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Abstract: When the primary electron-donation pathway from the water-oxidation complex in photosystem
II (PS II) is inhibited, chlorophyll (ChlZ and ChlD), â-carotene (Car) and cytochrome b559 are alternate electron
donors that are believed to function in a photoprotection mechanism. Previous studies have demonstrated
that high-frequency EPR spectroscopy (at 130 GHz), together with deuteration of PS II, yields resolved
Car+ and Chl+ EPR signals (Lakshmi et al. J. Phys. Chem. B 2000, 104, 10 445-10 448). The present
study describes the use of pulsed high-frequency EPR spectroscopy to measure the location of the
carotenoid and chlorophyll radicals relative to other paramagnetic cofactors in Synechococcus lividus PS
II. The spin-lattice relaxation rates of the Car+ and Chl+ radicals are measured in manganese-depleted
and manganese-depleted, cyanide-treated PS II; in these samples, the non-heme Fe(II) is high-spin (S )
2) and low-spin (S ) 0), respectively. The Car+ and Chl+ radicals exhibit dipolar-enhanced relaxation rates
in the presence of high-spin (S ) 2) Fe(II) that are eliminated when the Fe(II) is low-spin (S ) 0). The
relaxation enhancements of the Car+ and Chl+ by the non-heme Fe(II) are smaller than the relaxation
enhancement of TyrD

• and P865
+ by the non-heme Fe(II) in PS II and in the reaction center from Rhodobacter

sphaeroides, respectively, indicating that the Car+-Fe(II) and Chl+-Fe(II) distances are greater than the
known TyrD

•-Fe(II) and P865
+-Fe(II) distances. The Car+ radical exhibits a greater relaxation enhancement

by Fe(II) than the Chl+ radical, consistent with Car being an earlier electron donor to P680
+ than Chl. On

the basis of the distance estimates obtained in the present study and by analogy to carotenoid-binding
sites in other pigment-protein complexes, possible binding sites are discussed for the Car cofactors in PS
II. The relative location of Car+ and Chl+ radicals determined in this study provides valuable insight into
the sequence of electron transfers in the alternate electron-donation pathways of PS II.

Introduction

Photoexcitation of the primary-donor chlorophyll, P680, of
photosystem II (PS II) results in a series of rapid electron-
transfer steps in the primary electron-transfer pathway that result
in the breakdown of water to dioxygen and the generation of
reducing equivalents for use in the chain of photosynthetic
reactions (for review see Debus, 1992).1 It has recently been
shown that in plants and cyanobacteria there are secondary
electron-transfer pathways that are of importance in quenching
reactive forms of photoinduced radicals in PS II. In the event
that electron transfer from the water-oxidation complex to P680

+

is blocked, these alternate secondary electron-transfer pathways
are active. P680

+ radicals formed upon photoexcitation are
rapidly quenched by electrons from cytochrome b559 (cyt b559),
monomeric chlorophyll (Chl) andâ-carotene (Car) cofactors
in the PS II complex. It is proposed that these secondary
electron-transfer pathways are important for photoprotection of

PS II (for a review, see Stewart and Brudvig, 1998).2 To date,
however, the sequence of electron-transfer events in the second-
ary electron-transfer pathways of PS II and the locations of the
redox-active Chl and Car cofactors remain uncertain.

The Car+ and Chl+ radicals of PS II have been studied by
optical, Raman, FTIR, X-band and high-frequency (130 and 285
GHz) EPR spectroscopy.3-11 In these studies, the Car+ and Chl+

radicals were generated by low-temperature illumination of PS
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II samples from cyanobacteria and spinach. On the basis of these
studies, several possible pathways for secondary electron transfer
have been proposed in PS II (Scheme 1). In addition to studies
aimed at understanding the sequence and kinetics of secondary
electron transfer in PS II, several studies have also been
conducted to determine the stoichiometry and structural char-
acteristics of the cofactors involved in the secondary electron
pathways of PS II.4,5,7,10-16 Cofactor extraction procedures on
PS II have indicated that there exist two monomeric chlorophyll
(ChlD and ChlZ) and two â-carotene cofactors in the PS II
RC.17-19 In contrast, X-ray crystallography studies have shown
that the bacterial reaction center, which shares a high degree of
homology with PS II, contains only a single copy of a
sphaeroidene in the cis conformation. The orientation of the
transition dipole moment of the Car molecules within the PS II
membrane plane has been studied by linear dichroism.12,13This
work has suggested that the orientations of the two Car
molecules in the D1 and D2 polypeptide are different from each
other. Circular dichroism has suggested that the two Car
molecules are excitonically coupled and may be placed in close
proximity of each other in the PS II reaction center.14 On the

basis of these and other results, it has recently been proposed
that both Car molecules in PS II are redox active; however,
only one Car is involved in cyclic electron transfer via Cyt b559.15

High-frequency EPR and ENDOR studies have shown that the
electronic structures of the Car+ and Chl+ radicals in PS II4,5

are similar to those of model canthaxanthin radicals on solid
alumina support and Chla in solution,20 respectively. High-
frequency EPR, ENDOR, and resonance Raman spectroscopy
of Car+ and Chl+ radicals also indicate that the charge is
delocalized along the length of the carotenoid chain and over
the tetrapyrrole ring of the Car+ and Chl+ radicals, respec-
tively.7,21,22

The 3.8 Å resolution X-ray crystallography structure23 and
cryo-electron microscopy structures of PS II24-29 reveal the
position of the tetranuclear manganese cluster, non-heme Fe(II),
primary-donor chlorophyll (P680), accessory chlorophylls, pheo-
phytin, primary quinone and cyt b559 cofactors. It is observed
that the cofactors are arranged with a pseudo-C2 symmetry about
the non-heme Fe(II) center of PS II. At the current resolution
of PS II structures, the locations of theâ-carotene cofactors
are unknown. Previous mutagenesis studies have indicated that
the redox-active monomeric Chl participating in the secondary
electron-transfer pathway ofSynechocystisPCC 6803 PS II is
ligated to His-118 on the D1 polypeptide.30,31 The location of
the monomeric chlorophylls ligated to His-118 and His-117
residues in the D1 and D2 polypeptides, respectively, are
confirmed by the X-ray crystallography structure.23 However,
the X-ray crystallography structure of PS II places Cyt b559

proximal to the D2 polypeptide which raises questions on the
sequence of cyclic electron transfer via Cyt b559 in the secondary
electron-transfer pathway of PS II. It has been suggested that
both monomeric Chls may participate in electron-transfer events,
either in separate electron-transfer pathways or by rapid hole-
equilibration across the cofactor radicals in PS II (Scheme 1).9

It is essential to determine the location of the redox-active Car
and Chl cofactors in PS II to clarify the electron-transfer events
in the secondary electron-transfer pathway of PS II. Structural
studies of the PS II complex (molecular weight≈ 600 kDa)
have been challenging due to the difficulty in preparing high
diffraction-quality crystals and the presence of paramagnetic
electron-transfer cofactors.

Electron spin-lattice relaxation rate constants can be used
to determine the location, orientation and magnetic properties
of paramagnetic centers in native membrane-bound PS II
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Scheme 1. Pathways for Secondary Photoprotective Electron
Transfer in PS II

Three possible pathways involving Cyt b559, Car, and Chl are proposed
on the D2-side of PS II: (a) A linear pathway (where the electron is
transferred from Cyt b559 to Chl to Car), (b) parallel pathways (where there
are independent pathways of electron donation from Cyt b559 to Chl and
Car), and (c) a branched pathway (where Cyt b559 and Chl donate electrons
to the Car which is responsible for the rereduction of P680

+). In each case,
another electron-transfer pathway could exist on the D1 polypeptide that
involves either the Car or Chl donors.
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complexes. The proximity of radical species to a paramagnetic
metal center (r < 40 Å) enhances the spin-lattice relaxation
of the radical by an orientation-dependent dipole-dipole
interaction.32 The spin-lattice relaxation rate constants resulting
from the dipole-dipole interaction can be used to probe the
distance between the interacting centers in PS II.33,34 For
example, in the absence of the X-ray crystallography and
electron-microscopy structures of PS II, saturation-recovery EPR
spectroscopy at X-band frequency was successfully employed
to establish early evidence of the symmetric location of the
redox-active tyrosine residues (TyrD and TyrZ) of PS II.35

In principle, a similar X-band saturation-recovery EPR
approach can be used to determine the relative location of the
Car+ and Chl+ radicals of PS II. However, Car+ and Chl+

radicals yield unresolved EPR signals at X-band frequency.8,36

The EPR signals of organic radicals in proteins have previously
been partially resolved either by the use of microwave frequency
as high as 285 GHz5 or by the observation of radicals with
relatively largeg-anisotropy at 139.5 GHz.37 Deuteration of PS
II samples to reduce the inhomogeneous broadening of EPR
resonances has permitted the observation of resolved EPR
signals of the Car+ and Chl+ radicals of PS II at D-band (130
GHz) EPR frequency.4 In this study, we demonstrate the
combined use of deuteration ofSynechococcus liVidus PS II
and pulsed high-frequency (130 GHz) saturation-recovery EPR
spectroscopy to measure directly the spin-spin interaction of
the Car+ and Chl+ radicals with other paramagnetic centers of
PS II. This is the first use of high-frequency D-band (130 GHz)
saturation-recovery EPR spectroscopy of deuterated PS II
complexes to directly probe the locations of redox centers in
an electron-transfer protein complex.

We find that the Car+ radicals exhibit dipolar-enhanced spin-
lattice relaxation when the Fe(II) in PS II is high-spin (S ) 2)
that is eliminated when the Fe(II) is low-spin (S) 0). The spin-
lattice relaxation enhancement of Car+ by high-spin Fe(II) is
smaller than the relaxation enhancement of TyrD

• by high-spin
Fe(II), indicating that the Car+-Fe(II) distance is greater than
the known TyrD•-Fe(II) distance in PS II. The Car+ exhibits
greater relaxation enhancement by high-spin Fe(II) than Chl+

indicating that the Car+ radical is closer to the non-heme Fe-
(II) than the Chl+ radical in the secondary electron-transfer
pathway of PS II. This is consistent with the Car being an earlier
electron donor to P680

+ than the Chl. On the basis of the Car+-
Fe(II) and Chl+-Fe(II) distance estimates obtained in this study
and by analogy to the location and nature of the carotenoid-
binding sites in the reaction center fromRps.Viridis38 and the
LH-II complex from Rhodospirillum molischianum,39 we
propose possibleâ-carotene binding sites in PS II.

Materials and Methods

Sample Preparation. It has previously been demonstrated
that deuteration of PS II samples yields resolved EPR signals
of the Car+ and Chl+ radicals at D-band (130 GHz) EPR
frequency.4 For the present study, deuteratedSynechococcus
liVidus cells were grown at 30°C in Ac medium containing
D2O40,41and deuterated PS II core complexes were isolated by
previously described procedures.4 Manganese depletion of
deuterated PS II core complexes was carried out with hydroxy-
lamine42 and cyanide treatment of deuterated manganese-
depleted PS II core complexes was done as described by Sanakis
et al.43 Reaction centers from the photosynthetic bacteriumRb.
sphaeroidesR-26 were isolated as previously described by
Utschig et al.44 Bacterial RC concentrations were determined
with the extinction coefficientε802 ) 288 mM-1 cm-1.45

Trapping of Redox-Active Cofactors in Paramagnetic
States.Deuterated PS II samples for high-frequency D-band
EPR measurements ([Chl]≈ 8 mg/mL in buffer containing 20
mM CaCl2, 5 mM MgCl2, 50 mM MES, pH 6.0 with 20% (w/
v) glycerol and 0.03% (w/v)â-dodecyl maltoside) were prein-
cubated in the dark at 0°C with 200µM potassium ferricyanide
prior to loading into 0.4 mm I. D. quartz capillary tubes. TyrD

•

radicals were generated by a 10 min illumination at 0°C and 3
min dark incubation at 0°C prior to freezing to 60 K in the
EPR cavity. Car+ and Chl+ radicals were generated by illumina-
tion at 85 or 190 K inside the EPR cavity as previously described
(Figure 1).4 High-frequency saturation-recovery EPR measure-
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Figure 1. Experimental high-frequency (130 GHz)cw EPR difference
spectrum of Car+ and Chl+ radicals in PS II illuminated at (a) 85 K and
(b) 190 K. (c) Simulated spectra of Car+ and Chl+ radicals in PS II using
g-tensors for the individual species as reported previously.4 The dashed
lines highlight the magnetic-field positions used for saturation-recovery
measurements of Car+ and Chl+ radicals, respectively.
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ments were performed on PS II samples illuminated at 85 K
(Figure 2).

Rb. sphaeroidesR-26 reaction center samples for high-
frequency D-band EPR measurements were placed in 0.55 mm
I. D. quartz capillary tubes. The concentration of the reaction
center protein was∼0.05 mM in buffer containing 10 mM TRIS
at pH 8.0 with 0.045% LDAO. For generation of the P865

+

radical species, the samples were pre-illuminated at room
temperature in the EPR cavity and were rapidly frozen under
illumination.

Pulsed D-Band High-Frequency EPR Spectroscopy.Pulsed
high-frequency EPR spectra were obtained on a home-built
D-band (130 GHz/4.5 T) continuous-wave (cw)/pulsed instru-

ment previously described elsewhere.4,46 The maximum output
power of the resonator in the pulsed mode is 125 mW (34 ns
π/2 pulses) and 3.4 mW in thecw mode. The TE011 cavity has
several slits to allow for optical excitation and field modulation.
An optical parametric oscillator (Opotek) pumped by a Nd:YAG
laser (Quantel) was used for optical excitation. The output of
the laser was coupled to a fiber optic in order to deliver light to
the cavity (∼1 mJ per pulse). The optical excitation wavelength
was set to 550 nm. The EPR cavity temperature was regulated

(46) Poluektov, O. G.; Utschig, L. M.; Schlesselman, S. L.; Lakshmi, K. V.;
Brudvig, G. W.; Kothe, G.; Thurnauer, M. C.J. Phys. Chem. B2002, 106,
8911-8916.

Figure 2. High-frequency (130 GHz) saturation-recovery transients of (a) TyrD
• in cyanide-treated (dotted line) and untreated (solid line) PS II at 40 K

(left), 60 K (center) and 70 K (right), (b) Car+ in cyanide-treated (dotted line) and untreated (solid line) PS II at 40 K (left), 60 K (center) and 85 K (right)
and (c) Chl+ in cyanide-treated (dotted line) and untreated (solid line) PS II at 40 K (left), 60 K (center) and 85 K (right).
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by a temperature controller (Oxford ITC 503) coupled to a
continuous helium-flow cryostat (Oxford CF 1200).

Direct measurement of long-range inter-spin distances be-
tween pairs of fast- and slow-relaxing spins in PS II and the
bacterial reaction center were carried out using a three-pulse
echo-detected saturation-recovery ((saturation-pulse)-(π/2)-τ-
(π)-τ-echo) sequence. The echo pulses were in the range of 140
ns and 160 ns, respectively, with an inter-pulse echo delay (τ)
of 400 ns. Measurement of spin-lattice relaxation rates in a
rigid matrix is complicated as the inhomogeneous line width
of the slow-relaxing spin is always greater than the B1 field of
the microwave pulses used in a saturation-recovery experiment.
Under these conditions, saturation recovery is a hole-burning
experiment and spectral-diffusion can interfere with the mea-
suredT1 evolution. Long saturation pulses47-49 or a string of
picket-fence pulses50-52 have previously been used to suppress
contributions from cross-relaxation and spectral-diffusion pro-
cesses in saturation-recovery EPR.33 The dependence of the
spin-lattice relaxation rate of TyrD

• on the duration of the
saturation-recovery pulse of the echo-detected saturation-
recovery sequence was investigated in this study. The spin-
lattice relaxation rate of TyrD

• was studied as a function of
saturation pulse length ranging from 140 ns to 10 ms (data not
shown). It was found that the spin-lattice relaxation rate reaches
a constant minimum with 5 ms or longer saturation pulse
lengths. A 10 ms saturation pulse length was used to eliminate
interference from spin-diffusion effects in recording of spin-
lattice relaxation transients of TyrD

•, Car+, Chl+, and P865
+ in

PS II and in purple bacterial reaction centers, respectively.
The magnetic-field position for the saturation-recovery mea-

surements was set to 46 418 and 46 454 G for Car+ and Chl+

radicals in PS II, respectively, as indicated in Figure 1. The
magnetic-field position for saturation-recovery measurements
was set at thegX andgY turning points for TyrD• in PS II (as
indicated in Figure 4a) and the magnetic-field position was set
at different points on the P865

+ powder spectrum (as indicated
in Figure 3a) for saturation-recovery measurements of P865

+ in
the purple bacterial reaction center samples. A nonlinear
regression program written by Dr. Donald Hirsh employing the
Marquardt algorithm53 was used to fit saturation-recovery
transients to a dipolar model32 to obtain intrinsic and dipolar-
enhanced spin-lattice relaxation rates for the interacting slow-
relaxing spins.

Results and Discussion

Figure 1a-b show experimental high-frequency (130 GHz)
cw light-minus-dark EPR difference spectra of Car+ and Chl+

radicals in PS II illuminated at 85 and 190 K, respectively.
Shown in Figure 1c are simulated EPR spectra using the
g-tensors of Car+ and Chl+ radicals in PS II reported previ-

ously.4 As can be seen upon comparison of the composite EPR
line shapes of the experimental difference spectra (in Figure
1a-b) and the simulated contributions from the Car+ and Chl+

radicals (in Figure 1c), the low- and high-field regions of the
spectra indicated by the dashed lines are from Car+ and Chl+

radicals, respectively. In the present study, the magnetic-field
positions shown by the dashed lines assigned to Car+ (46 418
G) and Chl+ (46 454 G) radicals in Figure 1 are used for
measurement of the spin-lattice relaxation rates of the cation
radicals in the absence and in the presence of high-spin (S )
2) non-heme Fe(II) in PS II.

Measurement of Dipolar-Enhanced Spin-Lattice Relax-
ation Rates. It has previously been demonstrated that spin-
spin interactions between a pair of slow- and fast-relaxing spins
results in spin-lattice relaxation enhancement of the slow-
relaxing spin.32 The observed spin-lattice relaxation rate of the
slow-relaxing spin (k1,obs) (e.g., TyrD•, Car+ and Chl+) in the
presence of the fast-relaxing spin (e.g., (S ) 2) Fe(II)) is a
combination of intrinsic (k1,int) and dipolar- plus exchange-
enhanced (k1,ss) spin-lattice relaxation rate (eq 1)

In the case of long-range spin-spin interactions (r > 20 Å)
considered in this study, the exchange contribution to the spin-
lattice relaxation rate is negligible. The dipolar spin-lattice
relaxation rate (k1,dipolar) is a function of the orientation of inter-
spin vector in the applied magnetic field and all orientations
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1991, 91, 12-29.

(48) Dalton, L. R.; Kwiram, A. L.; Cowen, J. A.Chem. Phys. Lett.1972a, 14,
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Figure 3. (a) Experimental high-frequency (130 GHz) pulsed-echo-detected
EPR powder spectrum of P865

+ radicals in the bacterial reaction center from
Rb. sphaeroides. The arrows highlight the magnetic-field positions used
for saturation-recovery measurements shown in (b).

k1,obs) k1,int + k1,ss (1)
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are possible in a powder EPR sample. This results in multiex-
ponential character of dipolar-enhanced spin-lattice relaxation
transient of the slow-relaxing spin.k1,dipolar is also a function of
the inter-spin distance (eq 2)

Knowledge of relaxation times of the fast-relaxing spin (T1f and
T2f) and Larmor frequency of the two spins (ωs and ωf) can
enable direct measurement of the distance between the slow-
and fast-relaxing spins.32 We use high-frequency saturation-
recovery EPR to investigate the interaction of slow-relaxing
Car+ and Chl+ cofactor radicals with fast-relaxing non-heme
Fe(II) in PS II. In addition to low-spin slow-relaxing radicals
such as TyrD•, Car+, and Chl+, PS II contains intrinsic high-
spin fast-relaxing paramagnetic centers, namely, the tetranuclear
manganese cluster (in the S1 state) and the non-heme Fe (II)
center. It has previously been shown that manganese depletion
can be used to eliminate magnetic interaction with the tetra-
nuclear manganese cluster of PS II.54 It has also been shown
that cyanide treatment can be used for conversion of high-spin
(S) 2) form of Fe(II) to low-spin (S) 0) form of Fe(II).43 In
this study, manganese depletion of PS II is used to isolate solely
the magnetic interaction of photoinduced TyrD

•, Car+ and Chl+

radical with the non-heme Fe(II) and cyanide treatment in
conjunction with manganese depletion is used to compare the
intrinsic and dipolar-enhanced spin lattice relaxation rate of
TyrD

•, Car+, and Chl+ radical in the presence of both low-spin
(S ) 0) and high-spin (S ) 2) non-heme Fe(II), respectively.

As can be seen in Figure 2a, comparison of the spin-lattice
relaxation transient of TyrD

• in the absence and in the presence
of the high-spin (S) 2) Fe(II) at different temperatures indicates
enhanced spin-lattice relaxation of TyrD• due to dipolar
interaction with the high-spin (S ) 2) form of Fe(II). The
saturation-recovery transients of TyrD

• in the presence of high-
spin (S) 2) Fe(II) exhibit multiexponential kinetics at different
temperatures. Similarly in Figure 2b, comparison of spin-lattice
relaxation transients of Car+ in the presence of the high-spin
(S ) 2) Fe(II) and low-spin (S ) 0) Fe(II) indicate enhanced
spin-lattice relaxation of Car+ radicals at 60 and 85 K due to
dipolar interaction with high-spin (S ) 2) Fe(II). Comparison
of the saturation-recovery transient of Car+ in the presence of
high-spin (S) 2) Fe(II) (Figure 2b) with the saturation-recovery
transient of TyrD• in the presence of high-spin (S ) 2) Fe(II)
(Figure 2a) indicates that the Car+-Fe(II) dipolar interaction
is weaker than the TyrD

•-Fe(II) dipolar interaction in PS II.
This suggests that the Car+-Fe(II) distance is greater than the
known TyrD•-Fe(II) distance in PS II of 37 Å.23,35

In contrast to Figure 2a-b, comparison of the saturation-
recovery transient of Chl+ in the presence of high-spin (S) 2)
Fe(II) with the saturation-recovery transient in the presence of
low-spin (S ) 0) Fe(II) at different temperatures (Figure 2c)
indicates that the Chl+ radical displays negligible spin-lattice
relaxation enhancement upon interaction with high-spin (S )
2) Fe(II). Qualitatively, the weak dipolar-enhancement of the
spin-lattice relaxation of the Chl+ radical in the presence of
high-spin (S) 2) Fe(II) suggests that the Chl+ radicals generated
in the secondary electron-transfer pathway of PS II areg40 Å
from the high-spin (S ) 2) Fe(II) in PS II.

Effect of g-Anisotropy of Slow-Relaxing Spin on Spin-
Lattice Relaxation Measurements. The dipolar model32 that
accounts for multiexponential saturation-recovery spin-lattice
relaxation transients observed for a pair of interacting spins can
be applied to obtain TyrD

•-Fe(II) and Car+-Fe(II) inter-spin
distances in PS II. However, a potential complication in the
analysis of high-frequency saturation-recovery EPR transients
is the presence ofg- and A-anisotropy in the slow- and fast-
relaxing spins. The dipolar model previously described by Hirsh
et al. considers isotropic spins in defining the dipolar interaction
between a pair of interacting spins.32 Most slow-relaxing spins
studied to date by X-band (9 GHz) saturation-recovery EPR
have been organic radicals with smallg- andA-anisotropy. At
130 GHz, however, the microwave pulses are narrow compared
to the width of the EPR signal. It is possible that the presence
of g-anisotropy in the slow-relaxing spin observed at high EPR
frequency could restrict sampling of possible orientations to only
a small subset of angles. Angle selection at 140 GHz has been
previously used to demonstrate the presence of isotropic
exchange-coupling contribution to the interaction of Tyr• and
the diiron (Fe2) cluster in ribonucleotide reductase fromyeast
andE. coli.55 However, the influence ofg-anisotropy and angle
selection of a slow-relaxing spin on the observed dipolar-
coupling contribution to spin-lattice relaxation in a saturation-

(54) Beck, W. F.; Innes, J. B.; Brudvig, G. W. InCurrent Research in
Photosynthesis, Baltscheffsky, M., Ed.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1990; Vol. 1, pp 817-820.

Figure 4. (a) Experimental high-frequency (130 GHz) pulsed-echo-detected
EPR powder spectrum of dark stable YD

• radicals in PS II. The arrows
highlight magnetic-field positions used for the saturation-recovery measure-
ments as shown in (b):gX (solid line) andgY (dotted line), using the
conventiongX > gY > gZ.

k1,dipolarR 1/r6 (2)
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recovery experiment has previously not been characterized at
high EPR frequency.

We investigate the P865
+-Fe(II) and TyrD•-Fe(II) interactions

in the bacterial reaction center fromRb. sphaeroidesand PS II,
respectively, to estimate the effect of theg-anisotropy of the
slow-relaxing spin on the dipolar-enhanced spin-lattice relax-
ation transients at D-band EPR frequency. As can be observed
in the echo-detected EPR powder pattern in Figure 3a, the P865

+

radical in the bacterial reaction center displaysg-anisotropy at
130 GHz EPR frequency.46 Figure 3b displays the effect of
g-anisotropy on the observed dipolar-enhanced saturation-
recovery transients of P865

+ in the presence of high-spin (S )
2) Fe(II). The observed spin-lattice relaxation transients of
P865

+ in the presence of high-spin (S ) 2) Fe(II) collected at
different magnetic-field positions (shown by arrows in Figure
3a) in the P865

+ powder spectrum indicate only a small influence
of g-anisotropy on the dipolar-enhanced spin-lattice relaxation
rate of P865

+.
Similarly, shown in Figure 4a is an echo-detected EPR

powder pattern of TyrD• in PS II. The spectral width of the
powder pattern indicates significantg-anisotropy in the TyrD•

signal at 130 GHz EPR frequency.56 Comparison of spin-lattice
relaxation transients of TyrD

• interacting with high-spin (S )
2) Fe(II) in PS II with the magnetic-field position set at thegX

and gY turning points of TyrD• powder spectrum (shown by
arrows in Figure 4a) indicates a small influence ofg-anisotropy
on the dipolar-enhanced relaxation rate of TyrD

• radicals. On
the basis of the small orientation dependence observed in Figures
3b and 4b, it is concluded that angle selection has minimal effect
on measured spin-lattice relaxation rate of P865

+ and TyrD•

interacting with high-spin Fe(II). The diminished effect of
g-anisotropy of the slow-relaxing spin on the dipolar-enhanced
spin-lattice relaxation rate of both TyrD

• and P865
+ in the

presence of high-spin (S ) 2) Fe(II) in PS II and the bacterial
reaction center, respectively, is most likely because the dominant
effect is the anisotropy of the high-spin (S) 2) non-heme Fe-
(II) in both proteins. This suggests that approximate distance
estimates can be obtained using the isotropic dipolar model
previously developed by Hirsh et al.32

Temperature Dependence of k1,int and k1,dipolar at D-Band
EPR Frequency. To probe the differences in spin-lattice
relaxation behavior at low and high EPR frequency, we compare
the temperature dependence of the intrinsic and dipolar-enhanced
spin-lattice relaxation rates of TyrD

• and TyrD•-Fe(II) at D-band
EPR frequency to previously published spin-lattice relaxation
rates of TyrD• and TyrD•-Fe(II) at X-band EPR frequency.32 The
k1,int and k1,dipolar spin-lattice relaxation rates of TyrD

• are
determined by fitting TyrD• saturation-recovery transients to the
isotropic dipolar model proposed by Hirsh et al.32 The temper-
ature dependence of the intrinsic (k1,int) and dipolar (k1,dipolar)
spin-lattice relaxation rates are probed over a temperature range
of 30 K to 95 K at D-band EPR frequency and these data are
compared with the relaxation rates in this temperature range
previously published by Hirsh et al.32 The temperature depen-
dence ofk1,int at both D-band and X-band EPR frequency
displays similar∼T2.3 temperature dependence (Figure 5a).
However, it appears that the magnitude ofk1,int at D-band EPR

frequency is a factor of 2.7 higher thank1,int at X-band EPR
frequency.32 Thek1,dipolarrelaxation rates exhibit similar changes
in magnitude and temperature dependence at D-band and X-band
EPR frequency32 (Figure 5b). The difference in the slope of
the temperature dependence ofk1,int and k1,dipolar is further
indication that the enhanced spin-lattice relaxation rate of TyrD

•

is from the dipolar coupling between TyrD
• and the high-spin

(S) 2) Fe(II) in PS II. The temperature dependence ofk1,dipolar

relaxation rate at D-band EPR frequency shown in Figure 5b
indicates that the B-term is the correct limit for evaluation of
k1,dipolar.32

Effect of S > 1/2 Fast-Relaxing Spin on Dipolar Spin-
Lattice Relaxation Measurements.It has been demonstrated
by Eaton and Eaton57 that the analysis of saturation-recovery
transients can be different in the case of a fast-relaxing spin
with S > 1/2 interacting with a slow-relaxing (S ) 1/2) spin.
For a fast-relaxing spin withS > 1/2, there is more than one
∆mS transition and each transition could have a different
potential for inducing transitions in the slow-relaxing spin. Each

(55) Bar, G.; Bennati, M.; Nguyen, H.-H. T.; Ge, J.; Stubbe, J.-A.; Griffin, R.
G. J. Am. Chem. Soc.2001, 123, 3569-3576.

(56) Un, S.; Tang, X.-S.; Diner, B. A.Biochemistry1996, 35, 679-684.

(57) Eaton, S. S.; Eaton, G. R. InDistance Measurements in Biological Systems
by EPR; Berliner, L. J., Eaton, S. S. and Eaton, G. R., Ed.; Kluwer
Academic/ Plenum Publishers: New York, 2000; Vol. 19 of Biological
Magnetic Resonance, pp 29-154.

Figure 5. Temperature dependence of (a) the intrinsic and (b) dipolar-
enhanced spin-lattice relaxation rates of TyrD

• radicals in cyanide-treated,
Mn-depleted, and Mn-depleted PS II, respectively, at D-band EPR frequency
(filled circles). Also shown are the intrinsic and dipolar-enhanced spin-
lattice relaxation rates of TyrD

• radicals in cyanide-treated, Mn-depleted
and Mn-depleted PS II, respectively, at X-band EPR frequency (open
circles). X-band saturation-recovery EPR data from Hirsh et al.32
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transition could also have different spin-lattice and spin-spin
relaxation rates. The magnetic properties and relaxation rates
of the high-spin (S ) 2) Fe(II) in PS II have not been directly
determined but it has been suggested that the magnetic properties
of Fe(II) are similar in PS II and the reaction center fromRb.
sphaeroides.32 A useful approach demonstrated by Hirsh and
Brudvig in the X-band saturation recovery analysis of reaction
centers fromRb. sphaeroidesand PS II has been to use the
data for the P865

+-Fe(II) interaction in the structurally char-
acterized bacterial reaction center to calibrate the TyrD

•-Fe(II)
interaction in manganese-depleted PS II.32 This approach avoids
complications encountered in the direct determination of
magnetic parameters of the high-spin (S ) 2) Fe(II) and has
been shown to result in accurate measurement of inter-spin
distances in PS II. For example, by using the P865

+-Fe(II)
distance in bacterial reaction centers as a calibration, the TyrD

•-
Fe(II) and TyrZ•-Fe(II) distances in PS II at X-band EPR
frequency were both estimated to be 37( 5 Å.35 These distances
are in excellent agreement with the X-ray crystal structure of
PS II (TyrD-Fe(II) and TyrZ-Fe(II) center-to-center distances
of 37.5 Å).23

Relative Location of Car+ Radicals in PS II. The present
study indicates that the Car+-Fe(II) and Chl+-Fe(II) distances
are greater than the known TyrD

•-Fe(II) distance of∼37 Å in
PS II. Upon calibration with the known TyrD

•-Fe(II) dipolar
distance and the dipolar-enhanced spin-lattice relaxation rate
of TyrD

• determined from the temperature-dependent plot in
Figure 5b, we estimate that the Car+-Fe(II) and Chl+-Fe(II)
distances in PS II are 38( 1 Å andg40 Å, respectively. The
shorter distance of the Car+ to the non-heme Fe(II) than Chl+

is consistent with the Car being the earlier electron donor to
P680

+ than Chl.

The dipolar distances are weighted as 1/r6 and interpretation
of these distances must take into account the spin distributions
within the Car+ and Chl+ radicals. Hyperfine couplings
determined from ENDOR studies and calculated spin densities
of the individual carbon atoms of model Car+ radicals have
indicated that the unpaired electron spin is distributed over the
entire length of the polyene chain of model carotenoid cation
radicals.21 This observation is also supported by resonance
Raman spectroscopic studies conducted on Car+ radicals in
solution that have indicated that the charge is evenly distributed
over the polyene chain.22 Similarly, hyperfine couplings obtained
from pulsed ENDOR studies on Chla+ in vitro and Chl+

radicals in PS II indicate that the spin density is distributed over
the tetrapyrrole ring of the chlorophyll molecule.7 To evaluate
the effect of these spin distributions on the calculated distances,
we have performed distributed dipole-dipole calculations using
the Chl+ and Car+ spin densities previously determined7,21with
different distances and orientations of each cofactor relative to
the non-heme Fe(II). These calculations show that the large
value of the dipolar distance we obtain for Chl+-Fe(II) relative
to the size of the Chl+ molecule makes interpretation of the
dipolar distance as the center-to-center Chl+-Fe(II) distance a
valid approximation in the present study. However, the spin of
Car+ is distributed over the conjugated carbon atoms of the
polyene chain, which extends approximately 23 Å in an all-
trans configuration. A series of tilt angles of a linear all-trans
Car+ relative to the center-to-center interspin vector was
compared while maintaining a constant center-to-center Car+-

Fe(II) distance of 38 Å (Figure 6). These calculations show that
Car+ with a tilt angle of 0° is equivalent to the point dipole
approximation with a distance of 38 Å. Rotation of the Car+

about the interspin vector places one end of the Car+ progres-
sively closer to the non-heme Fe(II). A rotation ofe30° gave
a dipolar coupling within error of the point dipole approxima-
tion, but a larger tilt resulted in a dipolar coupling that was
greater than the experimentally observed coupling. On the other
hand, at a 90° orientation with the center-to-center Car+-Fe-
(II) distance of 38 Å, one end of the Car+ extends beyond the
surface of the D1/D2 subunits of PS II. We can conclude that
either the Car+ is oriented approximately within the membrane
plane with a center-to-center Car+-Fe(II) distance of 38 Å or
that the Car+ is tilted with a center-to-center Car+-Fe(II)
distance greater than 38 Å. With regard to the tilt angle of the
Car+, linear dichroism measurements have suggested that one
of the two â-carotene molecules in the D1/D2 subunits is
oriented approximately parallel to the membrane plane and the
other is tilted at an angle of approximately 45°.12,13

It was previously thought that only Chl and Cyt b559 cofactors
are involved in the secondary electron-transfer pathway of PS
II. On the basis of this assumption, Koulougliotis et al. used
progressive power-saturation and saturation-recovery EPR
experiments at X-band EPR frequency to determine the location
of ChlZ+ in PS II.36 At X-band EPR frequency, ChlZ

+ and Car+

radicals display overlapping EPR signals that result in a single
featureless resonance in theg ) 2 region of the spectrum.8,36

Saturation-recovery spin-lattice transients of ChlZ
+ at X-band

EPR frequency presented evidence for dipolar-enhanced spin-
lattice relaxation of ChlZ

+ in the presence of high-spin (S) 2)
Fe(II) that is absent in the presence of low-spin (S ) 0) Fe(II)
in PS II. Using the P865

+-Fe(II) dipolar interaction in the
reaction center fromRb. sphaeroidesas a calibration, the ChlZ-
Fe(II) distance in PS II at X-band EPR frequency was
determined to be 39( 2.5 Å.36 The center-to-center ChlZ

+-
Fe(II) and ChlD+-Fe(II) distances determined by Zouni et al.
are 40.4 and 40.0 Å, respectively.23 The ChlZ+ radicals in the
X-band EPR study by Koulougliotis et al. were generated by
illumination of PS II samples at 77 K with the Cyt b559 heme
center in the preoxidized state.36 More recently, it has been
shown that illumination of PS II samples at 77 K with the Cyt
b559 heme center preoxidized generates a mixture of Car+ and
Chl+ radicals.4,9 Thus, the ChlZ-Fe(II) dipolar distance of 39
( 2.5 Å determined in the previous X-band saturation-recovery
EPR study was a weighted average of the Car+-Fe(II) and
Chl+-Fe(II) distances in PS II. The high-frequency saturation-
recovery EPR distance estimates of 38( 1 Å andg40 Å for
the Car+-Fe(II) and Chl+-Fe(II) distances, respectively, are

Figure 6. Relative orientation of a linear all-trans Car+ relative to the
center-to-center Car+-Fe(II) interspin vector in PS II. The Car+ tilt angle
(Θ) was varied for the distributed dipole calculations, whereas maintaining
a constant center-to-center Car+-Fe(II) distance (r) of 38 Å.
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consistent with the distance of 39( 2.5 Å, previously
determined by X-band saturation-recovery EPR spectroscopy.36

Figure 7a depicts the X-ray crystallography structure of the
reaction center fromRps. Viridis38 with the primary-donor
chlorophyll pigments (P865), accessory chlorophyll pigments and
the non-heme Fe(II) shown in black, green and orange,
respectively. We highlight the sphaeroidene molecule in red and
the tryptophan and phenylalanine residues that line the sphaeroi-

dene-binding pocket in blue and yellow, respectively. The
center-to-center distance between the sphaeroidene and the non-
heme Fe(II) in the reaction center is∼32 Å. Shown in Figure
7b is the X-ray crystallography structure of the carotenoid-
binding pocket in the LH-II complex from Rhodospirillum
molischianum.39 The bacteriochlorophyll pigments (B850 and
B800), tryptophan and phenylalanine residues are highlighted in
green, blue, and pink, respectively. The carotenoid-binding

Figure 7. (a) Sphaeroidene-binding pocket of the bacterial reaction center fromRps.Viridis38 (pdb code: 1prc). The sphaeroidene is shown in red with
neighboring tryptophan (blue) and phenylalanine (yellow) residues that form the binding pocket. Also shown are the bacteriochlorophyll (black), accessory
bacteriochlorophyll (green) and non-heme Fe(II) (orange) centers in the reaction center. (b) The lycopene-binding pocket of the light-harvesting-II complex
from Rhodospirillum molischianum39 (Figure adapted from Wang and Hu, 2002).58 The bacteriochlorophyll pigments (B850 and B800) flanking the lycopene
molecule are shown in green. The tryptophan and phenylalanine residues in the lycopene-binding pocket are highlighted in blue and pink, respectively. (c)
The location of the putativeâ-carotene binding pockets in photosystem II59 (pdb code: 1dop) are shown by highlighting the position of neighboring aromatic
amino acid residues that may line the binding pocket (tryptophan, tyrosine, phenylalanine and histidine residues are shown in blue, orange, yellow and
magenta, respectively). Also shown are His-117 and His-118 residues that ligate the monomeric chlorophyll cofactors on the D2 and D1 polypeptides ofPS
II, respectively. The location of the special pair of primary-donor chlorophylls (black), accessory chlorophylls (green) and non-heme Fe(II) (orange) in PS
II are shown in this figure. (d) The possible positions of the redox-activeâ-carotene cofactor in the putative binding sites that are shown in Figure 7(c). The
amino acid residues lining theâ-carotene binding pocket are shown in yellow and theâ-carotene molecules are shown in red. The location of the primary
donor chlorophyll molecules (black), the accessory chlorophylls (black), His-117 and His-118 residues that ligate the monomeric chlorophyll cofactors
(green) and the non-heme Fe(II) (orange) in PS II are also shown in this figure.
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pocket of the purple bacterial reaction center38 and the light-
harvesting complex II (LH-II) 39 shown in Figure 7a and 7b,
respectively, indicate that carotenoids in pigment-protein
complexes are either surrounded by aromatic residues or by
bacteriochlorophyll molecules (with extensiveπ-conjugation).
These observations combined with intermolecular interaction
energies calculated by ab initio methods suggest thatπ-π
stacking interactions are the molecular forces that bind caro-
tenoids in photosynthetic pigment-protein complexes.58

On the basis of the distance estimates obtained in the present
study and by analogy with the location and structure of the
carotenoid-binding pocket of the bacterial reaction center from
Rps.Viridis38 and the LH-II complex from Rhodospirillum
molischianum,39 we identify possible binding sites for the two
â-carotene molecules in the D1/D2 core of PS II. Previous 2D-
ESEEM results and numerical simulations of the Car+ radical
in PS II indicate that the Car+ radical of PS II interacts with
one protein14N nucleus (e2qQ/h ) 3.09 MHz) that is assigned
to be the indole14N of a tryptophan residue.16 This study had
suggested that D2-Trp-112 and D2-Trp-168 (homologous to
M-115 and M-171 in the purple bacterial reaction center,
respectively) and D2-Trp-49 and D2-Trp-59 (homologous to
M-66 and M-75 in the purple bacterial reaction center,
respectively) could be potential candidates for these14N
magnetic couplings observed in the 2D-ESEEM study. On the
basis of the∼38 Å Car+-Fe(II) distance estimated by high-
frequency saturation-recovery EPR measurements, we eliminate
the possibility of D2-Trp-49, D2-Trp-59, and D2-Trp-112
residues forming the pocket for the redox-active Car+ radical
in PS II because these residues are only 16-24 Å from the
non-heme Fe(II).23 However, D2-Trp-168 is located at the
correct distance from the non-heme Fe(II) to form the carotenoid
binding site. A search for neighboring aromatic amino acid
residues in the vicinity of D2-Trp-168 of PS II reveals a
hydrophobic patch comprised of Tyr-161, His-190, Phe-174,
Phe-170, Phe-169, Phe-189, Phe-185, and Phe-182 on the D2
polypeptide. These amino acid residues are highlighted in Figure
7c based on the theoretical model of PS II of Svensson et al.59

As can be seen in Figure 7c, there is a similar but less extensive
patch of hydrophobic residues at a symmetric location on the
D1 polypeptide of PS II. Shown in Figure 7d are two possible
locations and orientations of the redox-activeâ-carotene
molecule in the putativeâ-carotene binding pockets of PS II
that are shown in Figure 7c. Binding of two copies ofâ-carotene
in the possible binding sites in the orientations indicated in
Figure 7d could allow the ends of the carotenoid molecules to
be positioned close to each other. This would be consistent with

observations from circular dichroism that the two Car molecules
are excitonically coupled and may be placed in close proximity
of each other in the PS II reaction center.14

It is thought that since the sphaeroidene is involved in a
triplet-quenching energy-transfer mechanism in the bacterial
reaction center, it is located in close proximity to the bacterio-
chlorophyll primary donor, P865 (rcenter-to-center ≈ 19 Å from
the X-ray crystal structure). In contrast, the putativeâ-carotene-
binding sites in PS II are at a greater distance from the primary-
donor chlorophyll, P680 (Figure 7c). The greater separation
between the carotenoid and P680 in PS II is consistent with the
observation that the Car does not quench triplets in PS II.60

If the Car binds in the putative binding pocket in the D2
polypeptide as described in Figure 7c-d, this places the Car
between P680, ChlD and Cyt b559. This would aid long-range
cyclic electron transfer to P680

+ from Cyt b559 and ChlD as the
distance between these cofactors is>30 Å. The proximity of
the Car to P680 is consistent with its role as an intermediate
electron donor. In addition, the Car-binding pockets on the D1
and D2 polypeptide are proximal to each other and both the
monomeric Chls (ChlD and ChlZ) that could enable participation
of the â-carotene molecules as molecular wires in rapid hole-
equilibration among the secondary electron donors on either side
of the hetero-dimer of PS II (Scheme 1).

Abbreviations. Car: â-carotene; Chl: monomeric chloro-
phyll; cw: continuous wave;â-DM: â-dodecyl maltoside; Cyt
b559: cytochrome b559; D1: D1 polypeptide; D2: D2 polypep-
tide; ENDOR: electron-nuclear double-resonance; EPR: elec-
tron paramagnetic resonance; ESEEM: electron spin-echo
envelope modulation; Fe(II): non-heme Fe(II) center; FTIR:
Fourier-transform infrared; His: histidine; LDAO: lauryldim-
ethylamineN-oxide; LH-II: light-harvesting II complex from
Rhodospirillum molischianum; MES: 2-[N-morpholino] ethane
sulfonic acid; P680: primary-donor chlorophyll of PS II; P865:
primary-donor bacteriochlorophyll of theRb. sphaeroidesreac-
tion center; Phe: phenylalanine; PS II: photosystem II; RC:
reaction center; TRIS: tris (hydroxymethyl) aminomethane;
Trp: tryptophan; Tyr: tyrosine
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