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Abstract: The structure of the secondary radical pair, PgsQa, in fully deuterated and Zn-substituted
reaction centers (RCs) of the purple bacterium Rhodobacter sphaeroides R-26 has been determined by
high-time resolution and high-field electron paramagnetic resonance (EPR). A computer analysis of quantum
beat oscillations, observed in a two-dimensional Q-band (34 GHz) EPR experiment, provides the orientation
of the various magnetic tensors of PgsQ, with respect to a magnetic reference frame. The orientation of
the g-tensor of Py in an external reference system is adapted from a single-crystal W-band (95 GHz)
EPR study [Klette, R.; Torring, J. T.; Plato, M.; Mobius, K.; Bonigk, B.; Lubitz, W. J. Phys. Chem. 1993, 97,
2015—2020]. Thus, we obtain the three-dimensional structure of the charge separated state PysQ5 on a
nanosecond time scale after light-induced charge separation. Comparison with crystallographic data reveals
that the position of the quinone is essentially the same as that in the X-ray structure. However, the head
group of Q, has undergone a 60° rotation in the ring plane relative to its orientation in the crystal structure.
Analysis suggests that the two different Qa conformations are functionally relevant states which control the
electron-transfer kinetics from Q, to the secondary quinone acceptor Qg. It appears that the rate-limiting
step of this reaction is a reorientation of Q, in its binding pocket upon light-induced reduction. The new
kinetic model accounts for striking observations by Kleinfeld et al. who reported that electron transfer from
Q, to Qg proceeds in RCs cooled to cryogenic temperature under illumination but does not proceed in
RCs cooled in the dark [Kleinfeld, D.; Okamura, M. Y.; Feher, G. Biochemistry 1984, 23, 5780—5786].

Introduction within 200 ps from the excited singlet state g0 the second-
The primary energy conversion steps of photosynthesis &Y @cceptor, ubiquinone £3~° through the intervening bac-
involve a series of light-induced electron-transfer reactions teriopheophytin accepto®a. The radical pair R,Q, is the
which occur in specific membrane-bound proteins, the so-called Most readily detected intermediate observable by time-resolved
reaction centers (RCs). The arrangement of the cofactors in the€l€ctron paramagnetic resonance (EPR). At room temperature
RC of purple bacteria is well characterized by X-ray crystallo- the electron is further transferred in about 1&0to the tertiary
graphy' Generally, charge separation is initiated by photo- acceptor, ubiquinone £ which serves as a sequential two-
excitation of the primary donor, g which consists of two electron acceptor and redox shufti€. Thus, the electron-
closely positioned bacteriochlorophyll molecufe the RC transfer reactions in the RC Bb. sphaeroidesan be written as

of Rhodobacter (Rb.) sphaeroides electron is transferred ho _
PeesPaQaQs — lljgtssq)AQAQB - PgGSCI)AQAQB -

T University of Freiburg.

i+ - + -
* Argonne National Laboratory. P865(DAQAQB - P865(I)AQAQB 1)
§ Present address: Bruker Biospin MRI GmbH, Rudolf-Plank-Strasse ) ] ) o ]
23, 76275 Ettlingen, Germany. In native RCs, the radical pairgRQ, is created in a
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1984 180, 385-398.
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of the excited bacteriochlorophyll don&®;... Generally, such
a singlet radical pair is formed with spin-correlated population
of only one-half of the eigenstat&s!! This gives rise to high

crystallography of the RC protein, where due to radiation-
induced photoelectrofsthe reduction states of the quinones
are not known. Thus, we expect that the structural data of the

electron spin polarization. In addition, there are coherences P;:GSQ; radical pair may help in clarifying the function ofaQ
between the eigenstates of the radical pair, which can manifestin the electron transfer from Qto Qs.
themselves as quantum beats in an EPR experiment with We first present a time-resolved Q-band (34 GHz) EPR study

adequate time resolutidA:1° The electron spin polarization of
P§65Q; has been exploited in probing the geometry of the
radicals in the pait®2! Analysis of the time-resolved K- (24

of PgeQ, in fully deuterated and Zn-substituted RCs R¥b.
sphaeroide®R-26. The experiment is performed on dark adapted
samples at low temperature where electron transfer frgnoQ

GHz) and W-band (95 GHz) EPR spectra was achieved on theQg is impaired. A computer analysis of the observed Q-band

basis of the published X-ray structufés!
The light-induced electron transfer from, @ Qg has been

guantum oscillations provides the orientation of the various
magnetic tensors of j)2Q, with respect to a magnetic refer-

the subject of numerous investigations. Based on a detailed studyence frame. The obtained geometry is checked by simulation
of the reaction kinetics, it was concluded that this process is of the spin-polarized W-band EPR spectrum gf.0,.

conformationally gated, i.e., that the rate-limiting step is a
conformational change required before electron trarféf€his
change was proposed to be a movement gfa® observed in

a high-resolution X-ray study of single crystals of tRd.
sphaeroidesRC protein frozen under illumination and in the
dark?® The analysis revealed thatgQn the light-excited
(reduced) state is located approximgtél A from the Q

The orientation of theg-tensor of By in an external
reference system is adapted from a previous W-band EPR study
performed on single crystals of the RC protéim fourfold
structural ambiguity, which is a general problem in these studies,
has been eliminated by a combined analysis of the Q- and
W-band EPR results. Thus, we obtain the three-dimensional
structure of the radical pair intermediatg®, on a nanosec-

position in the dark adapted (neutral) state and has undergonesnd time scale after light-induced charge separation.

a 180 propeller twist of its head groufs:®* However, recent
Fourier transform infrared (FTIR) studies of RCs Bb.
sphaeroidesdo not indicate different bonding of neutral and
reduced @ to the proteir?® Rather, light-induced FTIR differ-

The geometry of the charge separated sta§§5q3, de-
scribes the position and orientation of the reduced acceptor,
Q,, in the photosynthetic RC. A detailed comparison reveals
that the orientation of Q in the radical pair is significantly

ence spectroscopy suggests a change of the bonding situationyitferent from that of Q in the X-ray structure, suggesting a

upon reduction only for Q26

Evidently, the molecular details of the electron transfer from
Q, to Qg are not yet fully understood. If the observed
displacement of g#32%is not related to this gated process, which
other conformational changes could be relevant?aléQolved

conformational change of Qin connection with the electron
transfer to @. The results are rationalized in terms of a new
kinetic model for this process.

Theoretical Background

in the gating mechanism as suggested by FTIR spectros€opy?  |n this section we briefly summarize a quantum-mechanical
The objective of the present study is to obtain a unigue structure model used in the analysis of transient Q-band EPR experiments
of Q;, and, thus, to shed ||ght on the electron-transfer mech- performed on the Spin_corre|ated radical paIESQ; in fu||y
anism. To achieve this goal, we determine the geometry of deuterated RCs. Particular emphasis is given to quantum beat
Ps:Qa UsiNg quantum beat oscillations of the spin-correlated oscillations detectable at early times after laser pulse excita-

radical pair?” This approach is more specific than X-ray

(9) Thurnauer, M. C.; Norris, J. RChem. Phys. Lettl98Q 76, 557-561.

(10) Closs, G. L.; Forbes, M. D. E.; Norris, J. BR. Phys. Chem1987, 91,
3592-3599.

(11) Buckley, C. D.; Hunter, D. A.; Hore, P. J.; McLauchlan, K.Ghem. Phys.
Lett. 1987 135 307—312.

(12) Salikhov, K. M.; Bock, C. H.; Stehlik, DJ. Appl. Magn. Resori99Q 1,
195-211.

(13) Bittl, R.; Kothe, G.Chem. Phys. Lettl991, 177, 547-553.

(14) Kothe, G.; Weber, S,; Bittl, R.; Ohmes, E.; Thurnauer, M. C.; Norris, J. R.
Chem. Phys. Lettl991, 186, 474-480.
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(16) Kothe, G.; Weber, S.; Ohmes, E.; Thurnauer, M. C.; Norris, J. Rhys.
Chem.1994 98, 2706-2712.

(17) Kothe, G.; Weber, S.; Ohmes, E.; Thurnauer, M. C.; Norris, J. Rm.
Chem. Soc1994 116, 7729-7734.

(18) Bittl, R.; van der Est, A.; Kamlowski, A.; Lubitz, W.; Stehlik, @hem.
Phys. Lett.1994 226 349-358.

(19) Kothe, G.; Bechtold, M.; Link, G.; Ohmes, E.; Weidner, J.@hem. Phys.
Lett. 1998 283 51-60.

(20) van der Est, A.; Bittl, R.; Abresch, E. C.; Lubitz, W.; Stehlik, Ohem.
Phys. Lett.1993 212,561-568.

(21) Prisner, T. F.; van der Est, A,; Bittl, R.; Lubitz, W.; Stehlik, D.;"Mas,
K. Chem. Phys1995 194, 361—-370.

(22) Graige, M. S.; Feher, G.; Okamura, M. Rroc. Natl. Acad. Sci. U.S.A.
1998 95, 11679-11684.

(23) Stowell, M. H. B.; McPhillips, T. M.; Rees, D. C.; Soltis, S. M.; Abresch,
E.; Feher, GSciencel997 276, 812-816.

(24) Fritzsch, G.; Koepke, J.; Diem, R.; Kuglstatter, A.; Baciou, Acta
Crystallogr. 2002 D58, 1660-1663.

(25) Breton, J.; Boullais, C.; Mioskowski, C.; Sebban, D.; Baciou, L.; Nabedryk,
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tion.12-19 The quantum beats are highly sensitive probes for the
geometry of the charge separated state.
In a frame rotating with the microwave frequenoyaround
the static magnetic fiel®,, the total spin Hamiltoniarki(£2),
of the radical pair can be written as

H(Q) = 1aBoGHHQ) S + GQ) ) —ho(S +S) +
+20%@) ~ 3,)SS ~ (D) + 1SS + 55) +

1
+ Z ay Sl + Z Sy + 5(91 + QugBi(SI+S) (2)

whereus, Bo, 671(Q), §, DAQ), Jex S (§). &, I}, ¢, By, and

S are the Bohr magneton, the strength of the static magnetic
field, the zzcomponent of the-tensorg;, the z component of

the electron spin operat&;, the zzcomponent of the dipolar

(27) Link, G.; Berthold, T.; Bechtold, M.; Weidner, J.-U.; Ohmes, E.; Tang, J.;
Poluektov, O.; Utschig, L.; Schlesselman, S. L.; Thurnauer, M. C.; Kothe,
G.J. Am. Chem. So@001, 123 4211-4222.

(28) Weik, M.; Ravelli, R. B. G.; Kryger, G.; McSweeney, S.; Raves, M. L.;
Havel, M.; Gros, P.; Silman, I.; Kroon, J.; Sussman, Ptac. Natl. Acad.
Sci. U.S.A200Q 97, 623-628.

(29) Klette, R.; Taring, J. T.; Plato, M.; Mbius, K.; Banigk, B.; Lubitz, W.J.
Phys. Chem1993 97, 2015-2020.
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Figure 1. Notation for magnetic tensor systems and Euler transformations used in the EPR model. For convenience, the magnetic reference system is
chosen parallel to thg-tensor of Q. Psss = primary electron donor. Q= secondary electron acceptor.

2
coupling tensoD(L), the strength of the isotropic exchange , = (1) [EDZZ(Q) — 23 ] +
. N . .. . ZQ ex|
interactionz? the lowering (raising) operator of electronthe 3
isotropic hyperfine coupling between nuclgusnd radicai,3! , , i Q2 12
the z component of the nuclear spin operatgy the isotropic + [(9119Q) — g (Q)ueBy + Zalk My — Zam M3l
g-factor of radicali, the strength of the microwave field, and

. . 3)
the x component of the electron spin operafrrespectively.
Note that nonsecular terms of the electron sggpin interactions
(see eq 2, fourth term) are explicitely considered in the analysis. |\/|i2I =1y, ly—1,
These terms are essential for the modeling of quantum oscil-
lations and thus provide the basis for the structure determination.

[— _ —
lk_llk’llk 1., Ilk

I P
given by the energy separation of the corresponding eigenstates.
Inspection of eq 3 reveals thatq is determined by the spin

The orientation dependence of the magnetic tensor elementsspin interactions in the radical pair and the difference in the
g(Q) andDAQ) can be evaluated by a twofold transforma-  zeeman and hyperfine interactions of the constituent radicals.
tion from the principal axis systend;, Yi, Z;. In the first step  For P}, Q,, the Zeeman term provides the largest contribution
we transform to a common reference systény, Z, using the in Q-band EPR experiments.
Euler angle$? Q; = (®;,0;,W)) (see Figure 1). For convenience, The weak microwave fieldB;, commonly employed in
this reference system is chosen parallel to the principal axis transient EPR, allows for only a small range of orientations to
system of they-tensor of Q. In the second step we transform meet the resonance condition. As a result, the amplitude and
by the Euler angled Q = (®,0,%) into the laboratory frame  frequency of the quantum oscillations vary significantly with
X, Y, Z, with By along thez-axis. A random distribution of the  Bp across the powder spectrum. This pronounced variation can
radical pair with respect to the laboratory frame is considered be used to evaluate the geometry of the charge separated state
by averaging over the Euler anglds ©, andW (see Figure 1).  PaeQa in the photosynthetic membrane. A computer analysis

The crucial point is the specification of the initial condition qf the two-dmgnsmnal Q-b.and experlment provides the orienta-
of PQGSQ; at the instant of the laser pulse. In native photosyn- tion of the various magnetic tensors with res.peCt t(? acommon

: . e . - reference frame. Thus, by studying the short-time spin dynamics,

thetic RCs oRb. sphaeroideshe lifetime of the primary radical . . . .

. . . . all five Euler angles characterizing the radical pair geometry
pair, Ps:Qx, is short, i.e., approximately 200 ps. Thus, even

th d dical pair | ted | ruall il tare obtained.
€ secondary radical pair 1S generated in a virtually puré Singlet — aq e above, the Q-band experiments are performed using

state, determined by the spin multiplicity of the excited primary fully deuterated samples. Deuteration provides the greatly

donor. Generally, such a singlet radical pair is formed with spin- gnpanceqd signal-to-noise ratio necessary for a successful detec-

correlated population of only one-half of the eigenstatésand tion of quantum oscillations. Furthermore, it slows down the

with zero quantum electréfr*® and single quantum nuclear  rapig decay of the zero quantum electron precessions due to

coherenced between these states. Analysis reveals that in Q- the difference in hyperfine interactions of the radical ions (see

and W-band studies only zero quantum electron coherences carpq 3, last term). Finally, it allows for an improved orientation

be observed? selection of the quantum beats in the two-dimensional Q-band
In the absence of a microwave field, the eigenstate popula- experiment.

tions are constant in time, while theero quantum electron

coherence®scillate at distinct frequencits!?.27

Materials and Methods

Sample Preparation.Deuterated RCs were isolated as previously
describeé® from whole cells of the photosynthetic bacteriuRb.
sphaeroidesR-26 which were grown in BD (99.7%) on deuterated

(30) The sign of the exchange interaction paramelgr,has been chosen to
common practice.

(31) Reitz, D. C.; Weissman, S.J. Chem. Phys196Q 33, 700-704.

(32) Edmonds, A. RAngular Momentum in Quantum Mechani¢&inceton (33) Utschig, L. M.; Greenfield, S. R.; Tang, J.; Laible, P. D.; Thurnauer, M.
University Press: Princeton, 1974; pp-8. C. Biochemistryl997, 36, 8548-8558.

J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007 15937



ARTICLES

Heinen et al.

substrated! The nonheme P& was removed from the RCs and replaced
by Zr?* by chaotropic treatment using the procedure of Utschig €t al.
The electron-transfer rate from the intermediate acceftprto the
secondary acceptor .Qwas measured to be (200 pk)for the
Fe-removed/Zn-replaced samples used in the EPR experifiéfits.
RC samples were handled in the dark and stored 1 °C.

Q-Band EPR Measurements.The time-resolved Q-band EPR
experiments were carried out using a transient Q-band bridge (Bruker
ERO50QGT) in combination with a Bruker ESP300E console. Home-
made software was used to set the magnetic field under the control of
an NMR teslameter (Bruker ER035M). Drifts of the microwave
frequency were compensated by a digital feedback loop. The magnetic
field was calibrated against Li:LiF (Institute of Crystallography,
Moscow), which is a good standard for low temperature measure-
ments® Irradiation of the sample was performed in a cylindrical cavity
with a loaded Q of approximately 700. This corresponds to a bandwidth
of 50 MHz. A frequency counter (Hewlett-Packard HP5352B) was used
to monitor the microwave frequency in the Q-band range.

For optical excitation the frequency-doubled output of a Nd:YAG
laser (Spectra Physics Quanta Ray GCR190-10) with a wavelength of
532 nm and a pulse width of 2.5 ns was used. The laser intensity was
attenuated to 22.5 mJ/pulse, as measured after a quartz depolarizer
located in the laser beam. The repetition rate of the laser was 10 Hz.
A transient recorder (LeCroy 9354A) was used to digitize the signal
with a time resolution of 2 ns at 11 bit precision. Typically, 400 to
600 transients were accumulated to improve the signal/noise ratio. A
weak laser-induced cavity signal was eliminated by substracting
transients accumulated at off-resonance conditions.

W-Band EPR Measurements.The high-field experiments were
carried out on a Bruker ELEXSYS E680X W-band EPR spectrometer
equipped with a Tk cylindrical cavity and high bandwidth mixer
detection. The field of the superconducting magnet was calibrated using
Li:LiF (Institute of Crystallography, Moscow) as a stand&r@ptical
excitation of the sample was performed with 2.5 ns pulses from a
Q-switched, frequency-doubled Nd:YAG laser (Spectra Physics Quanta

BO;’mT

Figure 2. Two-dimensional Q-band data set of the light-induced radical
pair PjQx in deuterated and Zn-substituted reaction centerRuido-
bacter sphaeroidedR-26 frozen in the dark. Positive signals indicate
absorptive and negative emissive spin polarization. Microwave frequency,
wl2x = 34.066 GHz. Microwave fieldB; = 0.04 mT. Temperaturd, =

70 K. Quantum beat oscillations are clearly visible in the center and in the
wings of the data set.

parameter space. The same global minimum values were found in about
30% of all runs.

Results

Strategy of Structure Determination. Our strategy to obtain
the structure of R.Q, involves a high-time resolution Q-band
EPR study of E’GSQ; using a fully deuterated sample. Analysis
of the anisotropic quantum oscillations provides the orientation
of the various magnetic tensors of;®), with respect to a
magnetic reference frame. The obtained geometry is checked

Ray GCR130-15). The laser output was depolarized and attenuated toby simulation of the spin-polarized W-band EPR spectrum of

approximately 1 mJ/pulse. Excitation of the sample in the resonator
was achieved using a fiber optic light path through the sample rod
(silica optical fiber, 40Q:m core diameter, Fiberguide Industries), as
described previousl§f. The time-resolved EPR signal was recorded and
averaged with a LeCroy 9354A digital oscilloscope. Typically, 500
transients were accumulated to improve the signal/noise ratio. Magneto-
orientation effect¥ were not observed.

Computations. A Fortran program packagébased on the theoreti-
cal approach outlined in the preceding section, was used to analyze

Pis:Q,. The orientation of the-tensor of B in an external
reference system was adapted from a previous W-band EPR
study performed on single crystals of the RC prof&iithus,
we obtain the three-dimensional structure of the radical pair
intermediate B,.Q, on a nanosecond time scale after light-
induced charge separation.

Mutual Orientation of the Magnetic Tensors. Evaluation

of the magnetic tensor orientations is based on transient nutation

the time-resolved EPR experiments. The programs calculate EPR timeEPR experiments performed at Q-band frequencies. In these
profiles and transient spectra of spin-correlated radical pairs with a €Xperiments, the sample is irradiated with a short laser pulse
spatially fixed geometry. The structural parameters were evaluated usingand the time evolution of the transverse magnetization is
a nonlinear least-squares fit procedure based on the Levenberg detected in the presence of a weak microwave magnetic field.

Marquardt algorithn#® All computations were performed on a SGlI
Origin 2000 computer. Parallel execution was utilized for the powder
averaging procedure.

A set of 3500-4900 calculated data points covering the full spectral
range and a time interval of 120 ns was simultaneously fitted to the
experimental data set by varying the geometry parameters. The fit was
repeated multiple times with different starting values covering the whole

(34) Crespi, H. L.Methods Enzymoll982 88, 3—5.

(35) Cherkasov, F. G.; Denisenko, G. A.; Vitol, A. Ya.; L'vov, S. G. In
Proceedings of the XXVIIth Congress Argen Magnetic Resonance and
Related Phenomen&alikhov, K. M., Ed.; Zavoisky Physical-Technical
Institute: Kazan, 1994; Vol. 1, pp 416117.

(36) Hofbauer, W.; Bittl, RBruker Report1998 145 38—39.

(37) Heinen, U.; Poluektov, O. G.; Stavitski, E.; Berthold, T.; Ohmes, E.;
Schlesselman, S. L.; Golecki, J. R.; Moro, G. J.; Levanon, H.; Thurnauer,
M. C.; Kothe, G.J. Phys. Chem. B004 108 9498-9504.

(38) Laukenmann, K. Ph.D. Thesis, University of Freiburg, 1999.

(39) Marquardt, D. WJ. Soc. Indust. Appl. Mati.963 11, 431—441.
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Generally, a complete data set consists of transient signals taken
at equidistant field points covering the total spectral width. This
yields a two-dimensional variation of the signal intensity with
respect to both the magnetic field and the time axis.

Such a complete data set foj®,, measured at Q-band
frequencies /2t = 34.066 GHz), is shown in Figure 2. The
data set refers to fully deuterated and Zn-substituted RCs of
Rb. sphaeroidefR-26, a microwave field oB; = 0.04 mT and
T =70 K. Positive signal intensities indicate absorptive (a) and
negative emissive (e) spin polarization. Transient spectra can
be extracted from this plot at any fixed time after the laser pulse
as slices parallel to the magnetic field axis. Likewise, the time
evolution of the transverse magnetization may be obtained for
any given field as a slice along the time axis. Note the
pronounced modulations in the transverse magnetization. These
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15 ns

A BCD E F G H | | ] 1 | |
| L \ ) \ \ ) . . 0 50 100 150 200 0 50 100 150 200
12125 1213 12135 1214 12145 1215 12155 1216 1216.5 t/ns t/ns
Bo/ mT Figure 4. Time evolution of the transverse Q-band magnetization of the

light-induced radical pair £Q, in reaction centers of purple bacteria
I ) . ; ) immediately after the laser pulse. The transients refer to eight different static
PeecQa N reaction centers of_purple bacter_|a at various times aftgrthe Iase_r magnetic fields (positions A-H, Figure 3). Positive and negative signals
pulse. Positive signals indicate absorptive and negative emissive spinj,icate absorptive and emissive polarizations, respectively. Microwave
polarization. Microwave frequencw/2r = 34.066 GHz. Microwave field, frequency,w/27 = 34.066 GHz. Microwave fieldB; = 0.04 mT. Full

By = 0.04 mT. Full lines: Experimental spectra from deuterated and Zn- jinas: - Experimental time profiles from deuterated and Zn-substituted
substituted reaction centersRhodobacter sphaeroid€s26 frozen in the reaction centers oRhodobacter sphaeroideR-26 frozen in the dark.
dark. Temperaturel = 70 K. Dashed lines: Calculated spectra using the TemperatureT = 70 K. Dashed lines: Calculated time profiles using the
parameters given in Table 1. Various field positions are marked from A to parameters given in Table 1

H. The time evolution of the transverse magnetization at these field positions '
is shown in Figure 4.

Figure 3. Transient Q-band EPR spectra of the light-induced radical pair

The fixed magnetic parameters, underlying the analysis of
consist of fast quantum beat oscillations which disappear shortly the two-dimensional Q-band experiment, are summarized in
after the laser flash and slow persisting Torrey oscillatibns  Table 1 (columns +4). Theg-tensor components ofs’g and
with frequencies of a few MHz. Q. have been determined by a number of groups under

Typical Q-band EPR spectra, extracted at five different times different experimental conditions and thus vary moderafefyy 44
after the laser pulse, are shown in Figure 3 (solid lines). The quoted values were adapted from a W-band EPR study of
Evidently, the early spectrum is much broader than the later the two radical ions in frozen solution under identical condi-
ones. Moreover, the polarization changes from a simple e/a/e/ations! The listed spir-spin coupling parameters are based on
pattern at early times to a characteristic a/e/a/a/e/a pattern alklectron spin echo envelope modulation (ESEEM) studies of
later times. It can be assigned to the secondary radical ﬁgir P PgesQX-%

Qa of the electron-transfer chain. Figure 4 depicts the short  The parameters of the hyperfine interactions in the radical
time behavior of the transverse magnetization (solid lines) pajr have been determined B¥H electron nuclear double
measured at eight selected field positions— Figure 3). resonance (ENDOR) an#N ESEEM studies of the corre-
Evidently, there are fast initial oscillations which disappear 100
ns after the laser pulse. Basically, these oscillations represent1y Burghaus, O.; Plato, M.; Rohrer, M.; Miuss, K.; MacMillan, F.: Lubitz,

guantum beats associated with the spin-correlated generation( 42) V\/\\//é f]-gpw‘?-éﬂgp&%?i?ééﬁf&ﬁ%?-a_ Davis, P. H. Forrer, 1 Niges

of the radical paif?~° Note that the amplitude and frequency M. J.; Tinken, M. D.; Walczak, T.; Thurnauer, M. C.. Norris, J. R.; Morris,
ianifi A. L.; Zhang, Y.Appl. Magn. Resonl994 6, 195-215.

of the quantgm beats vary Slg.nlflcantly across the powder (43) Isaacson, R. A.; Lendzian, F.; Abresch, E. C.; Lubitz, W.; FeheBjdphys.

spectrum. This pronounced variation can be used to evaluate' ~ j. 1995 69, 311-322.

; ; ; O (44) Bratt, P.; Ringus, E.; Hassan, A.; Tol, H. V.; Maniero, A.-L.; Brunel, L.-
the mutual orientation of the magnetlc tensors é%QA' C.; Rohrer, M.; Bubenzer-Hange, C.; Scheer, H.; Angerhofed. Rhys.
Chem. B1999 103 10973-10977.

(40) Torrey, H. C.Phys. Re. 1949 76, 1059-1072. (45) Bittl, R.; Zech, SJ. Phys. Chem. B997, 101, 1429-1436.
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Table 1. Magnetic and Structural Parameters Used in the Analysis of Transient Q- and W-Band EPR Experiments of the Light-Induced
Radical Pair, PyssQ,, in Deuterated and Zn-Substituted Reaction Centers of Rb. sphaeroides R-26

g-tensor spin-spin hyperfine line g -tensor dipolar tensor
components” coupling interactions’ broadening?
+ - + - orientation® orientation’
P865 QA P865 QA
g &
1 2 D, -0.125 mT 5 1N nuclei; 4 >H nuclei _ o .
2.00330 2.00660 AB, =029mT | @, 26 D, arbitr.

Y Y a a, o o

&) &> E, 0mT A ° Gl’ H ®D’ o7
2.00250 2.00548 0.0838 mT; 0.0411 mT

4 VA o o

& & Joo  OmT F.7 ¥ 12

2.00210 2.00220

apData from a W-band EPR studyNote that the literature value gg has been slightly increased for this study in accordance with other investigations
of this g-tensor"Parameters from an ESEEM study @g@;.“ °The hyperfine interactions ir%ggQ; were approximated by considering five equivalkin
nuclei in Bgs and four equivalentH nuclei in Q;.46-5° This corresponds to second momentsB§l= 23.4 x 10-3 mT2 and [B30= 4.5 x 1073 mT2.
dnhomogeneous broadening is considered by convolution with a Gaussian of line ABgts 0.29 mT.®Evaluated in the present study from a two-
dimensional Q-band experiment using the anisotropy of quantum beat oscillations. The Euler angles (see Figure 1) relate the principal axiteystem of
respective magnetic tensay-{ensor of 355 dipolar tensor) and the magnetic reference sysigterfsor of Q).

sponding radical ion4$-50 For the analysis of the Q-band EPR The fit was repeated multiple times with different starting
experiment, the hyperfine interactions in#), were ap- values covering the whole parameter space. The same global
proximatedby considering five equivalent™N nuclei @y = minimum values were found in about 30% of all runs. In the
0.0838 mT) in Bs;and four equivalertH nuclei @ = 0.0411 remaining fits local side minima were reached. The nearest side
mT) in Q, (see Table 1, columns 4 and 5). This corresponds to minimum with only a slightly bigger error sum was eliminated
second moments oiBSD: 23.4x 103mT2? and [Bf,l:l: 45 % since it leads to an unreasonably large shift gf@ more than
1073 mT?, in agreement with the published hyperfine parameters 7 A relative to its position in the X-ray structure. In Figures 3
for Pgssand Q. Model calculations have shown that the use of and 4 we compare experimental line shapes and time profiles
equivalent!¥N and 2H nuclei is a good approximation which ~ (solid lines) with the best fit simulation (dashed lines) based
considerably reduces the computational effort. Inhomogeneouson the parameter values (see Table 1, columns 7 and 8)
broadening was considered by convolution with a Gaussian of

line width ABy = 0.29 mT. P, =26+4° 0, =114 £8 ¥, =73 £5°

The orientation of the magnetic tensors of; R, (o- O, =67 +3°, W, =122 +2°
tensors, dipolar tensor) with respect to a magnetic reference
system ¢-tensor of Q) can be described by the five Euler Generally, the agreement achieved is good. The cited errors are
anglesd;, ©4, W1, ©p, andWp (see Figure 1). Values for these  systematic errors, evaluated as described below.
angles were obtained from a computer fit of the two-dimensional |t should be noted that the given geometry represents a
Q-band experiment (see Figure 2) using the pronounced selected set of 32 magnetically equivalent tensor orientations
variation of the quantum beats across the powder spectrum.obtained from the fit of the two-dimensional Q-band EPR
Notably, the full spectral width of 3.4 mT and a time range of experiment. This structural ambiguity is a general problem in
120 ns were considered. Thus, 58 calculated time profiles the analysis of magnetic resonance experiments since these
involving 3500 data points were simultaneously fitted to the techniques can principally not distinguish between a positive
experimental profiles by varying the parameters of the tensor and a negative magnetic axis orientation. In fact, the two
orientations. In the calculations, the limited resonator bandwidth g-tensors exhibiD,, symmetry and are therefore invariant under
of 50 MHz was taken into account by using a Gaussian response18( rotations about their principal axesThe axially symmetric
function. Finally, spin relaxation was considered by multiplying dipolar tensor transforms according to the point grdip.
each time profile by an exponential decay curve, characterized Consequently, it is invariant under 18@tation about any axis

by the transverse relaxation tine. The values ofT, vary perpendicular to the symmetry axisThe resulting ambiguity

slightly across the powder spectrum, exhibitiig~ 1 us at can be eliminated by a critical evaluation of the radical pair

the high-field emissive maximum. structures calculated from the various Q-band geometries and
the known orientation of thg-tensor of Bs;2° The crucial

(46) Késs, H.; Rautter, J.; Bogk, B.; Hder, P.; Lubitz, W.J. Phys. Chem. . . . .
1995 99, 436-448. parameter is the position of Qin the photosynthetic mem-

(47) lIsaacson, A. R.; Abresch, E.; Feher, G.; Lubitz, W.; Williams, J.; Allen, J. i
P Biophys. 11995 68 AS46. brane (s_ee next section). _

(48) Rohrer, M.; MacMillan, F.; Prisner, T. F.; Gardiner, A. T.;"Mos, K.; To verify the result of the fit, a second Q-band EPR data set
Lubitz, W. J. Phys. Chem. B998 102, 4648-4657. ; ;

(49) Lubitz, W.. Feher. GAppl. Magn. Resor999 17, 1-48. has been analyzed. The experiment was performed at a different

(50) Paddock, M.; Abresch, E.; Isaacson, R.; Lubitz, W.; Okamura, M.; Feher,
G. Biophys. J.1999 76, A141. (51) Link, G.; Heinen, U.; Kothe, G. Unpublished results.
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Table 2. Euler Angles Characterizing the Three-Dimensional Structure of the Light-Induced Radical Pair, PgQ,, in Reaction Centers of
orientation of the magnetic tensors? g-tensor orientation of Pggs
global minimum
value systematic errord angular values
angular confidence
notation® expt | expt Il variation interval notation® orient. | orient. I orient. 1l orient. IV
@, 26° 28° 23°...30 +4° q>§im 189 -2 92° 105°
0, 114 113 105°...12r +8° Q%I-m 38 23 112 1271
v, 73 79 71°..80° +5° i 14r 3r —70° —-127
B®p 67° 65° 65°...69 +3°
Wp 122 123 121°...12%4 +2°
aEvaluated in the present study from two-dimensional Q-band EPR experiments using the anisotropy of quantum beat oSéitiated.from a

single-crystal W-band EPR study o{@”A fourfold structural ambiguity (orientations-1V) was eliminated by a combined analysis of the present Q-band
and previous W-band EPR result$he Euler angles;, ©;, W1, Op, andWp relate the principal axis system of the respective magnetic teggengor

of PS*GS, dipolar tensor) and the magnetic reference systgterfsor of Q). “The cited errors consider the uncertainties in the publightethsor components.
cThe Euler angle®i™, 0™ and W™ relate the principal axis system of tigetensor of By and the molecular reference system (dimer sysfém).

a) lb) oy

50

3352 3354 3356 3358 3360 3362 3352 3354 3356 3358 3360 3362
B,/ mT B,/ mT

Figure 5. “Stationary” W-band EPR spectra of the light-induced radical pé@g@,{ in reaction centers of purple bacteria. Positive and negative signals
indicate absorptive and emissive polarizations, respectively. Microwave frequeffy = 94.156 GHz. Microwave fieldB; = 0.01 mT. (a) Comparison

of experimental and calculated line shapes. Full line: Experimental spectrum from deuterated and Zn-substituted reactiorRiesdeiscter sphaeroides

R-26 frozen in the dark. Temperatuie= 90 K. Dashed line: Calculated spectrum using the parameters given in Table 1. (b) Calculated line shapes for
two different spatial orientations of Q Dashed line: Conformation E (see Table 3, column 2). Dotted line: Conformation C (see Table 3, column 4).

microwave magnetic field oB; = 0.06 mT. A global fit of In addition to the geometry parameters, the computer fit of
this experiment, involving 4900 data points, provided the the Q-band experiment also yields estimates of the statistical
parameter values (see Table 2) errors resulting from experimental noise. In general, however,
R . o . o the obtained statistical errors are well belovfar all fitted

¢, =28+£4,0,=113 £ 8 W, =79 £5 angles’? Evidently, statistical errors do not provide useful
Op =65 +3°, W, =123 + 2° estimates for the accuracy of the structure determination. Rather,

systematic errors originating from the uncertainties in the fixed
Clearly, within the error limits, the same or magnetically parameters should be employed in the evaluation of the method.
equivalent magnetic tensor orientations were obtained. Thus, itIn particular, variances in the publishgetensor components
appears that the underlying radical pair geometry, characterizedare expected to be a major source for systematic etfors.
by the five Euler angle®;, ©1, W1, ©p, andWp, is basically
correct.

(52) Heinen, U. Ph.D. Thesis, University of Freiburg, 2003.
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First-order estimates of these errors can be obtained by
repeating the geometry optimization procedure multiple times.
In each run, oneg-tensor component is stepped up or down
according to its statistical error given in the literature. As a result
one obtains a set of deviating structures clustered around the
best-fit result. For each of the five Euler angles, characterizing
the geometry of the radical pair, a nonlinear one-parameter
confidence interval is then computed as a first-order estimate d
of the systematic errd? In Table 2, the angular variations and
error intervals are listed together with the global minimum
values from the two different Q-band experiments. One sees
that the error intervals vary in a reasonable range betwesn
and +8°.

To check the evaluated radical pair geometry, a W-band EPR
study has been performed on the deuterated and Zn-substitutet
RCs of Rb. sphaeroide®-26. Spin-polarized W-band spectra
of Ps:Q, were measured using the transient nutation tech-
nigue. As expected, no magneto-orientation effect was observed

for the isolated RC proteir. The W-band line shapes oﬁgg (@ Three-di onal f the vadical pel@ i

— ; ; e Figure 6. (a) Three-dimensional structure of the radical p , in
_QA’_ recorde_d ””d‘f‘r d_lﬁe_renF eXpe”meme_II COﬂdlth!’]S, always reaction centers of purple bacteria determined by Q-band quantum beat
indicate an isotropic distribution of the radical pair with respect oscillations in combination with single-crystal W-band EPRsee Table
to the laboratory frame. A typical result is shown in Figure 5a. 2). The shaded disks represent the two bacteriochlorophyll molecules of
The experimental EPR spectrum (solid line), averaged in the the primary donor &s The dashed line indicates the approximate l&al

time window 0.4-2 4 us. refers to a microwave frequency of axis of the bacteriochlorophyll dimer, collinear with the membrane normal.
’ TUS, q y X1, Y1, Z1 = principal axis system of thg-tensor of 365. X2, Yo, 25 =

w/2r = 94.156 GHzB; = 0.01 mT, andl = 90 K. Note the principal axis system of the-tensor of the reduced secondary acceptor
characteristic a/e/a/a/e/ale polarization pattern which comparesq,. Z, = symmetry axis of the dipolar tensor. (b) Cofactor arrangement
favorably with previous results obtained by Prisner et'al. of the primary donor ks and of the secondary acceptox @ determined
Because of the experimental parameters used, that is, a smal 32’;()'(Egyof%zti:fg;%hcm)':gs@slf‘g?n:ge indicates the approximate local
microwave field and a large time window for signal averaging,
a “stationary” EPR modét was applied in the analysis. The  normal of the two bacteriochlorophylls each containing a Mg-
magnetic and structural parameters, used in the spectral simulayj|) jon in the center; thex®m axis is the projection of the Mg
tion, were the same as those employed in the analysis of they|g direction onto the average bacteriochlorophyll plane. The
two-dimensional Q-band EPR experiment (see Table 1). Hy- yim axjs then describes the approximate lo€alaxis of the
perfine interactions in 5 and Q; were considered by inho-  dimer, collinear with the membrane normal. In this reference

indicates the spectral simulation. Clearly, the agreement achievedkoyr sets of Euler angles, denoted by orientation I, II, 1ll, and
is good. . IV (see Table 2, columns-610)2°
Orientation of the g-Tensor of the Primary Donor. This structural ambiguity can be eliminated by a critical

Analysis of the two-dimensional Q-band EPR experiment eyaluation of the radical pair structures calculated from the
provides the orientation of the various magnetic tensor§gf P Q-band geometry and the four possilgi¢ensor orientations.
Qa with respect to a magnetic reference frame. To determine The crucial parameter is the position of quinone A in the

the mutual orientation of the cofactorgsPand @ in the photosynthetic membrane. Fgitensor orientation II,
radical pair, knowledge of the orientation of thgetensors
relative to the cofactors is required. This information exists for q)gim =20, @gim =23, qﬂiim =371°

the quinone acceptor Q in which the g-tensor axes are

collinear with the molecular axes; i.e., tig¢ component lies Qj is shifted by 2.5 A from the position determined by X-ray

in the direction of the €0 carbonyl bond, while thg” axis is crystallography. This shift appears to be insignificant in view
parallel to the normal of the quinone plateThe situation is of the uncertainty of the quinone position-a# A 52 calculated

less clear for the primary donog3 where the spin density i from the systematic errors of the Q-band study (see Table 2,
delocalized over two closely positioned bacteriochlorophyll columns 4 and 5).

molecules (see Figure 8f81n fact, a large tilt angle was found On the other hand, use gftensor orientation | leads to a
between the? axis and the average bacteriochlorophyll normal Qx shift of 7 A, which is well beyond the error limits. We
using single-crystal W-band EFRHowever, since the sign of  pajieve that such a large shift is very unlikely to occur in the
the off-diagonal elements of thietensor cannot be determined Qa binding pocket of the RC protein. Consequentjytensor
in these experiments, a fourfold structural ambiguity remains. grientation | is eliminated. Similarly, thg-tensor orientations
To describe theg-tensor orientation of Rs a molecular 1 and IV can be ignored since they lead to, @ositions
reference system was introduced which reflects the local ich are incompatible with the X-ray structure. We therefore
symmetry of the primary dondf.The Z4™ axis is the average  conclude thag-tensor orientation Il is correct. This conclusion
(53) Stehlik, D.; Bock, C. H.; Petersen, J. Phys. Chem1989 93, 1612~ ;g:g_nlsl the previous assignment in a W-band EPR study of
1619. 865A -

15942 J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007




Evidence for Light-Induced Qs Reorientation ARTICLES

Tible 3. Comparison of the EPR Geometry of the Radical Pair, variation of the angular values in five different X-ray structures
PggsQa. iN Reaction Centers of Rb. sphaeroides with X-ray of the same RC prote#1:423 This may serve as a crystal

Diffraction Results

structure counterpart to the systematic errors estimated for the

EPR geometry® X-1ay diffraction results” EPR technique. Interestingly, high-time resolution EPR provides
angular angular the orientation of the quinoned}, ©,, W¥,) with a higher
notation® value? error® value' error? precision than X-ray diffraction of RC single crystals. Yet, the
@, 104 +5° 164 164..179 opposite is true for the position of the quino®@y(,Wp') where
% E; = ig(l): ??103}_'_1_%53 X-ray crystallography yields more precise results.
oy’ 65° 18° 69° 68°...6F Inspection of Table 3 reveals that four out of the five listed
Wp' 106° +7° 106° 99°...10€ Euler angles agree within the error limits. Only the andle

) ) o deviates markedly between the two geometries. It is this angle
aEvaluated in the present study using quantum beat oscillations observed, | . . . .

in a two-dimensional Q-band EPR experimePAdapted from X-ray which expresses the BQrotation of Q in the ring plane
structures of the reaction center prot&if23 The angular values are based  relative to its orientation in the X-ray structure. Thus, analysis
on g-tensor orientation [¥? “The Euler angles specify the orientatiohy of quantum beat oscillations observed in a two-dimensional
©,, W,) and position®p', Wp') of quinone A relative to thg-tensor system band EPR . id | id f
of Pgss. dAverage values from Q-band experiment | and€The cited Q-ban ) ?Xpe“mem provides clear evi ence or two
errors are systematic errors, which consider the uncertainties in the publishedstructurally distinct states of the secondary acceptar,iiQthe
g-tensor components$Representative X-ray diffraction resdl8Angular RCs of purple bacteria.
variation in five different X-ray structures of the same RC proteit?3

Discussion

Structure of the Charge Separated StateTo determine the Assignment of the Two Conformational States of Q. The
cofactor arrangement of RQ, in the photosynthetic mem-  geometry of the charge separated stafgs@, in the RCs of
brane, knowledge of the orientation of omgtensor in an purple bacteria has been determined by high-time resolution
external reference system is required. As noted above, thistransient EPR, performed at Q-band frequency. Structural
information exists for the primary donorj2 where the information was extracted from quantum beat oscillations
g-tensor was determined by single-crystal W-band EPRhus, observed at early times after laser excitation. Comparison with
using g-tensor orientation Il, we obtain the three-dimensional crystallographic data reveals that the position of @ es-
structure of B..Q, in the photosynthetic membrane, as shown sentially the same as that in the X-ray structure. However, the
in Figure 6a (left side). The structure describes the orientation orientation of Q is found to be remarkably different. In fact,
of the g-tensor of B as well as the position and orientation of ~ the head group of Qhas undergone a é@otation in the ring
the reduced acceptor, Qa few tens of nanoseconds after plane relative to its orientation in the crystal structure. This
light-induced charge separation. The new structural information Structural change suggests that @ssibly plays a more active
is based on the analysis of quantum beat oscillations in role in the electron transfer from Qto Qg than previously
combination with single-crystal high-field EPR. anticipated.

Figure 6b (right side) shows the cofactor arrangemenggf P Figure 7 depicts the spatial arrangement of the two confor-
and Q as determined by X-ray crystallographfzomparison mational states of Qin the photosynthetic membrane together
with Figure 6a reveals that the position of the quinone in both with other cofactors of the electron-transfer chain. One sees that
structures is very similar. In fact, a minor shift of,@f 2.5 A the two Q conformations differ from each other in the spatial
relative to the position of @ in the X-ray structure can be  orientation of the carbonyl bonds, which is relevant to the rate
explained by the systematic errors of the EPR technique (seeof the electron transfer. Interestingly, in the EPR conformation
Table 2, column 552 However, while the position of the quinone  (conformation E) (see Figure 7b), one carbonyl bond is oriented
is indistinguishable between the EPR and X-ray structure, its toward a methylester group of the primary acceptdn,
orientation looks remarkably different. Figure 6 reveals that the whereas, in the crystal conformation (conformation C) (see
head group of @ has undergone a 6Qotation in the ring Figure 7a), another carbonyl bond points directly to a carbonyl
plane relative to its orientation in the X-ray structure. Even with bond of the tertiary acceptor,gQThis suggests that the light-

a cautious interpretation of the systematic errors of the EPR induced electron transfer in the RCs of purple bacteria proceeds
technique, such a rotation cannot be reconciled with the X-ray Via two different states of Q each optimized for another
structure. electron-transfer step. It appears that conformation E is associ-

In Table 3 we present a detailed comparison of the EPR ated with the electron transfer fromb, to Qa and that
geometry of B,.Q, with the X-ray structure of the cofactors. ~ conformation C is involved in the electron transfer frorg @

For convenience, thg-tensor of By is chosen as the molec-  Qe.

ular reference system. The Euler angles in column 1 specify To check this intriguing notion, we first examine conforma-
the orientation ©,, ©,, W,) and position ©p', Wp') of the tion E, derived from the EPR structure o§6gQ,§ (see Figure
quinone relative to thg-tensor system of 2; (see Figure 6a).  7b). Notably, this structure describes a trapped state in which
Column 2 summarizes the EPR geometry gf.8,, obtained electron transfer between ,Qand  cannot occur. It is
by computer analysis of the two-dimensional Q-band EPR obtained at @ K a few tens of nanoseconds after light-induced
experiments. The cited errors in column 3 are systematic errors,charge separation. Since large-scale motions pfa@e un-
which consider the uncertainties in the publishgdensor likely to occur under these conditions, we identify conformation
components. Column 4 lists the cofactor geometry from a E with the arrangement of Qorior to the electron transfer from
representative X-ray diffraction studyThe angular values are ~ ®,. In other words, conformation E represents the spatial
based ong-tensor orientation 1¥2 Column 5 indicates the  arrangement of the neutralx@n the dark adapted RC protein.
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Figure 7. Spatial arrangement of the two conformational states of the secondary acceptgefher with other cofactors of the electron-transfer chain in
reaction centers dRhodobacter sphaeroide@) The crystal conformation (conformation C) is adapted from a high-resolution X-ray structure of the reaction
center proteirt.(b) The EPR conformation (conformation E) is determined in the present study using quantum beat oscibatiensacteriopheophytin

acceptor, @ = tertiary acceptor. The dotted arrows indicate two electron transfer (ET) steps. The full arrow denotes the gating step preceding the electron
transfer from Q to Q.

* gating step

Let us now examine conformation C, determined by X-ray = Gating Process of the Electron Transfer from @, to Qg.
crystallography (see Figure 7a). Comparison reveals that theThe rate of electron transfer from,Q@o Qs, kag, Was measured
quinone is rotated by 6Orelative to the orientation of in RCs ofRb. sphaeroideby replacing the native ubiquinone-
conformation E, the neutral Qin the dark adapted RC protein 10 in the Q binding site with quinones having different redox
(see Figure 7b). How do we explain this structural change? Is potentials??2 The results showed thdfs does not change as
it functionally important? One possible explanation is specific the redox free energy for electron transfer is varied. It was
radiation chemistry, observed in protein crystallography per- therefore concluded that the ,Qo Qg electron transfer is
formed as a function of the X-ray dos&lt was noticed that ~ conformationally gated, i.e., that the rate-limiting step is a
radiation-induced photoelectrons are trapped at specific sus-conformational change required before electron trarféf€his
ceptible groups, which then undergo structural and chemical change was proposed to be a movement gfa® observed in
alterations, including breakage of disulfide bonds and decar- an X-ray study of the RC protein, frozen under illumination
boxylation?8 and in the dark3 However, recent FTIR studies of RCsRb.

Recently, specific radiation chemistry was also observed in sphaeroidesuggest that this movement o§@ not related to
two RC proteing*%> X-ray absorption spectra of photosystem the Q, — Qg electron transfefs
Il revealed that the structure of the MPa complex changes Having identified two different conformations of,Qwe are
from a high-valent My(lll 2,1V7) cluster to that of Mn(ll) in able to propose an alternative gating process. Our model
agueous solutioPf This drastic structural change occurs at an involves four consecutive steps,

X-ray dose that is more than 1 order of magnitude lower than

the dose commonly considered safe for protein crystallography. hy _ ke

Moreover, a test study of radiation damage in single crystals of PeesQa(E)Qe — P8+65?A(E)QB - ’

Fe-removed, Zn-substitutétb. sphaeroideRCs demonstrates oA CET of — R of _

that low doses of irradiation lead to a loss of photosynthetic PecsQn(C)Qe 86 (C)Q — PassQn(B) Qe (4)
activity 56 In this case it is very likely that the crystal structure
displays the spatial arrangement of the reduced quinope Q
which differs from that of the neutral speciesa,Qy a 60
rotation of the headgroup.

Support for the assignment of conformation C comes from a
single-crystal Q-band EPR study of tgeensor of Q in the
RC protein®® It was found that the spatial orientation of the
semiquinone @, as determined by thg-tensor axes, deviates
only a few degrees from the orientation of quinone A in the
X-ray structure!® These previous EPR results in combination
with the distinct spatial orientation of conformation E we
observe suggest that specific radiation chemistry at thsit@

as schematically depicted in Figure 7. We assume that the
conformations E and C are functionally relevant states which
control the electron transfer from, Qo Qg. In conformation
E, Q, is in an inactive state and electron transfer is impaired.
In conformation C, @ is in the active configuration and
electron transfer can proceed. Our time-resolved EPR studies
indicate that, in the dark, Qis predominantly in the E state.
Light excitation results in the formation ofggQ; (E)
where Q is in the inactive conformation (see Figure 7b).
Conversion to the active conformation,,(&) — QA(C),
occurs with the conformational gating rdée The gating step
occurred in the crystal structure. Consequently, we identify involves a 60 rotation of the headgroup of the quinone in the

conformation C with the spatial arrangement of the reduced Qa b_i”d‘”‘-?’ pocket (see Figure 7b)_' Oncg @ in the (_active
configuration, the electron transfer, (C)Qs — Qa(C)Q; can

uinone Q. . )
q Q occur with a ratéet (see Figure 7a). After the electron transfer,
(54) Baxter, R. H. G.; Seagle, B.-L.; Ponomarenko, N.; Norris, JJ.RAm. Qa relaxes back to conformation E.A(C) — Qa(E), charac-
Chem. S0c2004 126 16728-16729. teristic of the neutral quinone in the dark adapted protein. The
(55) Yano, J.; Kern, J.; Irrgang, K.-D.; Latiner, M. J.; Bergmann, U.; Glatzel, . .q p p
P.; Pushkar, Y.; Biesiadka, J.; Loll, B.; Sauer, K.; Messinger, J.; Zouni, rate of this process ikg.
,il‘é;o\égchandra, V. K.Proc. Natl. Acad. Sci. U.S.£2005 107, 12047 Thus, we propose that the conformational gate for tﬁeﬂ
(56) Poluektov, O. G.; Utschig, L. M. Unpublished results. Qg electron transfer is a movement of @ its binding pocket
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upon light-induced reduction (see Figure 7b). We expect that is based on the results of the present EPR study, which provides
this movement is associated with a change in the hydrogenclear evidence for two structurally distinct,@onformations.
bonding interactions of Qto nearby amino acid residues and/ Previously, Abresch et al. searched for light-induced structural
or protein backbone protons. Support for this notion comes from changes of @ using X-ray crystallograph$: The authors
a previous FTIR study indicating that light-inducegd @duction studied single crystals of RCs froRb. sphaeroidewhich were
causes a large change in the bonding interactions between thérozen under illumination to trap thegRQ, state. A 98%
quinone carbonyls and the protefh. complee 3 A resolution data set was collected at 70 K. The
Low-temperature time-resolved high-field ENDOR 036? model of the data showed no changes within the error between
Q, revealed that the positions of the ENDOR lines of €ift the superimposed coordinate sets of the “light” structure and
with an increase in time after the laser flash, which initiates the “dark” structure obtained at 2.2%.In both structures the
formation of BQ,.5 Are these shifts related to the proposed POsition and orientation of Qwas practically identical. How
gating step for the Q — Qg electron transfer? We think that ~can we rationalize these findings in view of the present EPR
this is not the case simply because at low temperature theresults? A plausible explanation is specific radiation chemistry
electron transfer does not occur any more. Rather, we believeat the quinone sites of the RC protéftk*>® Then, due to
that the time-dependent shifts are direct spectroscopic evidencéadiation-induced reduction, even dark adapted crystals display
of reorganization of the protein environment accommodating the spatial arrangement of the semiquinone Q

the negative charge at siteaQ Possible light-induced structural changes of @ere also
The gating model requires that the observed overall rate for explored by time-resolved EPR of the spin-correlated radical
the electron transfer is equal to the gating rate, ks = kc. pair PyeQa in RCs ofRb. sphaeroide® Zech et al. reported a
This allows for direct measurement of the kinetics of the gating difference in the lifetime of R.Q, between RCs frozen in the
process, using time-resolved optical spectrosédp§.The light, 79" ~ 101 ms (80 K), and in the dark{**~ 27 ms (80
observed time constant of K/ = 100 us (296 K258 is K).62 These findings compare favorably with the results by

compatible with the proposed gating step, involving & 60 Kleinfeld et al. who determined similar values for the charge
rotation of @ in its binding pocket. Measurement of the recombination time of the radical pair using time-resolved
temperature dependence kfs provides a small activation ~ Optical spectroscop¥. The difference betweer9" and ¢
energy ofE, = 115 meV (273 K< T < 300 K) 58 suggesting can, in principle, be explained by a change in the distance and/

that there is ample space for the, @eorientation in the RC ~ OF relative orientation of Rsand Q.
protein3? From the out-of-phase echo modulation pattern, observed in

The proposed model accounts for a striking observation by & Pulsed EPR experiment, it was deduced that the distance
Kleinfeld et alé® These authors reported that electron transfer P&tween Bisand Q. is the same in dark frozen samples and in
from Q, to Qs proceeds in RCs cooled to cryogenic tempera- those frozen under illuminatidi?. This is in agreement with the
ture under illumination but does not proceed in RCs cooled in Present EPR resullts, indicating that the position gfdoes not
the darké® RCs frozen in the dark are trapped in the inactive VaTy between the EPR and the X-ray structure (see Figure 6).
conformation E. At low temperature, there is insufficient thermal 10 check whet_her there IS a light-induced, (Deonentaugn,
energy for conformational interconversion and thus electron Z€ch etal. studied the “stationary” Q-band EPR spectrg,af P
transfer is impaired. RCs cooled under illumination are trapped Qa in deuterated RCs dRb. sphaeroide® Surprisingly, no

in the active state (conformation C) which allows for electron Major spectral changes were observed for samples cooled under
transfer even at cryogenic temperature. illumination as compared to those frozen in the d&rklow

can we reconcile this observation with the proposed light-

The model also accounts for another surprising observation ! )
made on RCs containing only quinone3When these RCs ~ Induced Q reorientation? _ _
were cooled in the dark, the charge recombination time of the 10 clarify this point, we have calculated the spin-polarized
process B.Qx — Pss:Qa Wastea¥ ~ 25 ms (77 K)® When W-band spectrum of RQ, for the two Q conformations
the same RCs were cooled under illumination, the charge USing the “stationary” EPR model of spin-correlated radical
recombination time changed #" ~ 120 ms (77 K}° One pairs®3 In this model, the nonsecular terms of the electron-spin

can easily rationalize these findings in terms of two distinct SPiN interactions are omitted. The result is shown in Figure Sb.
Qx conformations as depicted in Figure 7. RCs frozen in the The dashed line refers to conformation E, while the dotted line
N .

dark are trapped in conformation E, while RCs cooled under denotes conformation C. Evidently, the twg, Qrientations
illumination are trapped in conformation C. cannot be distinguished by the “stationary” W-band EPR spectra

Light-Induced Movement of Qx. We have proposed a new of P3sQ,. This is similarly true for the corresponding Q-band

gating mechanism for the Q— Qg electron-transfer kinetics line shape§. Thls coincidence qf the_spectra may well explain
; ) . . why the light-induced @ reorientation has not yet been
in RCs of purple bacteria. The suggested gating step InVO|VeSdetected

a rotation of the headgroup of,Qn its binding pocket as a )

response to light-induced reduction (see Figure 7). The model Recently, an elegant analytical method_ was _presented _to
extract the geometry of weakly coupled radical pairs from their

“stationary” polarization patterrf§:4This treatment also shows
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the restrictions placed on the information obtainable from such crystallographic data. Thus, study of quantum beat oscillations,
spectra. Most importantly, only four out of the five Euler angles, observed in a two-dimensional Q-band experiment, provides
characterizing the geometry of a radical pair, can be extracted.clear evidence for two structurally distinct states of the primary
Moreover, a unique set of angles is only obtained if the absolute quinone acceptor, Q in the RCs of purple bacteria.

amplitude of the spectrum is knoWfA® These restrictions can Analysis suggests that the two differenk @onformations

be overcome by studying the spin dynamics of the radical pair 4r¢ functionally relevant states which control the electron-

at early times aftgr p_ulsed laser ex_citation. I_n fact,_ analysis of {ansfer kinetics from Q to the secondary quinone acceptor
guantum beat oscillations observed in a two-dimensional Q-bandQB_ It appears that the rate-limiting step of this reaction is a

EPR experiment provides clear evidence for two different light-induced reorientation of Qin its binding pocket. Thus,

conf?rr’rklanon_s of the secondary acceptog, @ the RCs of we have demonstrated that analysis of quantum oscillations can
purple bacteria. help in understanding the function of the primary quinone

Jqst b efore fm'.Sh'ng the present article, a very recent acceptor in the electron-transfer chain of photosynthetic bacteria.
publication by Savitsky et al. came to our notfé& he authors

used orientation-resolved pulsed electron dipolar high-field EPR Although our study was restricted to RC proteins of purple

spectroscopy to determine the cofactor arrangemengd‘sﬂgp bacteria, quantum oscillations of spin-correlated radical pairs
Similar to the quantum beat meth@tthis technique can also are a common feature of systems that undergo efficient light-

provide all five Euler angles of the radical pair geometry. The ?n(_juced charge separa_lt_io_n. Apparently, these shared chargcter-
structure obtained for£5Q;55 still differs somewhat from that ~ 1Stics of natural and artificial systems, as revealed through high-

. . L .t i 7,66,67 i
evaluated in the present study. The reason for this deviation isime resolution EPR] reflect underlying fundamental
not yet clear. structural and energetic requirements for efficient charge separa-

. tion. Therefore, high-time resolution EPR continues to yield new
Conclusions insights into photochemical energy conversion in natural and

We have evaluated the three-dimensional structure of the artificial photosynthetic systems.
secondary radical pairgg’SQ; in RCs of purple bacteria using
qguantum beat oscillatioA% in combination with high-field
single-crystal EPR? Thus, we have obtained the cofactor
arrangement of 2.Q, on a nanosecond time scale after light-
induced charge separation. The structure describes the positio
and orientation of the reduced quinone acceptqr i@ the
photosynthetic membrane, which we suggest reflects the neutra
Qa in the dark adapted protein.

Comparison with crystallographic data reveals that the
position of the quinone in the EPR and X-ray structures is very
similar. However, the head group of,Qs rotated by 60
relative to its orientation in the crystal structure. Even with a
cautious interpretation of the systematic errors of the EPR JA075065H
technique such a rotation cannot be reconciled with the
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