in [**N]PSIl. The!‘N hyperfine coupling values were
scaled from those determined f&N nuclei; the nuclear quadrupole
parameter ®Q/h, the asymmetry parameter, and the three Euler
angled® q, 3, andy, which concern the relative orientation between
the tensorsA and Q, were evaluated by the fitting of simulations to
the experimental spectra. For the simulation of the observed spectra,
the requirements were to reproduce the spectral peak positions, the
modulation amplitude as a percentage of the maximum recorded echo
amplitude, and the suppression behaviéf. ESEEM simulations where
the above criteria were satisfied could only be obtained for hyperfine
couplings with comparable anisotropic and isotropic parts. Since
nonideal pulses or partial excitation are not taken into account in our
simulations, the relative intensities could not be reproduced ex&ctly.

In general, the errors associated with the various coupling parameters
are on the order of 10%.

Results

The pheophytin anion radical, Pheowas trapped after
illumination of the PSII membranes under strongly reducing
conditions as in ref 3. The echo-detected EPR spectrum of
Pheo recorded in Mn-depletediN]PSII membranes is dis-
played in Figure 1&% the corresponding cw EPR spectrum,
displayed in Figure 1B, consists of a structureless derivative
with AHp, = 12.5+ 0.5 G andg = 2.0033, i.e., the EPR
characteristics of Phed23 Under these conditions the primary
quinone is double reduced and probably proton&tathile all
the stable cationic paramagnetic centers of PSthe stable
tyrosine Yp, the Cythbssg) are reduced. No other signals are
detected in the 35 kG magnetic field range.

Stimulated Echo ESEEM of Pheo in [1*N]PSII. In Figure
2A the stimulated echo decay is displayed. In order to avoid
missing modulation frequencies duettsuppression effectd,
the echo decay was recorded at severablues. The traces
are dominated by a modulation component with a period of

(18) (a) Lai, A.; Flanagan, H. L.; Singel, D. J. Chem. Phys1988,89,
7161. (b) Reijerse, E. J.; Dikanov, S. A.Chem. Phys1991, 95, 836. (c)
Larsen, R. G.; Halkides, C. J.; Singel, DJJChem. Physl1993 98, 6705.

(d) Gerfen, G. J.; Singel, D. J. Chem. Phys1994 100, 1994.

(19) (a) Dikanov, S. A.; Tsvetkov, Y. D.; Bowman, M. K.; Astashkin,

. V. Chem. Phys. Lett1982 90, 149. (b) Mims, W. B.; Peisach, J.
Chem. Phys1978 69, 4921. (c) Flanagan, H. L.; Singel, D. J. Chem.
Phys.1987 87, 5606. (d) Reijerse, E. J.; Keijzers, C. R.Magn. Reson.
1987, 71, 83.

(20) (a) In the case of “exact cancellation”, the ESEEM spectrum contains
three sharp low-frequency lines, with maxima at frequencies given by the

Zeeman couplings have similar magnitude, then the cross-peaks in theélations w = 3K(1 + ), v— = 3K(1 — ), andvo = 2Ky, and a double-

2D-HYSCORE spectrum have comparable intensity in both quadrants.
To obtain a more basic understanding of the utility of the 2D

quantum Am = 2) line has maximum intensity at a frequency which is
approximated byvgq ~ 2[(vi + A2? + K33 + 73]Y2 (b) Different
conventions are sometimes used for the Euler angles. We use the convention

technique, we have calculated a series of suppression free 2D spectraf Mathews, J.; Walkers, R. IMathematical Methods of Physjc#/. A.

for characteristic sets of hyperfine couplings by using eq 7. Repre-
sentative correlation ridges calculated in this way are displayed in Figure
5; in each panel in this figure only the quadrant with the stronger lines
is displayed. In the case of an= 1/2 nucleus coupled to &&= 1/2
electron spin with small anisotropic hyperfine interaction, the correlated
peaks in the frequency-domain 2D spectrum appear in-theH) or

in the (+, —) quadrant in the case QAo < 2v (see for example
Figure 5A) or|Aisol > 2v, (see for example Figure 5E), respectively.
The anisotropy of the hyperfine interaction is manifested as arc-shape
cross-peaks in the 2D spectrdfi! In the case when the anisotropic

Benjamin, Inc.: New York, 1970; p 404. |.evis a positive rotation about

the z axis, § is a positve rotation about thé axis, andy is a positive
rotation about the axis. (c) In systems with largg anisotropy and deep
modulation, the field swept electron spin echo detected spectrum may differ
considerably from the absorption EPR spectrum due the selectivity of the
pulses, nuclear modulation, andsupression effects (see: Golfarb, D.;
Kevan, L.J. Magn. Resonl988 76, 276; see also ref 4a). In the present
case, i.e., a narrow spectrum with almost isotropic g, this effect is small;
furthermore, due to the nonselective excitation and detection used, the echo

ddetected spectrum is0.4 G broader than the cw EPR spectrum and no

other line shape distortion is detectable. (d) The cw spectrum could be
simulated using any of the sets of nitrogen hyperfine tensors in Table 1 in

hyperfine interaction becomes the same order as the isotropic hyperfinecompination with the proton hyperfine tensors from the ENDOR study in

interaction, the ridges are more extended, and in the case |#hgn

< 2w, the arcs cross the diagonal; see Figure 5B. In the ideal case of
fully resolved ridges, the principal values of the hyperfine interaction
tensor may be estimated from the 2D spectPd&? In the “matching”
conditiort® when|2Ais, + T| = 4v), the ridges become almost parallel

ref 5d. It is of note that the line width is determined by the large isotropic
methyl protons rather than by the nitrogen couplings. (e) Note added during
revision: The prediction that the spin density on the nitrogens of the
pheophytine. anion are likely to be insensitive to the environment seems
to be borne out by the recent ESEEM experiments on the pheopiytin-
anion in pyridine. These preliminary experiments siéM couplings which

to the frequency axes, see Figure 5C, and according to eq 8 they havesre very similar to those reported here for Phém PSII (Y.D., AW.R.,

comparable intensities in both the (+) and the ¢, —) quadrants?

and F. MacMillan, unpublished work).
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Figure 1. (A) Schematic structure of the pheophytimolecule. (B)
X-band EPR spectrum of Phem Mn-depleted "N]PSII membranes.
Experimental conditions:
frequency, 9.415 GHz; microwave power, B®%/; modulation ampli-

tude, 2 G; modulation frequency, 50 kHz. (C) Amplitude of the electron

3420

sample temperature, 42 K; microwave
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2.5 MHz are resolved at certairvalues. At higher frequencies,
better resolved in an expanded scale (see for example the dashed
line in Figure 3B), a number of weak components are resolved.
By comparison of Figures 2B and 3B it is immediately seen
that the main low-frequency lines of Figure 2B are absent in
Figure 3B. This allows an unequivocal assignment of these
low frequencies to nitrogen modulations.

The four nitrogens of the macrocycle of the pheophytin are
obvious candidates for the observed nitrogen modulations. Our
approach for the analysis of the ESEEM data was to perform
2D-HYSCORE experimentsn order to identify the correlated
peaks originating from the same nucléd8. Then, systematic
numerical simulations of the observed ESEEM spectra for the
Pheo in 15N-labeled PSII were carried out; the estimatén
hyperfine coupling constants were subsequently scaleghby
(*N)/gn(**N) ~ 1.4 and used in simulations for the determi-
nation of the“N quadrupole interaction parameters.

2D-HYSCORE. The HYSCORE experiment, like the 1D-
stimulated ESEEM, suffers from thesuppression effe®gdif
one of the two conjugated nuclear transitions is suppressed, then
in the 2D-HYSCORE spectrum in the frequency domain the
corresponding correlation peak has diminished amplitude.
Therefore, we have performed several 2D-HYSCORE experi-
ments employing six differentintervals between the first two

spin echo of Pheoresulting from a two-pulse sequence, as a function ,seg in the four-pulse sequence. Representative contour plots

of the magnetic field; the same sample as in (B) was used. Experimental

conditions: sample temperature, 45 K;= 144 ns, time interval

between succesive pulse sets, 5 ms; microwave frequency, 9.65 GHz

about 356-400 ns; at longer values a weaker very broad

component is resolved. The frequency-domain spectra for a

series ofr values are depicted in Figure 2B.

The spectra are dominated by a sharp feature at26IMHz
with additional weaker peaks at 6:0.8 MHz and broad features
at 3—6 MHz; in addition a complicated pattern of low-intensity

peaks is observed. The intensities of the peaks vary as &

function of ther value. At longr values only the peak at 24
2.6 MHz is resolved accompanied by the weaker peaks at 0.5
0.7 MHz, while at these values the peak at 0.2 MHz attains

increased intensity; the latter corresponds to the broad feature’

observed at the corresponding longalues in the time-domain
spectra in Figure 2A. The broad features at53MHz are

of 2D-HYSCORE spectra for Pheadn [°N]PSII are displayed

in Figure 4A,B for twor values of 240 and 80 ns, respectively.
Correlation lines are resolved in both quadrants. In thet()
guadrant in Figure 4A two sets of symmetric ridges are resolved;
since they are symmetric with respect to the diagonal, we will
refer to only one of the two halves. By referring to Figure 4A
for T = 240 ns, one set has lines which are perpendicular to the
diagonal and have edges from (2.2 MHz, 1.4 MHz) to (1.8 MHz,
1.6 MHz); att = 80 ns this set of cross-peaks is suppressed.
According to the theoretical correlation features in Figure 5,
this pattern corresponds to a weak isotropic coupling with
modest anisotropy like in Figure 5A; further analysis by
computer simulations of this set of correlation features at various
values shows that it originates from a hyperfine coupling
tensor, which we termd\, with principal values of either (1.4
MHz, 1.4 MHz, 0.5 MHz) or (0.4 MHz, 0.4 MHz, 1.1 MHz)

resolved only forr values up to 280 ns. Weak peaks disposed within an error of+0.2 MHz. The second set of features

symmetrically around théH Larmor frequency at-15 MHz
of weakly coupled protons are also resolved at certaialues
(not shown).

The observed frequency pattern for Phédo [1“N]PSII, in

concerns the strong ridges which are well resolved for 240 ns
as well as for 80 ns and which run almost parallel to the
frequency axes and have comparable intensity in both quadrants.
These features arise from hyperfine coupling close to the

Figure 2B, is rather complicated; in principle the observed peaks Matching condition; see for example Figure SD. In the 1D-

arise from eithetH or 1“N nuclei interacting with the electron
of the Pheo radical. To assign the observed peaks, we
performed ESEEM for Pheogenerated irt°N-labeled PSII.

ESEEM spectrum these features are correlated with the strong
peak at 0.6 MHz observed of Figure 3B. The corresponding
hyperfine coupling tensor, which we terBy is estimated to

The corresponding field swept spectrum is displayed in the insethave principal values of (1.8 MHz, 1.8 MHz, 4.2 MHz) within

of Figure 3A.
[**N]PSII. Representative time-domain stimulated ESEEM
spectra of the Pheoradical recorded id®N-labeled PSII are

an error of£0.2 MHz.

For the case of the strong hyperfine coupling the )
qguadrant forr = 80 ns in Figure 4B, is quite informative where

displayed in Figure 3A. A deep modulation of the echo decay two sets of extended ridges running parallel to the diagonal are

with a period of~1.6 us is the dominating feature of the spectra.
In addition, shallower modulation harmonics with shorter
periods can be resolved at certaimalues. The corresponding

resolved. Again by referring to the model calculations in Figure
5F, these shapes correspond to hyperfine coupling with both
the isotropic and anisotropic part being large compared with

frequencies can be analyzed by referring to the frequency- the nuclear Larmor frequency. At= 240 ns these ridges are
domain spectra which are presented in Figure 3B. The sum of suppressed and are only partially resolved; See Figure 4A. The

the Fourier transform of the ESEEM recorded at72@alues

model calculations show that the characteristic low-frequency

(from 120 to 744 ns in steps of 32 ns) is displayed at the top of curved edge of these features is more sensitive to the hyperfine

Figure 3B. In the low-frequency part of Figure 3B an intense
feature with a maximum at 0.65 MHz is observed; this
corresponds to the-1.6 us modulation period. A broader

feature at about 1 MHz and weaker features in the range 1.5

coupling constants than the part parallel to the diagonal. Further
analysis of these features by computer simulation allows the
resolution of two hyperfine coupling tensors; one corresponds
to the correlation ridge which in Figure 4B extends from (0.8
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Figure 2. (A) Experimental stimulated echo ESEEM signal of Phao['“N]PSII recorded at the indicatedvalues (period between the first and
second microwave pulses). (B) Power calculation of the Fourier transform at a serigaloés from 120 to 744 ns in increments of 16 ns. Inset:
sum of the Fourier transform of stimulated-echo ESEEM displayed in (B). Experimental conditions: microwave frequency, 9.66 GHz; magnetic
field strength, 3453 G; sample temperature, 42 K; time interval between successive pulse sets, 5 ms; 400 events were averaged for each time point.
For eachr value the initialT value (period between the second and third microwave pulses) was 16 ns, and 1024 data points were collected at 8
ns intervals; a four-step phase cycle was employed.

MHz, —2.6 MHz) to (4.6 MHz,—6.2 MHz). This tensor, which  assumed to be axially symmetric; subsequently a progressively
we termC, is estimated to have principal values of (2.1 MHz, increased degree of rhombicity was introduced and the quality
2.1 MHz, 18.5 MHz) within an error of-0.4 MHz. A second of the simulation was judged from comparison with the
set of correlation ridges is partially resolved in the, (-) experimental spectrum. In Figure 6 we display the simulated
guadrant. Atr = 80 ns in Figure 4A it has a low frequency spectra for the ESEEM of Phedn [*°N]PSII; the individual
edge at (1.0 MHz;-3.4 MHz), a partially resolved part running  contributions from the four tensofs B, C, andD in accordance
parallel to the diagonal, see for example the point (2.0 MHz, with the HYSCORE results, are shown. At the top of Figure 6
—4.1 MHz), while its high-frequency part is less well resolved. the total simulated spectrum obtained by use of the four tensors
These features are not accounted for by te@soAfter analysis and after application of the product rule for multiple nuclear
of the low-frequency part, and taking into account data recorded coupling? is displayed. The simulations show that the experi-
at otherr values and at lower contour intensities, the principal mental spectra are well described by tensors with relatively small

values of the corresponding tensor, which we tdbmare rhombic character and that the combination lines arising from
estimated to be (2.9 MHz, 2.9 MHz, 30.8 MHz) within an error multiple nuclear coupling are too weak to be resolved; the
of £0.8 MHz. resulting hyperfine coupling tensors after being scaledfsr

In summary the HYSCORE spectra for Phda [**N]PSI| are summarized in Table 1.

allow the resolution of four sets of hyperfine coupling constants.  According to this analysis, the strong and relatively narrow
We point out the enhanced resolution of the HYSCORE peak at~0.6 MHz in the ESEEM for Pheo ifiN]PSII arises
experiment compared to the 1D-stimulated ESEEM; for ex- from a hyperfine coupling tensor, namé&din Table 1, with
ample, in the case of the strong coupling tengorsndD, the considerable anisotropy. The fact that in spite of this anisotropy
corresponding peaks in the 1D-stimulated ESEEM spectra arethis line attains strong intensity and relatively narrow line width
highly dispersed and thus are barely resolved. At most they deserves some comment; the characteristic line narrowing
are only partially resolved in the spectra of Figure 3B (e.g., the phenomenon in ESEEM spectroscopy has been thoroughly
features around-56 MHz). analyzed forS = 1/2,1 = 1/2 system®¥22and more recently
Simulations. The 2D-HYSCORE experiment allowed the for S> 1/2,1 = 1/2 systemd8¢ For anS= 1/2,| = 1/2 system,
assignment of the correlated transitions for the nuclear spinswhen |2A;s, + T| becomes comparable ta/4 the frequency
and an estimation of th®N hyperfine coupling constants; by  dispersion arising from the anisotropic hyperfine interactions
using this information, the simulation of the 1D-ESEEM spectra in the low-frequency nuclear transition vanishes; this results
allows a refinement of these parameters. Figure 6 showsfrom the compensation of dispersive terms bearing opposite
simulations of the stimulated ESEEM spectra for Phied 1°N]- algebraic signs. In the ideal case of exact matching, the
PSII; the simulations were performed starting with the four frequency of the dispersion-free peak iF|3. In the case of
hyperfine coupling tensors estimated from the HYSCORE small anisotropy in the hyperfine interaction tHiN-ESEEM
experiment for Pheoin [1°N]PSII. Initially, the tensors were  consists of a strong narrow peak close to zero frequency and a
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Figure 3. (A) Stimulated echo ESEEM signal of Phiem *N-labeled PSII recorded at the indicatedalues. Inset: Amplitude of the electron

spin echo of Pheoin [**N]PSII resulting from a two-pulse sequence, as a function of the magnetic field. (B) Power calculation of the Fourier
transform of the traces displayed in (A). Top: sum of the Fourier transform far20ues from 120 to 760 ns in steps of 32 ns. Experimental
conditions: microwave frequency, 9.65 GHz; magnetic field strength, 3455 G; other conditions as in Figure 2.

conjugated weak peak at2v;; this has been observed experi- complexe$di21 the same type of spectrum is expected in the
mentally in the ESEEM of the acceptor-side semiquinope Q  case ofy; dominating the hyperfine couplirf§. Large hyperfine
in [15N]PSII8" For tensorB in Table 1 the rather modest couplings have been exploited in studies of the Mn multiline
deviation from the matching condition is the origin of the signal in PSI¥¢ and in T-catalasé®
enhanced intensity of the peak at 0.6 MHz. In all the aforementioned cases the anisotropy of the hyperfine
14N Quadrupole Interaction Constants. Most of thel“N- interaction is considered to be negligible. In the presence of
ESEEM spectra reported previously in the literature fall into considerable anisotropic hyperfine interaction the ESEEM
two hyperfine coupling ranges which have been treated in model spectra degrade. This is shown in Figure 7A where Agy2
calculation studied®d in most of the cases the anisotropic = v|, even a modest anisotropy influences drastically the peak
hyperfine coupling is small with respect to the isotropic term. positions and intensities. In the case when both the isotropic
The first, best known, ESEEM spectral type arises when and the anisotropic hyperfine couplings are large, the-
Asd2 and is termed as the “exact cancellation condit#a”. ESEEM spectra consist of only the perpendicular singularities
Typically the frequency domain spectra obtained under this of the powder line shapes; the remaining spectral features are
condition consist of three sharp, low-frequency lines and a so broad that they are severely damped during the instrumental
broader feature at higher frequency, typically&MHz;202in deadtimé&®* This type of spectrum has been reported for the
the time domain the modulation is deep, on the order of half of semiquinone state of copper-containing amine oxid&sédsu-
the maximum echo amplitude detected. See for example theally, after scaling thé*N hyperfine coupling parameters f&iN,
simulated spectrum in Figure 7B 8, = 2.0 MHz. Inspection the corresponding three-pulse ESEEM spectra®fdishow very
of the time- and frequency-domain spectra for Phio[1*N]- small modulation deptf!?> Here we demonstrate that these
PSIlI in the present case shows that they do not belong to this'®N modulations can be resolved due to the enhanced resolution
type. In the case of deviation from the exact cancellation of the HYSCORE experiment.
condition under negligible anisotropy, the modulation depthis  The hyperfine coupling constants for tH#\ are calculated
attenuated while whepy, — Asy/2| < 2K/3, it is still possible by scaling the!>N by the ratiogn(*°N)/gn(1“N) ~ 1.4, at the
to observe!N-ESEEM frequencies similar to those observed — (21) Astashkin, A. V.; Dikanov, S. A.; Tsvetkov, Y. D. Struct. Chem

for exact cancellatiof: 19%2)256 o S. A.; Singel, D. J. Phys. Chem1990,94, 8393
_ A _ osgrove, S. A.; Singel, D. J. Phys. Chen ,94, .
In the second clasis — Aisg/2| > 2K/3, and whenAso| > (23) Dikanov, S. A.; Tsvetkov, Y. D.; Khahgulov, S. V.; Goldfelld, M.

2y, typical “N-ESEEM spectra consist of just two peaks G.Dokl. Akad. Nauk. SSSEO88,302, 1255.

corresponding to the double-quantum nuclear transition in the  (24) MﬁCracken, J.; Peisach, J.; Cote, C.; McGuirl, M. A.; Dooley, D.
i i c.d ; J. Am. Chem. S0d992,114, 3715.

two electron spin manifolds“see for example the simulated = {50 2 X0 v0 P00 00 A L en 5. PeisaciBiochemistryl 987

spectra in figure 7B foAiso > 2.5 MHz. This type of deviation 26”7923, (b) Eads, C. D.; LeBrutto, R.; Kumar, A., Villaffranca, J.

from the exact cancellation is often encountered in oxovanadium Biochemistryl1987, 27, 165.
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Figure 4. Experimental 2D-HYSCORE spectra (contour plots) of Phied'>N]PSII recorded at (&) = 240 ns and (b} = 80 ns. Experimental
conditions: t; x t; = 256 x 256 points; start value$, = 80 ns,t; = 240 ns; other conditions as in figure 3.

magnetic field used in these experiments. We have carried outthis frequency; as shown in Figure 8 it also contains contribu-
systematic simulations dfN stimulated ESEEM spectra; our tions from a weaker peak resulting from ten€br The part of
preliminary attempts to interpret the experimental spectra were the 2.6 MHz peak arising from tens& has intensity which
directed at the simulation of the major features at246 MHz varies slowly as a function afin contrast to the fast variation
and subsequently the 0.25, 0.72, aneb3VIHz features. The of the intensity of the 2.6 MHz peak originating from ten€br
requirements were primarily to reproduce the frequency posi- We find that tensoD with components (2.1 MHz, 2.1 MHz,
tions and subsequently the basic line shapes. In the following 22.0 MHz) and nuclear quadrupole parameters similar to those
the Euler angles were scrutinized in order to reproduce the of tensor C reproduces the frequency positions and the
relative intensities; representative simulated spectra showing thedependence of spectral features-abaviHz as is seen in Figure
effect of the angles are displayed in Figure 7C. Since itis 8. We find that for tensor€ andD even a small deviation of
known that the relative intensities in these experiments might the angles from zero results in a drastic diminution of the
be perturbed for example due to deadtime and nonideal pilses, spectral features; the anglesandy are set arbitrarily equal to

it is preferable to compare a series ofvalues; in fact the zero since they have no effect on the simulated spectra. The
T-suppression effect was proven to be of critical importance for determined values for the hyperfine and nuclear quadrupole
the selection of the possible parameters. In the case of weakcoupling constants are summarized in Table 1.

hyperfine interaction, tensos andB, the quadrupole interac-
tion plays a dominant role in the determination of the modulation
frequencies; the frequency positions are sensitive to the values Assignment of the Observed Nitrogen Couplings. In

of K and#n while the Euler angles drastically affect the relative principle the observed nitrogen couplings originate from the four
intensities. Thus, for the weakly coupled nitrogens the nuclear pyrrole nitrogens of the pheophytin macrocycle; see Figure 1A.
quadrupole interaction parameters are determined with a highln addition we consider the possibility that some of them may
degree of accuracy. The simulated spectra for Plie@'*N]- originate from nitrogen nuclei from the protein environment of
PSiII are displayed in Figure 8. Each simulation was performed Pheao interacting with the electron spin; for example, this type
by using one of the fout“N individual hyperfine coupling of interaction is detected in the case of the semiquinone anion
tensorsA, B, C, andD determined from the analysis of the in PSIB¢hand in the bacterial reaction cenférin the case of
I5N-ESEEM; the quadrupole parameters used in the simulationsphotosynthetic pigments the unpaired electron spin density is
are listed in Table 1. At the top of Figure 8 the total simulated expected to be highly delocalized; see for example ref 5e. The
spectrum obtained by using the four tensors and including the 1“N- and 1>N-ESEEM spectra of BChl and Chl cations are
product rule according to eq 5 is displayed; the calculations complex and show that the hyperfine interactions for the
show that essentially no combination line is resolved. Tensor nitrogens are highly anisotropt€. In previous“N-ENDOR

B reproduces the main peaks in the spectra in Figure 2B, for data for Pheoin vitro in liquid solution the detection of strong
example, at 0.7 and 2.6 MHz, while tensbrresults in weak isotropic hyperfine couplings for two nitrogens was repofed;
features at<2 MHz. Close inspection of the relative intensity the corresponding couplings, which are listed in Table 1, are in
and ther dependence of the strong peak at 2.6 MHz shows the range 57 MHz. In addition the existence of two weak
that it contains contributions from more than one transition at nitrogen hyperfine couplings were postulated, although they

Discussion
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Figure 6. Fourier transform of theoretical simulations of three-pulse
15N-ESEEM spectra obtained with the hyperfine coupling tengars

B, C, andD corresponding to those listed in Table 1 after being scaled
by gn(*N)/gu(**N). Top: simulated spectrum obtained by the use the
four tensors, including the product rule. Each spectrum is the sum of
20 spectra calculated farvalues from 120 to 740 ns in steps of 32 ns.
Simulation parameters: microwave frequency, 9.65 MHz; magnetic
field strength, 3455 MHz.

nitrogen-containinge-radicals in solutior?/ no definitive evalu-
ation of the constant®ux"N andQc\N has been established. A
wide spread of values in the range-537 MHz for QupN and
—11 to+26 MHz for Qc\N has been reported, whi@yN has

to the amplitude factors given in eq 8; in each panel only the quadrant been reported to be about 25% greater tiwaY.2” Single-

with the stronger lines is displayed. The isotropi#&s, and the
anisotropic,T, hyperfine coupling parameters used akg,(T) = (0.4
MHz, 0.2 MHz) in panel A, (1.0 MHz, 0.8 MHz) in B, (1.7 MHz, 0.8
MHz) in C, (2.4 MHz, 1.1 MHz) in D, (4.0 MHz, 0.2 MHz) in E, and
(6.0 MHz, 4.0 MHz) in F.

were not resolved by ENDOR. On the basis'#f- and H-
ENDOR data, molecular orbital calculations indicate that the
non-protonated nitrogens of Pheim vitro (see Figure 1A) bear

crystal ESEEM data show that, in the free-base porphin, to a
good approximation a simple relation between the anisotropic
hyperfine interaction) and the nitrogen spin densities\{ is

T ~ 530y MHz.28 In the same system, the isotropic part of the
interaction is found to be strongly influenced by multinuclear
interactiond® and values oQnpN = 54 MHz, QusN = 70 MHz,

and Qcn\© = —7 MHz were estimated. We consider the the
porphin molecule is a better model for the Pheo macrocycle

considerable spin density while the spin density on the proto- than for example the aliphatic nitrogefisUsing theQ values

nated nitrogens is expected be negligité’® An analogous
trend is observed in the free-base porpheéH-ENDOR data
for Pheo in PSII in thylakoid membran&sdand DiD,cyt bssg
particle§? indicate that the spin density distribution in Pheo

estimated for the porphine molecule and the spin densities
estimated by molecular orbital calculations for a model Pheo
radical®® we calculate the hyperfine coupling constants which
are listed in Table 1. Itis seen that the unprotonated nitrogens

in the reaction centers is comparable, although not identical, to are expected to havks, andT much larger than th&N nuclear

that for the Pheo radicalin vitro. According to this analysis
we consider that tensofs andB in Table 1 correspond to the
two protonated nitrogens of Pheand tensor& andD to the

nonprotonated nitrogens; see Figure 1A. No couplings between

the Pheo radical and protein nitrogens, like those seen for other
radicalsgehehwere resolved.

Spin Densities. For a nitrogen nucleus with adjacent,

equivalent carbons, the observed isotropic hyperfine couplings

may be analyzed with a relation of the forRa, = QnxNonx +
2QcnNpc, in which the X serves to distinguish the presence of
a either a nonbonding electron lone pair £XP) or a bound
proton (X = H).2627¢ Despite numerous EPR studies of

(26) Singel, D. J.; van der Poel, W. A. J. A.; Schmidt, J.; van der Waals,
J. H.; de Beer, RJ. Chem. Phys1984 81, 5453.

Larmor frequency while the protonated nitrogens are expected
to have smalPs, andT; this is in agreement with the assignment
of the hyperfine tensors for Phea PSII that we make in Table

1. The differences observed between the nitrogen hyperfine
couplings observed for Phedn PSII and the calculated values
listed in Table 1 are modest.

(27) (a) Ward, R. LJ. Am. Chem. S0d 961, 83, 3626;1962,84, 332.
(b) Barton, B. L.; Fraenkel, G. KJ. Chem. Phys1964 41, 1455. (c)
Henning, J. C. MJ. Chem. Physl966 44, 2139. (d) Adam, J. Q.; Nisckic,
S. W.; Thomas, J. Rl. Chem. Physl96645, 654. (e) Stone, E. W.; Maki,

A. H J. Chem. Physl1963 39, 1635. (f) Atherton, N. M.; Gerson, F.; Morell,
J. N. Mol. Phys.1962 5, 509. (g) Talcott, C. L.; Myers, R. . Chem.

Phys 1967,12, 549. (h) Carrington, A.; dos Santos-VeigaMbol. Phys
1962 5, 21. (i) Bolton, J. R.; Carrington, A.; dos Santos-VeigaMal.
Phys 1962 5, 456.
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Table 1. Experimental and Theoretic#iN Hyperfine and Quadrupole Coupling Constants for PhieoPSIl and Model Compouné

param A (N|||)cI B (N|)d C (va)d D (N||)d ref
14N-ENDOR | Aisol <2 <2 5.16 6.42 5c
theoreticat? |Aisol 0.8 1.4 6.2 9.4
IT| 0.8 0.9 5.7 8.7
ESEEM of Pheoin PSIF Ax (MHz £ 0.05) 0.9 1.4 1.4 2.1 this work
Ay (MHz £ 0.05) 1.0 1.0 14 21 this work
A;;(MHz £ 0.05) 0.5 2.7 12.7 22.0 this work
Aiso (MHz £ 0.05) 0.8 1.7 5.2 8.7 this work
a, 3, y (deg=+ 10) 30, 90, 20 20, 10,0 0,0,0 0,0,0 this work
€9gQ/h(MHz + 0.05) 2.55 2.85 3.20 3.10 this work
7 +0.05 0.40 0.30 0.10 0.10 this work

aMolecular geometry of the Pheanolecule as in Figure 14 Calculated fronmp;, spin densities, at carbgsfc and nitrogen positiong™y by
use of the equation&ise= QuNp™n —142p7c and T = 5307y with QyN = 54 and 70 MHz for the pyrrole and-\H nitrogens, respectively. The
unpaired spin densities on the nitrogeris and the one-bond neighboring carbqris are taken from ref 5& The errors in parentheses refer to
tensorsA andB; for tensorsC andD the errors aréy; £+ 0. 4 MHz, €2qQ/h & 0.1 MHz, andy 4+ 0.1 MHz. ¢ Tensor (assignment).
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Figure 7. Fourier transform of theoretical simulations of three-pulse ESEEM spectra for a 5iNgiecleus. (A) Effect of the anisotropic hyperfine
coupling; the value of is varied from 0.2 to 1.2 MHz. Other simulation parametersfage= 2.0 MHz,€°qQ = 2.65 MHz, andy = 0.3. (B) Effect
of Ao ranging from 1.4 to 4.3 MHz witil = 0.13 MHz,e?qQ = 1.5 MHz, andy = 0.5. (C) Effect of the angl@ ranging from 15 to 9¢° with
As=1.97 MHz,e2qQ = 2.65 MHz,n = 0.3, T = 0.35 MHz, and €, y) = (0°, 0°). Common simulation parameters in all panets=180 ns,
microwave frequency, 9.65 MHz; magnetic field strength, 3453 MHz.

It is anticipated that the solvating environments for Phieo 2.06 MHz obtained by nuclear quadrupole resonance for
the reaction center of PSIl and the model radical in frozen crystalline pyrrole® For the unprotonated nitrogens a reduction
solution differ. The present ESEEM data indicate that despite of |€2qQ/h| is observed in Pheo(3.1-3.2 MHz) as compared
these differences the unpaired spin densities on Pire®Sl| to that found for azines studied in non-hydrogen-bonding solids
and in frozen solutions are comparable. Overall this suggestsand in the gas phase (4.2 MHz)put is similar to the value
that the dielectric properties of the medium exert little influence reported for the unprotonated nitrogens in the free-base por-
on the distribution of the unpaired spin density and hence the phine?® (3.32 MHz). According to the Townes and Daily
energy of the singly occupied molecular orbital of the pheo- model?® the decrease in the nuclear quadrupole coupling
phytin radicak However, it is possible thaocal interactions constant indicates that the nitrogen has lost some of its lone-

with the protein environment, like hydrogen bondfgnay pair characteriide infra). Also a polarization of the electrons

modify the spin density distribution in Phe the PSII reaction in the neighborhood of thé&!N nucleus is expected to affect

center. mainly the quadrupole coupling constant and, less, the electric
We recently showed that the non-heme iron of PSII enhancesfield gradient3! The polarization may be due to hydrogen-

the spin-lattice relaxation of the pheophytin radicalThe bonding or to electrostatic effects.

possibility of the modification of the spin density of Phedue The relativeo- to z-spin density determines the orientation

to the magnetic interaction with the iron was examined by of the principal nuclear quadrupole interaction axes. In pyrrole,
comparing the ESEEM of Phean PSIl membranes with the  the molecular symmetry ensures that one field-gradient axis is
non-heme iron in the high-spirS(= 2) or in the low-spin perpendicular to the molecular plaflethat another axis lies
diamagnetic $ = 0) state after treatment with CM. The along the NH bond, and that the third, lying in the molecular
ESEEM of Pheo in the CN-treated'N]PSII (data not shown) plane, is perpendicular to these two. If the-N o-spin—orbital
was found to be indistinguishable from that for Phesthown populations are less than the-Ml ¢-orbital populations, then
in Figure 2. Thus the interaction with the iron does not thex axis will lie along the N-H bond* which was also found
measurably modify the spin density of the unpaired electron to be the case for the protonated nitrogens in the free-base
on the pheophytin. porphine furthermore, in the same system thaxis was found
Quadrupole Interactions. For the protonated nitrogens in  to be perpendicular to the molecular plane. On the basis of the
Pheo, the observed coupling constants listed in Table 1 are similarities between the hyperfine and quadrupole coupling
comparable to that for the protonated nitrogens of the free-baseconstants for the free-base porphine and PhieoPSl|, it is
porphiné® (2.24 MHz), and both are larger than the value of  (28) Schempp, E.; Bray, P. J. Chem. Phys1968 48, 2380.
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Figure 8. Fourier transform of theoretical simulations of three-pulse
1“N-ESEEM spectra obtained with the hyperfine and quadrupole
coupling tensor#\, B, C, andD corresponding to those listed in Table

1. Top: simulated spectrum obtained for the four tensors including

Deligiannakis and Rutherford

of Pheo is another type of possible structural distortion;
molecular orbital calculations show that a change of the
orientation of the vinyl group may induce a modification of
the spin density on Phed%37° We notice that the spin densities
used for the calculation in Table 1 were performed for the case
were the 2-vinyl group of Pheo is rotated by°ldut of the
molecular plané¢

In nonadiabatic electron transfer the rates of long-range
electron transfer depend critically on the distance-dependent
overlap of the donor/acceptor electronic wave functiérany
mechanism resulting in a spread of the electron cloud is expected
to influence the electron transfer rate. The present ESEEM data
together with théH-ENDOR dat&d provide a complete picture
of a highly delocalized distribution of the unpaired spin density
on pheophytin in PSII, which is relevant to its role in the electron
transfer in the reaction center. It has been postulated that the
orientation of the 2-vinyl group relative to the molecular plane
could affect the optimization of the donor/acceptor orbital
overlap and thereby the electron trangtéf®in the reaction
center of PSII. The present study demonstrates that the ESEEM
data contribute useful information relevant to a deeper under-
standing of the relation between the structure and the electron
transport function in photosynthetic reaction centers.

Conclusions

By the use of the ESEEM technique, we have obtained the
hyperfine and quadrupole interaction constants for the nitrogens
of the pheophytin anion radical in PSII. It is concluded that

the product rule. Each spectrum is the sum of 20 spectra calculated forthe weak and the strong couplings correspond to the protonated

7 values from 120 to 740 ns in steps of 32 ns. Simulation parameters:
microwave frequency, 9.65 MHz; magnetic field strength, 3453 MHz.

tempting to extrapolate this picture in the case of Phedhe
validity of this assignment has to be tested for example by
ESEEM studies on single crystals of Pheo

In the case of Pheoin PSII the observed small deviations
from axial symmetry for the hyperfine tensors of the protonated
nitrogens might reflect a nonaxiality of the molecular axis

and the nonprotonated nitrogens of the Pheadical, respec-

tively. In the present case the HYSCORE experiment allows
the detection of strong hyperfine couplings which are generally
considered to be better resolvable by ENDOR rather than
ESEEM. The simulation of the 1D-stimulated ESEEM and the
required consistency between tH&- and 1*“N-ESEEM data

allow a high degree of confidence in the determined hyperfine
and quadrupole coupling constants listed in Table 1. This is

system. In the case of the nonprotonated nitrogens the Iargethe first ESEEM study of a pheophytin radical which is related

value of A,;; and its large difference fromy, and Ayy values
leads to thez axis being little influenced by factors other than
local structure, specifically the orientation of the nitrogen-p
orbital?® Analogous observations based on ESEEM data for

to future studies in other photosynthetic reaction centers. The
structural implications of the parameters extracted in the present
work can be advanced after for example ESEEM studies of the
Pheo radical in single crystals.
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