
Appl. Magn. Reson. 31, 59-98  (2007) Applied 
Magnetic Resonance 
�9 Springer-Verlag 2007 
Printed in Austria 

High-Field EPR, ENDOR and ELDOR on Bacterial 
Photosynthetic Reaction Centers 

A. Schnegg  l, A. A. Dubinsk i i  2, M.  R. Fuchs  ~'~, Yu. A. Grishin  3, 
E. P. KJrilina ~'b, W. Lubi tz  4, M. Plato ~, A. Sav i t sky  I, and K. Miibius  ~ 

Department of  Physics, Free University Berlin, Berlin, Germany 
-" Institute of  Chemical Physics, Russian Academy of  Sciences, Moscow, Russian Federation 

3 Institute of  Chemical Kinetics and Combustion, Russian Academy of  Sciences, 
Novosibirsk, Russian Federation 

4 Max Planck Institute for Bioinorganic Chemistry, Mª an der Ruhr, Germany 

Received September 29, 2006; revised October 4, 2006 

Abstract. We report on recent 95 and 360 GHz high-field electron paramagnetic resonance (EPR), 
electron-nuclear double resonance (ENDOR) and pulsed electron-electron double resonance (PELDOR) 
studies of  wild-type and mutant reaction centers (RCs) from the photosynthetic bacterium Rhodo- 
bacter sphaeroides. Taking advantage of  the excellent spectral and temporal resolution of  EPR at 
95 and 360 GHz, the electron-transfer (ET) cofactors radical ions and spin-correlated radical pairs 
were characte¡ by their g- and hyperfine-tensor components, their anisotropic T, relaxation as 
well as by the dipolar interaction between P~~sQ~- radical pairs. The goal of  these studies is to 
better understand the dominant factors determining the specificity and directionality of  transmem- 
brane ET processes in photosynthetic RC proteins. In particular, our multifrequency experiments 
elucidate the subtle cofactor-protein interactions, which are essential for fine-tuning the ET char- 
acteristics, e.g., the unidirectionality of  the light-induced ET pathways along the A branch of  the 
RC protein. By our high-field techniques, frozen-solution RCs of  novel site-specific single and 
double mutants of  R. sphaeroides were studied to modulate the ET characteristics, e.g., even to 
the extent that dominant B branch ET prevails. The presented multifrequency EPR work culmi- 
nates in first 360 GHz ENDOR results from organic nitroxide radicals as well as in first 95 GHz 
high-field PELDOR results from orientationally selected spin-polarized radical pairs Ps which 
a|low to determine the full geometrical structure of  the pairs even in frozen-solution RCs. 

1 I n t r o d u c t i o n  

L i f e  o n  E a r t h  is b r o u g h t  a b o u t  b y  p h o t o s y n t h e s i s ,  t he  s y n o n y m  fo r  l i g h t - d r i v e n  

e n e r g y - ,  e l e c t r o n -  a n d  p r o t o n - t r a n s f e r  p r o c e s s e s  tha t  c o n v e r t  t h e  e n e r g y  o f  s u n -  
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light into electrochemical energy needed by higher organisms for cell growth and 
replication [1, 2]. The "primary processes" of  photosynthesis are those in which 
the incoming light quanta, after being harvested by antenna pigment-protein 
complexes and channeled to the transmembrane reaction center (RC) protein 
complexes by ultrafast energy transfer, initiate electron-transfer (ET) reactions 
between protein-bound donor and acceptor pigments across the cytoplasmic mem- 
brane [3]. The successive charge-separating ET steps between the various tran- 
sient redox partners in the RC have very different reaction rates, kEx. The life- 
t imes ,  ti/2 = (kE.r) - l ,  of  the intermediary charge-separated states range from less 
than 1 ps for neighboring donor-acceptor pigments to more than 1 ms for large 
donor-acceptor separations on opposite sides of  the thylakoid membrane. The 
cascade of  charge-separating ET steps of  primary photosynthesis competes ex- 
tremely favorable with wasteful charge-recombination ET steps thereby allowing 
for almost 100% quantum yield. The largest impact of photosynthesis on life on 
Earth have green plants and specialized algae. In their photosystems I and II, 
two RCs that are interconnected by electron transport chains, a reversible cata- 
lytic ET photocycle occurs for which water serves as electron donor. Carbon 
dioxide is fixed in the form of carbohydrates, and oxygen gas is released a s a  
by-product, thereby stabilizing the oxygen content of the Earth's atmosphere. 

Three billion years before green plants evolved, photosynthetic energy con- 
version could be achieved by certain bacteria, for instance, the purple bacterium 
Rhodobacter sphaeroides. These unicellular organistas contain only one RC for 
light-induced charge separation. They cannot split water but rather use hydrogen 
sulfide or organic compounds as electron donors to ultimately reduce CO z to 
carbohydrates with the help of sunlight. In Fig. 1 the structural arrangement of  
the RC of  R. sphaeroides is shown according to the 0.22 nm resolution X-ray 
structure by Stowell et al. [4]. The cofactors are embedded in the L, M, H pro- 
tein domains forming two ET branches, A and B. The RC of the carotinoidless 
strain R-26.1 of R. sphaeroides contains eight cofactors: the primary donor P865 
"special pair" (a bacteriochlorophyll a [BChl] dimer), two accessory BChls (B A, 
BB), two bacteriopheophytins a (BPh A, BPhB), two ubiquinones (QA, Qs), and 
one nonheme iron (Fe2+). 

A s a  dominant motif of  photosynthetic bacteria, an approximate C 2 symme- 
try prevails of the cofactor arrangement in the RC. It is intriguing that, despite 
this pseudo twofold local symmetry of  the cofactor arrangement, the primary ET 
pathway in RCs of  purple bacteria is practically one-sided along the A branch 
("ET unidirectionality" [5, 6]), as is indicated by the arrows in Fig. 1. It is noted, 
however, that very recently it was demonstrated that in RCs from wild-type R. 
sphaeroides still a small fraction of native RCs exhibits light-induced reduction 
of QB via the B branch ET [7]. The origin of  the unidirectionality enigma of 
bacterial ET is not yet fully understood at the molecular level, despite the nu- 
merous elaborate studies, both experimental and theoretical, perforrned over the 
last decades [3, 8, 9]. A s a  matter of fact, the high-resolution X-ray structure of 
RCs reveals that the pseudo C 2 symmetry of the cofactors does not pertain to 
their microenvironment but is broken by different amino acids at symmetry-re- 
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Fig 1. X-ray structure of the cofactor arrangement in the RC from R. sphaeroides [4] (PDB entry 
1AIJ). The cofactors Ps65 (bacteriochlorophyll a dimer), BChl A and BChlt~ (bacteriochlorophyll a), BPh A 
and BPhn (bacteriopheophytin a), QA and QB (ubiquinone-10), Fe (Fe -'+ ion) are re[ated by approxi- 
mate C 2 symmetry of the protein branches A and B of the RC to which the cofactors bind. The arrows 
indicate the ET steps with their time constants. Despite the approximate C 2 symmetry of the cofactor 
arrangement in wild-type RCs, the light-induced ET proceeds almost exclusively along the A branch 

("unidirectionality'). For details, see text. 

lated sites along the two ET branches. Thereby, the relat ive redox energetics of  
the cofactors  along the two branches are modula ted  for establishing conforma- 
tional gat ing in favor  o f  the A side and tuned for opt imum efficiency o f  the in- 
termediate states o f  the cofactors in the ET cascade. 

From many  genetic engineering exper iments  it turned out that the ET uni- 
di rect ional i ty  along the A branch is very  robust  against  point  mutat ions o f  the 
amino acid environment  o f  the cofactors in the RC [10, 11]. It was only recent ly 
demonst ra ted  that specific double-s i te  mutat ions in the vicini ty o f  the pr imary  
donor and an accessory BChl in RCs from R. sphaeroides can drast ical ly  change 
the part i t ion o f  ET pathways between the A and B branches [9, 12]. Under  con- 
ditions o f  high pH and blue-light excitat ion,  up to 100% B branch ET could be 
achieved [9, 12]. Similar  strategies for al tering the A and B branch ET part i t ion 
by strategic point  mutat ions were repor ted recent ly by the Feher  group [7]. They 
constructed RCs from R. sphaeroides with selected double,  triple, quadruple and 
quintuple mutations.  The mutations were introduced sequential ly into si te-specific 
posi t ions along the ET pathways.  As  a result  o f  these mutations, in 95% o f  the 
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RCs the ET occurs along the A branch, while 5% of the ET is shifted to the B 
branch [13]. Apparently, the breakage of  symmetry in the ET pathways is largely 
due to the tuned energetics and electronic couplings of  the primary donor and 
the intermediary acceptors in the RC. 

According to the Marcus ET theory [3, 14], the controlling factors of  the 
nonadiabatic ET rate, kET(na), are the energetics of  the redox couple that are 
contained in the vibrationally averaged Franck-Condon factor F and the elec- 
tronic coupling matrix element V 2 between donor and acceptor wave functions: 
kEx(na ) = (2Ÿ The Franck-Condon factor F is governed by the free en- 
ergy change AE of  the reactants and the reorganization energy 2 of  the final 
charge-separated state in the equilibrium solvent (i.e., the protein matrix) con- 
figuration of the initial state: F = e x p ( - E ~ / k T ) / ~  with the activation en- 
ergy E a = (AE + 2) 2 /42 .  The electronic coupling V 2 is determined by the de- 
gree of  orbital overlap between the donor and acceptor cofactors. A number 
of  theoretical and experimental studies have embarked on the demanding task 
to determine the factors F and V 2 for the ET pathways in native and mutant 
RCs from R. sphaeroides (see, for example, refs. 6 and 15-17). Unfortunately, 
site-selective mutations often affect both F and V 2 simultaneously. By approp¡ 
ate mutation strategies, however, it is sometimes possible to predominantly modu- 
late either F or V 2 (see below). 

For "fast" protein relaxation dynamics, i.e., when the nuclear motion is fast 
on the ET time scale, nonadiabatic ET prevails with the rate kEx(na ). This is the 
typical situation at room temperature. The critical quantity describing whether the 
matrix relaxation (approximated by one relaxation time rE) is fast or slow on the 
ET time scale, is the adiabaticity factor te in the Marcus theory: ir = 4nV2rL/h2. 
Two limiting cases are generally considered, the nonadiabatic case with zr y 1, 
and the adiabatic case with te > 1. In the adiabatic case, the solvent dynamics 
cannot be neglected, and the ET rate becomes solvent-controlled, i.e., kET(a ) is 
govemed by the solvent's longitudinal dielectric relaxation time r e. Consequently, 
the nonadiabatic ET rate in photosynthetic RCs at ambient temperatures has to 
be corrected in order to describe the adiabatic case: kE(a) = kET(na)/(1 + te). The 
temperature-dependence of  r E (and thereby of  n:) is determined by the tempera- 
ture-dependent Debye relaxation time �91 since Ÿ = ( e J g s ) r D -  Here, ~s and eoo 
are the static and high-frequency (optical) dielectric constants of  the solvent 
medium, respectively. 

Thus, an experimental handle to control the transition from the nonadiabatic 
to the solvent-controlled adiabatic limit is provided by the temperature and by 
the polarity and the H-bonding capability of  the protein microenvironment, i.e., 
the solvent matrix [3, 18]. Moreover, in addition to the static properties of  the 
protein matrix, dynamic amplification of  the electronic coupling of  the redox 
cofactors and their immediate protein environment may be achieved vŸ the tem- 
perature-dependent librational motion of  the cofactors in their binding sites. This 
motion has to be tuned in such a way that its time constant becomes compa- 
rable with the inverse rate constant of  the specific ET step, for example, for the 
reduction of QA in RCs of R. sphaeroides. Hence, to monitor the transients of  
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light-induced ET processes by time-resolved electron paramagnetic resonance 
(EPR), an appropriate matrix control is a prerequisite. By cooling the sample, 
t~/2 = (kET) -~ must be slowed down from the fast steps of  the early ET events 
(subnanoseconds near room temperature) into the time window of transient EPR, 
which is restricted to about 10 ns upwards. 

We have started a joint multifrequency EPR research project on site-specific 
mutants o f  R. sphaeroides to modulate, in a controlled fashion, the ET charac- 
teristics o f  cofactors in interaction with their RC protein environment. When ap- 
plying high-field EPR methods for improving the spectral resolution of  delocal- 
ized spin systems, in which unresolved hyperfine interactions dominate the in- 
homogeneous EPR line width, at least a lower limit of  the microwave (mw) fre- 
quency and the corresponding B 0 field has to be fulfilled, which is defined by 

giso 

i.e., the anisotropic electron Zeeman interaction must exceed the inhomogeneous 
line broadening, AB~r2 . In this paper, we describe first results of  high-field EPR 
spectroscopy at 95 and 360 GHz and of its double-resonance extensions ENDOR 
(electron-nuclear double resonance) [19] and PELDOR (pulsed electron-electron 
double resonance) [20] on frozen RC solutions. Taking advantage of the inher- 
ent capabilities of  these spectroscopic techniques in terms of  resolution and sen- 
sitivity, which go lar beyond the capabilities of  conventional X-band EPR spec- 
troscopy, the subtle changes of  the electronic and spatial structures of  the re- 
dox-active cofactors upon mutation are elucidated. Specifically, mutation-induced 
changes of  the local polarity, the H-bonding networks and the ligation of  the 
axial magnesium atoms of the primary bacteriochlorophyll a donor special pair 
are monitored. As sensitive probes for mutation-induced changes of  the protein- 
cofactor interactions we use g- and hyperfine tensor components as well as elec- 
tron--electron dipolar interactions and anisotropic T z relaxation times. Whereas for 
the acceptor quinone radical anions, the g-tensor anisotropy is large enough to be 
resolvable by 95 GHz/3.5 T EPR, for the donor bacte¡ dimer radical 
cation, the g-tensor anisotropy is extremely small so that still higher Zeeman fields 
are required. For sufficient orientational Zeeman selection with resolved principal 
g-tensor components, 360 GHz/12.9 T EPR turned out to be well suited for fro- 
zen-solution samples. (A similar case of  extremely small g-anisotropy is the flavin 
radical cofactor FADH" in photolyase DNA repair enzymes [21, 22].) 

2 Materials and Methods 

2.1 RC Preparations (WiM Type, Mutants) 

RCs of  R. sphaeroides R-26.1 were isolated and purified according to methods 
described earlier with slight modifications [23]. The construction of the mu- 
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tants at position 202 in the M subunit, His ~ Glu HE(M202) and H i s -  Leu 
HL(M202), has been described in refs. 24 and 16, respectively. The mutant RCs 
were prepared as described in reŸ 25. Both mutations led to a loss of  the Mg 
atom from the bacte¡ a (BChl) on the M side of the primary donor 
resulting in the formation of  BChI-BPh "heterodimers". The buffers used for 
both mutants were 10 mM Tris-HC1 at pH 8.0, 1 mM EDTA with 0.03% Tri- 
ton X-100 as detergent. The buffer used for R. sphaeroides R-26.1 was 10 mM 
TrisHC1 at pH 8.0, 1 mM EDTA with 0.03% polyoxyethylene-10-1aurylether. 
The detergents utilized have been shown to prevent the formation of  a differ- 
ent conformational state of  the donor upon freezing of  the sample [16]. The 
sample concentration was 0.2-0.3 mM. The samples were oxidized either by 
light-induced charge separation (2 = 785 nm) or chemically by adding 25 mM 
K3[Fe(CN)6 ] (potassium ferricyanide) to obtain the primary donor radical cat- 
ion P'+. The radical generation was controlled by monitoring the optical ab- 
sorption band at 865 nm for the R-26.1 sample. Upon oxidation, the band de- 
creased in amplitude but did not shift to lower wavelengths. For both HL(M202) 
and HE(M202), the chemical oxidation procedure was carried out under identi- 
cal conditions. For 360 GHz EPR experiments, a sample volume of not larger 
than 1 ~1 was brought onto the gold-plated curved mirror of  the resonator, trans- 
ferred into the Fabry-Perot resonator at room temperature and then gradually 
cooled to 160 K. 

The double mutant His -- Glu at position L168/Asn ~ Asp at position L170, 
HE(L168)/ND(L170), has been obtained from N. W. Woodbury and J. P. Allen 
(Tempe, AZ, USA). It has first been described and characterized in ref. 26. This 
mutation introduces two protonable residues (Glu and Asp) in the vicinity of  the 
primary donor. It furthermore breaks one of  the hydrogen bonds between an 
amino acid (HisL168) and the acetyl keto group of  PL. The mutant was in 15 
mM Tris-HC1, pH 8, 0.03% 13-dodecyl maltoside, 1 mM EDTA, 150 mM NaC1, 
concentration of about 0.2 mM. For 360 GHz EPR expe¡ the sample (sam- 
ple volume, 10 ~tl) was oxidized on the curved gold-plated quartz mirror, which 
was then transferred into the precooled probehead. 

To obtain narrow EPR signals from the quinone radical anions, Qk- and Qh-, 
in bacterial RCs the high-spin nonheme Fe a+ (S = 2) was replaced by diamag- 
netic Zn ~+ (S = 0) in R. sphaeroides R-26.1 following the procedure of  Debus 
et al. [27]. 

Stable quinone radicals for the W-band ENDOR measurements were gener- 
ated by illumination with a single, saturation laser flash. Excess cytochrome c 
was added to reduce the primary-donor radical cation after photooxidation. Due 
to the short duration of the laser flash (3 ns), multiple ETs within the same RC 
are suppressed, since the reduction of  the donor radical P86+5, a precondition for 
the ET to QB, occurs on a much slower time scale. Since QA is an intermediary 
acceptor, Q~; is transient and only Qh- is obtained. The quinone radicals can 
be distinguished either by their different gxx values [28] or by differences in their 
hyperfine couplings (hfcs) [29, 30]. 
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2.2 Density Functional Theory Methodologies 

The quantum-chemical calculation of  EPR parameters has experienced a tremen- 
dous step forward in the past few years by the progress in density functional 
theory (DFT). Parallel to this development, there has been an almost complete 
retreat of  traditional semiempirical molecular orbital (MO) methods like INDO 
[31], AM1 [32] or ZINDO [33] from this area. 

Various academic groups [34-41] have devetoped DFT computer program 
packages such as ADF [34, 36, 40] and ORCA [39]. In conjunction with the 
enormous progress in the computing power of common desk computers, they are 
efficient enough to allow quite reliable predictions of  hyperfine and g-tensors 
within acceptable CPU times even for bioorganic molecules as large as the spe- 
cial pair P in bacterial and plant photosynthetic RCs. 

Most DFT methods are based on the use of double perturbation theory start- 
ing from standard solutions of the nonrelativistic Kohn-Sham equations [34-39]. 
In  the area of  large biomolecules such as bacteriochlorophyll monomers and 
dimers, our research group at FU Berlin has made extensive use of  the com- 
mercial Amsterdam Density Functional (ADF) program package developed by the 
theoretical chemistry groups in Amsterdam (E. J. Baerends and coworkers [42]) 
and in Calgary (T. Ziegler and coworkers [34, 35]). The DFT program package 
ORCA, made available by F. Neese (in Mª an der Ruhr, now in Bonn), 
has been preferably used by us for smaller systems, such as nitroxide spin la- 
bels, primarily for the study of polarity and hydrogen bond effects. 

ADF can treat all elements of the periodic table and contains state-of-the-art 
relativistic methods and spin--orbit coupling to treat heavier atoms. Its quantum- 
mechanical/molecular-modeling implementation (QM/MM) enables the treatment 
of  protein environments with many thousands of  atoms. It includes the very lat- 
est meta-GGA and hybrid exchange-and-correlation functional. Specifically, our 
DFT catculations of  g- and hyperfine tensors on the primary donors of  the caro- 
tenoid-less wild type R-26.1 and its HL(M202) and HE(M202) mutants, which 
were studied experimentally by high-field EPR at 360 GHz [43] (see below), 
are based on the relativistic approach by Schreekenbach and Ziegler [34, 35]. 
This method is incorporated in the accompanying ADF Property Program Pack- 
age (Release 2002). The calculations were performed at the "relativistic scalar 
Pauli" and spin-unrestricted level using double zeta (DZ) atomic basis sets built 
from Slater orbitals and the Becke exchange [44] and Lee-Yang-Parr correla- 
tion [45] options for the generalized gradient approach (GGA) part of  the ex- 
change-and-correlation (XC) functional. 

The principal effects that dominate EPR spectra are obviously well accounted 
for by the currently available DFT methodologies. However, concerning the 
achieved quantitative accuracy of  the g- and hyperfine tensors, there is still a 
significant lag behind the latest progress in the experimental methods. This has 
become particularly obvious from our recent experimental high-field EPR stud- 
ies on bacterial primary donors (wild type and mutants), where the high-preci- 
sion results of  g shifts appear to be close to the borderline of the present ADF 
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capability. Nevertheless, significant momentum has been gained from such smd- 
ies which should fertilize the development of improved theoretical methods for 
the quantum-chemical prediction of  EPR parameters. 

2.3 The 95 GHz Continuous-Wave/Pulsed EPR/ENDOR Spectrometer 

As described in detail elsewhere [46--48], our 95 GHz (W-band) EPR/ENDOR 
spectrometer operates both in continuous-wave (cw) and pulsed mode at an ex- 
ternal magnetic field of about 3.4 T for g = 2. A superconducting cryomagnet 
(Cryomagnetics, Oak Ridge, TE, USA; max. B 0 = 6 T; room-temperamre bore 
diameter, 114 mm) provides the static Zeeman field, which can be swept for _+0.1 
T by controlling the current in additional superconducting sweep coils inside the 
magnet Dewar. The field-modulation coils for cw EPR experiments are part of  
the probehead and supply up to 1 mT at the sample at about 10 kHz. The het- 
erodyne mw bridge works at ah intermediate frequency (IF) of 4 GHz, which is 
provided by a dielectric-resonator oscillator (DRO). It allows convenient manipu- 
lation of  phase and amplification. The 99 GHz local-oscillator signal is obtained 
by up-conversion of the 95 GHz signal oscillator power with the 4 GHz DRO. 
The 4 GHz power, resulting from down-conversion of the 99 GHz local-oscilla- 
tor power and the power reflected from the EPR cavity, is amplified with a low- 
noise preamplifier and then quadrature down-mixed with the same 4 GHz DRO 
as local oscillator [49]. The resulting signal is guided either to a lock-in ampli- 
fier or, after optional further amplification, to a fast digitizing scope. The 95 GHz 
mw source uses four low-frequency oscillators, three fixed-frequency tempera- 
ture-stabilized DROs and one voltage-controlled oscillator (VCO), operating at 
7.3 GHz. The frequency of this mw field is further up-converted by a factor 13 
using an IMPATT-active frequency multiplier. An additional gain of  the 95 GHz 
power is obtained by a two-stage cw IMPATT amplifier in the transmitter chan- 
nel. The output power of maximal +20 dBm (100 mW) allows to perform pulsed 
EPR expe¡ with ~/2 pulse lengths below 30 ns. Also the cw performance 
of the EPR spectrometer has been further improved by means of  the outstanding 
frequency stability (below 30 kHz per hour) and noise characteristics of  the solid- 
state source (the amplitude noise is below - 1 4 0  dBc/Hz at 10 kHz, the phase 
noise is below - 1 0 0  dBc/Hz at 10 kHz). 

Several different probehead configurations including Fabry-Perot resonators 
and TE011 cylindrical cavities have been designed and optimized for EPR or 
ENDOR experiments [49-53]. EPR experiments are typically performed with a 
probehead equipped with a TE011 optical transmission cavity (unloaded quality 
factor Qu = 5000). 

The ENDOR setup uses a slotted TEoH cylindrical cavity to reduce eddy 
currents induced by the radio-frequency (rf) field of  the ENDOR coil, which is 
placed around the cavity [50]. For proton ENDOR the rf  circuit is tuned to and 
matched for 140 MHz (with 40 MHz bandwidth) corresponding to the proton 
Larmor frequency at B 0 = 3.4 T. Ah rf  power amplifier (Amplifier Research, 
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Souderton, PA, USA; Model 1000 LM8) of  300 W in cw and 2.5 kW in pulse 
mode is used. It yietds 2-6 p.s long rf  ~-pulses in proton ENDOR experiments. 
ENDOR on other nuclei can also be performed by using a short-cut rf  circuit 
optimized for a central frequency of 40 MHz (with 30 MHz bandwidth). 

For light excitation experiments either the pulsed Nd-YAG laser beam (355 
nm, 532 nm wavelengths) or the cw light of  a 100 W halogen lamp or diode 
laser (690 nm, 795 nm) is guided to the cavity by means of a quartz fiber with 
a diameter of  0.8 mm. Temperature control of  the sample between 90 and 350 
K is achieved by a stabilized nitrogen gas flow system in the probehead. 

2.4 The 95 G H z  P E L D O R  Setup 

Additionally, the bridge is equipped with a fast (>50 ns) mw switch which al- 
lows to select between one of the three fixed-frequency DROs and the variable- 
frequency VCO operating around 7.3 GHz. It is placed in front of  the frequency 
multiplier (•  13) followed by an IMPATT power amplifier. The frequency op- 
eration range is determined by the bandwidth of  the power amplifier and is 600 
MHz around 95.0 GHz in our configuration. 

The dual-frequency PELDOR experiment involves a three-pulse stimulated 
echo subsequence at frequency v 1 (observer frequency) with a fixed pulse delay 
T between the second and the third pulse. The extemal magnetic field is fixed 
to a value B'  (resonance field at frequency v 0, and a pump putse at the fre- 
quency v 2 for the flip angle n of  the partner spins is applied with a fixed delay 
time 2" with respect to the second pulse of  the observer sequence. The pump 
frequency v 2 corresponds to the resonance field B "  = B '  + h( v I - Vz)/(ge.pB ) 
within the EPR spectmm of the partner radical. The values of  v~ and v z are 
monitored by measuring the frequencies of  the low-frequency mw sources, the 
DRO and VCO, respectively. Their output frequencies of  about 7.3 GHz are 
measured with a 1 kHz resolution of the frequency counter. This corresponds to 
a precision of 13 kHz at 95 GHz after multiplication of  the low-frequency mw 
output by. the factor 13. 

Individual PELDOR signals are obtained by varying the interpulse delay r 
of  the three-pulse echo subsequence. At each r value, distortion-free quadrature 
echo responses appear after phase cycling the first observer mw pulse ( + x , - x ) .  
These responses are consecutively measured for the pump pulse being switched 
on and off. 

2.5 The 360 G H z  c w  E P R  Spec t rometer  

The 360 GHz quasi-optical EPR spectrometer has been recently described in detail 
[48, 54]. The sources of the submillimeter mw bridge are two phase-locked W- 
band Gunn oscillators: a two times doubled 90.01 GHz oscillator (Radiometer 
Physics, Meckenheim, Germany), providing submillimeter radiation at v = 360.04 
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GHz for mw excitation of the sample, and a doubled 90.31 GHz local oscillator 
(Farran Technology, Cork, Ireland), which serves as the reference for the sub- 
harmonic down-conversion (bandwidth, 100 MHz) of the 360.04 GHz signal to 
an IF signal of  1.2 GHz. The submillimeter radiation propagates through a quasi- 
optical Gaussian beam transmission line consisting of off-axis elliptical mirrors 
and a corrugated wave guide to the probehead in the cryostat. Thereby standing 
waves in the spectrometer bridge can be largely avoided, and mw losses are 
reduced by about 20 dB, as compared to fundamental-mode or oversized wave- 
guides as mw transmission lines. 

Gaussian beam optics greatly facilitates an induction-mode design of  the mw 
bridge with a bimodal resonator [55]. Even under imperfect matching conditions 
the induction-mode configuration discriminates the EPR signal from the excita- 
tion mw power (isolation of  about 30 dB), which excites orthogonal degenerate 
resonator and transmission-line modes. B 0 fields up to 14 T (12.9 T for g = 2 
systems) are provided by a Teslatron-H cryomagnet system (Oxford Instruments, 
Witney, UK) with an integrated superc0nducting sweep coil (sweep range of  _0.1 
T). The warm bore of  the cryomagnet has a diameter of  88 mm. The static-flow 
cryostat (Oxford Instruments) of  the spectrometer (inside diameter, 62 mm) sup- 
ports sample temperatures between 4 K and room temperature. The probehead 
contains a semiconfocal Fabry-Perot resonator (unloaded Qu ~ 1000), consisting 
of a free standing copper mesh that constitutes the flat mirror, a n d a  spherical 
gold-coated quartz mirror. 

In an alternative probehead configuration the copper mesh is removed, which 
reduces the spectrometer sensitivity by a factor of  40. To compensate the de- 
creased sensitivity, the amount of  sample has to be increased by the same fac- 
tor. However, since the combination of  low-noise mw components, an induction- 
mode detection scheme and a high resonant B 0 field of  12.9 T provides an ex- 
cellent overall detection sensitivity, an increase of  the necessary amount of  sampte 
from 0.5 gl (typical for an organic radical in 0.1 mM sample with resonator) to 
20 gl (without resonator) is affordable for many samples. A quartz fiber inte- 
grated into the probehead allows for the generation of  radicals or triplet states 
in the resonator by laser excitation. 

2.6 The 360 GHz cw ENDOR Setup 

The construction of very high-field EPR probeheads is aggravated by the very 
small dimensions of  the submillimeter mw resonators. Even more demanding is 
the construction of ENDOR resonators in which the mw field B 1 has to be su- 
perimposed by a perpendicular r f  field B 2, and consequently the resonator walls 
must have appropriate slots to be transparent for the rf  [56, 57]. Heating effects 
due to rf  losses in the resonator generally would limit the long-term stability of  
the spectrometer. The ratio of  the rf  power converted into heat and the incident 
rf power can be dramatically reduced by employing matched rf  circuits [57]. 
Resonant circuits can generate the same rf field strength B 2 at the sample posi- 
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tion with reduced applied power, thereby problems with reflected rf  power and 
standing waves can be avoided to large extent. In EPR/ENDOR spectrometers 
operating at B 0 fields below 4 T, the use of mw resonators is inevitable to achieve 
sufficient mw fields B 1 at the sample position. The magnitude of B~ determines 
the spectrometer sensitivity and the possibility to saturate the EPR transitions. 
Microwave saturation is a necessary condition for cw ENDOR experiments. In 
a recent cw ENDOR study at 220 GHz/330 MHz, Maniero et al. showed [58] 
that proton ENDOR signals of nitroxide radicals in frozen solutions can be ob- 
served even without resonant cavity. This is due to the increased sensitivity and 
longer spin-lat t ice relaxation times at very high B 0 fields. Combining this no- 
resonator approach with the development of  high-frequency rf circuits, we suc- 
ceeded in the construction of a 360 GHz/550 MHz ENDOR setup for cw ex- 
periments. 

Figure 2 shows the scheme of  the resonant rf circuit together with a cross 
section and an exploded view of the 360 GHz EPR/ENDOR probehead. The 
sample is placed on the gold-coated quartz mirror and irradiated by an mw field 
B~ a n d a  perpendicular rf  field B 2 that is provided by a single-loop ENDOR coil. 
The ENDOR coil is part of  the resonant  circuit (center frequency, 547 MHz; 
FWHM, 60 MHz) which can be frequency-tuned and impedance-matched by two 
tr immer capacitors close to the ENDOR coil. The rf  power is provided by a 
digital f requency generator (Hewlett-Packard, Santa Clara, CA, USA; Model 
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Fig. 2. Tunable rf circuit (left) together with a cross section and an exploded view of the 360 GHz/ 
550 MHz EPR/ENDOR probehead (right). The resonant rf circuit consists of a single-loop coil and 
two trimmer capacitors, which provide frequency tuning and matching. The rf is generated by a 
sweepable generator, a power amplifier anda single-turn coil, which generates a B 2 field perpen- 
dicular to the mw field B~. The sample is placed on the gold-coated spherical quartz mirror. Note 
that for this EPR/ENDOR experiment the mw coupling mesh as flat mirror of a Fabry-Perot resona- 

tor was removed. For details, see text. 
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8648B; 9 kHz-2 GHz) and amplified by a 500 W power amplifier (Amplifier 
Research, Souderton, PA, USA, Model 500 HB). To reduce standing waves in 
the rf  transmission line, a high-power rf  circulator is used. The maximum B 2 gen- 
erated by the ENDOR coil is 0.8 mT at 20 W incident rf  power, for which un- 
wanted heating effects are avoided. ENDOR spectra are typically recorded at a 
fixed external field B 0 and mw field B~, while sweeping the frequency of  the rf  
field B 2. The latter is frequency modulated, and the ENDOR signals are recorded 
by using a lock-in amptifier. 

3 Results and Discussion 

3.1 360 GHz cw EPR on P~~, Q'a-, Q's- of  RCs from R. sphaeroides 

To start this section we refer to our earlier 95 GHz W-band EPR experiments 
on single crystals of  RCs from R. sphaeroides R-26.1 at room temperature, both 
in their protonated and perdeuterated forms [51]. Owing to the high Zeeman 
resolution and narrow single-crystal line width, not only the magnetically inequi- 
valent sites in the unit cell of  the crystals could be resolved but also the full 
rotation patterns of  their g-tensors recorded. From these patterns the principal 
directions of  the g-tensors in the unit cell were determined. They reveal a break- 
ing of  the local C 2 symmetry in the electronic structure of  P~25 which is con- 
sistent with the ENDOR/TRIPLE results for the hyperfine structure [59] (see 
below). 

A striking result of  these measurements on P~6+5 is a strong tilt of  the g-ten- 
sor z-axis Zg (belonging to the smallest principal value g=) with respect to both 
planes of  the two BChl monomers constituting the primary donor dimer. This 
was unexpected because at an inspection of  the X-ray data [4], the n-electron 
systems of  both BChl monomers appear to be planar in their major parts (the 
central macrocycles built from the four pyrrol rings) and, in this case, should 
yield the axis Zg practically parallel to the molecular out-of-plane z-axes. How- 
ever, these measurements reveal that Zg is tilted against z by as m u c h a s  23 o. 

To get further insight into the origin of  the observed tilt of  the g-tensor z- 
axis with respect to an average molecular plane of the dimer, we employed ADF- 
DFT theory, paying closer attention to the behavior of  the g-tensor principal axes 
in the two monomeric BChl moieties of  the dimer. These calculations were per- 
formed on an energy-minimized monomeric BChl a model system containing all 
peripheral atomic groups, but excluding the phytyl chain (in total 82 atoms; 
computational details will be published elsewhere). The results of these compu- 
tations can be summarized as follows. The energy-minimized structure has only 
a few local deviations of  the central Ÿ part from strict planarity, e.g., 
rotation of  the acetyl group by 60 ~ and puckering of  the pyrrol rings I to IV by 
at most 4 o. Nevertheless, the calculations yielded a tilt angle between the axes 
Zg and z of  32 o. The direction of this tilt is roughly along a line connecting the 
a t o m s  N I and NII I of the respective pyrrol ring. This is close to what is observed 
for the P~25 dimer, where the spin density is mainly localized on the monomeric 
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half on the L side. Thus, the origin of  the observed tilt g-tensor angle of  P~6+5 
is primarily traced to the nonplanarity of  the L moiety of  the dimer. 

To further test this conclusion, we successively enforced increasing planarity 
of the model monomer structure in our calculations. In doing so, we found it 
necessary to cut off va¡ peripheral atomic groups connected to the n-elec- 
tron system by hyperconjugational coupling and to replace them by c~-hydrogens 
sitting directly in the molecular plane. By this procedure we were able to re- 
duce the tilt angle of the g-tensor z-axis to a value close to 0 ~ as would be 
expected. Interestingly, the in-plane enforcement of  the acetyl group reduces the 
tilt angle only to about 17 o, showing that this group is not solely responsible 
for the large tilt angle observed for P~~5- 

We thus conclude from these calculations that the observed tilt angle is a 
consequence of  the broken C 2 symmetry of  the special-pair electronic structure, 
but the symmetry breaking originates primarily in the nonplanarity of  the indi- 
vidual BChl a monomer structures. 

When tuming from the RC single crystals to frozen-solution RC samples, as 
dictated by the nonavailability of RC single crystals of most mutant organisms 
studied in this work, the resolution of  95 GHz EPR is insufficient to resolve 
the extremely small g-tensor anisotropy of  P~6+5. In this situation, 360 GHz EPR 
tumed out to be essential for achieving sufficient orientation selection. 
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Fig. 3. Experimental (solid lines) and simulated (dashed lines) 360 GHz cw EPR spectra of the chemi- 
cally oxidized bacteriochlorophyll P~g5 ( T =  140 K) (1), the light-generated radical pair P~~sQ~ 
(T = 140 K) (2), and light-generated radical pair P~g5Q~ together with a second quinone radical Q' 
(light excitation at 200 K, measurements at 140 K) (3). All measurements have been performed on 

Zn-substituted RCs from R. sphaeroides. For details see text. 



72 A. Schnegg et al. 

Figure 3 shows, from bottom to top, the experimental (solid) and simulated 
(dashed) 360 GHz cw EPR spectra (1) of  the chemically oxidized primary do- 
nor PSi'5 (T = 140 K), (2) of the light-generated (cw laser light at ,�91 = 785 nm) 
radical pair P~�91 (T = 140 K), and (3) of the same light-excited radical pair 
measured at 140 K, but after it had been photoexcited at T = 200 K. Spectra 2 
and 3 had been measured under permanent cw-laser light excitation. When switch- 
ing off the laser, the signal rapidly decays (lock-in time constant, 1 s). After a 
decay time of  several minutes, the radicals can be again photogenerated, yield- 
ing the same spectra as observed initially. 

As is seen from spectrum 3, photoexcitation at 200 K led to the appearance 
of  a splitting of the g~x component of  the quinone spectrum, with the additional 
component shifted towards higher Zeeman field. Since the g~ of  this spec- 
tral feature matches well with literature values of the g.~ component of  quinone 
anion radicals [60], the splitting is assigned to a second quinone Q'- overlap- 
ping with QA-. Such a line splitting could originate from two different confor- 
mations of Qk- present in the RC and trapped in the frozen protein mat¡ It is 
well known that changes in the hydrogen-bonding network may alter the spin 
density distribution and thereby affect the g-values. This effect, however, would 
rather lead to a distribution of  conformations with a broadening of  the spectral 
components than to a discrete splitting. An altemative explanation for the ob- 
served splitting is a mixture of  signals from primary and secondary electron 
acceptors QA- and Qh- in the sample. To check this assumption, we performed 
spectral simulations, which included the known g-values of Qh- [29]. The re- 
sulting simulation coincides well with the experimental spectrum. Hence, we 
assume that the observed high-field shifted peak in the quinone gx~ region origi- 
nates from a fraction of Qh- radicals generated in the photocycle. At tempera- 
tures well below 200 K, QB is trapped in its "dark" binding-site conformation 
and cannot accept electrons from Qk- [4]. At higher temperatures, however, a 
fraction of  the secondary quinone becomes part of  the ET chain. 

This finding nicely demonstrates the potential of very high field EPR to iden- 
tify different radicals in a sample, even ir they only slightly differ in their bind- 
ing-site environment. Moreover, characterizing radical species via their g-tensor 
components and their dependence on inter- and intramolecular properties reveals 
much more information than just molecular fingerprints. Since the g-tensor rep- 
resents a global probe of the electronic wave function of  the species, informa- 
tion on the symmetry properties of  the electronic structure may be extracted from 
precise measurements of g-tensor components. For organic radicals in frozen- 
sotution samples the required accuracy of  such measurements can only be achie- 
ved by sufficient Zeeman magnetoselection of the molecular orientation distri- 
bution, e.g., by very high frequency and high-field EPR such as at 360 GHz. 

3.2 360 GHz cw EPR on P8~5 o f  Mutant RCs from R. sphaeroides 

The unidirectional nature of the primary ET route is probably not determined 
by a single structural feature but rather by the concerted effects of small contri- 
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butions of several different optimized factors affecting the energetics of  the vari- 
ous intermediate states (the Franck-Condon factor F) and the coupling scheme 
of the cofactor wave functions (the electronic coupling matrix element V2). Theo- 
retical concepts invoke "overlap" and "superexchange" coupling mechanisms [8]. 
Both the wave functions and the energetics of the cofactors involved can be sys- 
tematically changed by site-selectively exchanging neighboring amino acid resi- 
dues of  the protein environment by means of mutation (see Sect. 1). This can 
be accomplished, for instance, by introducing or disrupting H bonds of  the co- 
factors or by changing the ligation of the Mg in the chlorophyll macrocycles of 
the primary donor P. In this context, it is particularly interesting to systemati- 
cally study the influence of the environment of  the primary donor, since P i s  
generally considered to p l a y a  key role in the origin of the unidirectionality of 
the primary charge-separation steps [1, 16, 59, 61, 62]. 

The effect on the electronic structure caused by mutations can be measured, 
e.g., by transient absorption in the visible/near infrared regions [5, 6, 24] or via 
oxidation-potential changes [24, 63, 64] resulting in characteristic shifts of  g- 
tensor and hyperfine tensor components that are resolved by high-field EPR [43, 
51, 65] and ENDOR [16, 66-68], respectively. For example, in the course of 
X-band ENDOR and TRIPLE (electron-nuclear-nuclear triple resonance) [69] 
experiments on the R-26.1 mutant and wild-type RCs [1, 61, 62, 70], a pro- 
nounced asymmetry of  2:1 of  the spin density distribution over the two dimer 
halves in Pff6+5 was determined, favoring the BChl axially ligated by the L sub- 
unit. The electronic structure of Pff6+5 in the R-26.1 mutant RC turned out to be 
similar to the carotenoid-containing wild-type RC [70]. In contrast, the asymme- 
try ratio was found to change drastically upon site-directed mutations near the 
primary donor [16, 67, 68]. The mutations were designed to add or remove 
hydrogen bonds between the acetyl and keto groups of P and histidine residues 
at symmetry-related sites of the protein. The changes in the hydrogen-bond situ- 
ation of  P were accompanied by considerable changes in the dimer oxidation 
midpoint potential [69] as well as in drastic changes of the spin density distri- 
bution over the dimer halves [16, 61]. The X-band ENDOR and TRIPLE ex- 
periments revealed that the addition or removal of hydrogen bonds gradually 
shifts the unpaired electron distribution from a predominant localization on the 
L half of  the dimer to a strong localization on the M hall, depending on the H- 
bond situation. 

The ENDOR/TRIPLE experiments provide hfc's of  the various magnetic nuc- 
lei in the P'+ molecule which represent local probes of the electronic wave 
function. The assignment of the individual hfcs to molecular positions is a dif- 
ficult task. It involved selective isotope labeling and additional measurements on 
RC single crystals [57, 68]. A less time-consuming approach would be desirable 
to obtain information on the symmetry properties of the electronic structure. This 
is offered by g-tensor measurements. In contrast to the local hfc probes, the g- 
tensor represents a more global probe of  the electronic wave function of  the 
unpaired electron. For many bioorganic radicals, the g-tensor anisotropies Ag are 
very small and cannot be resolved by standard EPR at 9.5 GHz (X-band) or 35 
GHz (Q-band), because the Zeeman-field shifts of  the g-tensor components are 
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smaller than the inhomogeneous line width. P86+5 in photosynthetic RCs exhibits 
extremely small g-tensor anisotropies of  about l0 -3. It is, therefore, a prime 
example of  a situation where even high-field EPR at 3.4 T/95 GHz can only 
partially resolve the powder pattem of  disordered samples [51, 60, 65, 66, 72]. 
To move these samples into the high-field regime already at W-band frequen- 
cies, one has to reduce the line width by deuteration or to employ a single crystal 
for the measurements. In an attempt to determine, by means of the global g- 
tensor probe, the characteristic symmetry properties of the electronic strucmre 
of  the primary donor, 95 GHz high-field EPR on illuminated single-crystal RCs 
of  R. sphaeroides was performed at 12 ~ i.e., at physiological temperatures 
[51]. 

Even for protonated RCs, tlie single-crystal EPR"line width is so small that 
at a field of  3.4 T the magnetically inequivalent sites in the unit cell of the RC 
crystal could be resolved. The rotation pattems of  the RC single crystals, i.e., 
the angular dependence of their g-factors in the three symmetry planes of  the 
crystal, have been measured and analyzed. The remarkable result is that the prin- 
cipal directions of  the g-tensor are tilted in an average molecular axes system 
[51]. Thereby, a breaking of the local C 2 symmetry of the electronic structure 
of  Psi5 is revealed. This finding is consistent with the ENDOR/TRIPLE results 
for the hyperfine structure (see above). 

To gain further insight into the origins and consequences of this asymmetry 
in the electronic structure, various site-directed mutants of  the RC are being 
investigated in our laboratory at the FU Berlin by 360 GHz high-field EPR. In 
some of  these mutants the ligands to the magnesium of the bacteriochlorophylls 
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Fig. 4. a Site-specific replacement mutants of histidine M202 to glutamic acid and leucine, respectively. 
b 360 GHz cw EPR spectra (solid lines) of P;g5 in RCs from the mutants HL(M202), HE(M202) and 
R-26.1 of R. sphaeroides at 160 K. The most prominent shifts of the g-tensor components g~, and g:: 
due to the mutations at M202 are indicated by horizontal arrows. MŸ least-squares fits for each 
spectrum are overlaid with dashed Iines. The R-26.1 mutant can be considered as wild type with 

respect to the ET properties of the primary donor and acceptor. For details, see text. 
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were altered. Figure 4a shows the exchange of the histidine His(M202) by leucine 
(L) or glutamic acid (E) to generate the mutants HL(M202) and HE(M202), re- 
spectively. In the symmetry-related heterodimer mutants HL(M202) and HL(L173) 
[73], the His that ligates the Mg in the BChl is exchanged for a Leu. The leucine 
that does not ligate to the metal center results in a BChl:BPh heterodimer [74]. 
Owing to the large difference in the redox potentials of  BChl and BPh (up to 300 
meV in different solvents [75]), the mutation-induced changes of the ET charac- 
teristics of  the heterodimer can be considered to be predominantly controlled by 
the energetics (Franck-Condon factor) when comparing it with P86~ of the native 
RC [6]. 

In HL(M202), the unpaired electron in P'+ was shown to reside on the BChl(L) 
[16, 73], in HL(LI73) on the BChl(M) dimer half [73]. Ir was, however, also 
shown that in both mutants the main ET pathway is still along the A branch [76]. 
This finding indicates that the asymmetry in the electron spin density (and charge) 
distribution in P'+ is n o t a  priori the major contributor to the unidirectionality of 
ET in bacterial RCs, but the conformational-gating effect is enhanced by specific 
cofactor-protein interactions along the active ET branch. 

The expected shifts of  the g-tensor components upon mutation will be ex- 
tremely small - in the order of 10 -4 - as has been shown by previous W-band 
measurements on similar mutants [65, 66]. The further increase of EPR frequency 
and B 0 field by a factor of  4 to 360 GHz and 12.9 T, however, provides the 
spectral resolution necessary to fully resolve all three principal g-tensor compo- 
nents of  P'+ randomly oriented in frozen solution [77], and to measure their 
mutation-induced shifts [43] with high precision. 

Figure 4b shows the 360 GHz EPR spectra of  P'+ of R. sphaeroides R- 
26.1 in comparison with those of  the HL(M202) and HE(M202) mutants [43]. 
Minimum least-squares fits to a model spin Hamiltonian including only the Zee- 
man interaction of  radicals with an isotropic orientation distribution are shown 
as dashed lines together with the measured spectra. The g-values obtained from 
these fŸ [43] are in accordance with previous measurements within the error 
limits [51, 60, 65, 66, 72, 77, 78]. In discussing differences of  g-values, such 
as Ag = (g.~~ - g=), the error in the 360 GHz EPR measurements is only 2 .10  -s, 
and the small shifts in the order of  10 -4 that are induced by the mutations of  
the protein environment of  P'+ are detected with high significance. 

The g-component shifts observed in the 360 GHz EPR spectra are rather sur- 
prising. While for P'+ of HL(M202) the overall g-tensor anisotropy Ag = (g~~ - gz_-) 
becomes smaller than that for R-26.1, for HE(M202) Ag increases to a value con- 
siderably larger than that for R-26.1. This unexpected behavior of  Ag strongly 
suggests a local structural change of BChl(L) as a consequence of the M202 ligand 
mutations. 

Earlier semiempirical MO studies [79] and ENDOR/TRIPLE results on P'+ 
in RCs [16, 80, 81] suggest different torsional angles 0~c(L ) of  the acetyl group 
of  BChl with respect to the plane of the adjacent aromatic ring. Different val- 
ues of  0ac(L ) for R-26.1, HL(M202) and HE(M202) are, in fact, expected in view 
of  the different dimeric counterparts. This observation urged us to perform theo- 
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retical calculations of the g-tensors of the three P'+ species a s a  function of Oac(L). 
We have applied relativistic DFT methods employing the ADF package [42] and 
the SZ approach [34] for the calculation of magnetic resonance parameters. De- 
tails of the computations are given in our previous publication [43]. 

The essential conclusion from the current computations, which reproduce the 
experimental results quite well, is that a range of increasing angles Oac(L) be- 
tween 0 ~ and 35 ~ is predicted. The increase in Ag in this series of mutants is 
entirely due to a decrease of g=. This is reasonable, since the tilt of  the acetyl 
group perturbs the planarity of the electronic n-system and, therefore, primarily 
leads to changes in g=. 

To model the experimentally observed strong shift of the gxx component, 
one needs to take H-bonding interactions with the environment into account. 
An H bond of  the acetyl-group oxygen atom to the neighboring histidine resi- 
due shifts gxx to larger values, and we conclude that the strength of this H bond, 
i.e., the distance r(H-"Oac ), varies in the three mutant species according to 
r(HE) < r(R-26.1) < r(HL). This conclusion cannot be tested directly by means 
of  the X-ray structure because of  its insufficient precision of the atomic posi- 
tions. Further DFT calculations are in progress with the aim to gain a deeper 
insight into the general influence of  polar amino acids as well as of  superim- 
posed electric fields and H-bond effects on the g-tensor components of  photo- 
synthetic cofactors. 

We now mm to first 360 GHz cw EPR experiments on P'+ of novel double 
mutants of R. sphaeroides constructed with the aim to control the ET pathways 
in the RC. When studying the HE(L168)/ND(L170) double mutant by time-re- 
solved transient absorption spectroscopy, Haffa et al. [9, 12] had made the in- 
triguing observation that these mutations induce a pH- and excitation-wavelength- 
dependent switching of the ET pathway from the A to the B branch of  the RC 
protein L and M domains (see above). Figure 5 shows 360 GHz cw spectra of  
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Fig. 5. 360 GHz cw EPR spectra of  chemically oxidized P~~5 in the wild-type RC (so|id line) and 
in the HE(L168)/ND(L170) double-mutant (dashed line) RC from R. sphaeroides (pH 8, T =  160 K). 
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the chemically oxidized primary donor P'+ in the wild-type (solid line) and in 
the HE(L168)/ND(L170) double-mutant (dashed line) RCs from R. sphaeroides 
in frozen solution (pH 8, T = 160 K). Both spectra were recorded without reso- 
nant cavity. Simulations of  the spectra yielded the principal g-tensor components 
gxx = 2.00325(5), gyy = 2.00240(5) and gz: = 2.00201(5) for the wild type and 
gxx = 2.00320(5), gyy = 2.00236(5) and gz: = 2.00198(5) for the double mutant. 
Within the experimental error of  _+5.10 -5 we found no difference in the g-ten- 
sor values, the main difference between the two spectra is an increased line width 
of the double mutant as compared with the wild type. The replacements of  the 
histidine at position L168 by glutamic acid and the asparagine at position L170 
by aspartic acid significantly lower the midpoint potential of  the p¡  elec- 
tron donor by - 1 2 7  mV (pH 8) [26], as compared with the wild type. Since 
both the glutamic acid and the aspartic acid can be negatively charged in the 
protein environment, the change in the redox potential of  P can be rationalized 
by the introduction of negative charges in the vicinity of  the primary donor. Fur- 
thermore, the replacement of the histidine at position L168 by glutamic acid alters 
the hydrogen bond between the amino acid residue and the acetyl substituent of  
the BChl dimer. Changing the microenvironment in this way dramatically changes 
the ET characteristics of  the RCs. This change in electronic structure is, how- 
ever, not reflected by the g-tensor components of  P'+ in the double mutant. 
Apparently, much more experimental and theoretical work needs to be done 
before the physical reasons for this observation are understood. 

3.3 High-Field ENDOR 

To extract information about the hfc's of  a protein cofactor and, thereby, about 
its binding structure and spin density distribution, a combination of  EPR and 
ENDOR proved to be the strategy of choice. 

For a doublet radical, the ENDOR lines of  a particular group j of  equiva- 
lent nuclei with I -  1/2, appear, to first order, at 

V;ENDOR ~-~ V n q- Aj / 2  (2) 

with the nuclear Larmor frequency v n = (gn~K/h)Bo, where h is the Planck con- 
stant,/.t K is the nuclear magneton, and gn are the nuclear g factors. The hfc values 
Aj contain isotropic and anisotropic contributions. In isotropic fluid solution, only 
the scalar values, 1/3Tr(A), are observed. In frozen solutions, powders or single 
crystals, on the other hand, also anisotropic tensor contributions become observ- 
able, provided appropriate spectral resolution conditions prevail. 

The resolution enhancement of  ENDOR versus EPR is particularly pronounced 
when nuclei or isotopes with different magnetic moments are involved. Their 
ENDOR lines appear in different frequency ranges, and by their Larmor frequen- 
cies these nuclei can be immediately identified. In the case of  accidental over- 
lap of ENDOR lines from different nuclei, however, by taking advantage of  the 
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Fig. 6. Gain in ENDOR resolution for doublet-state (g = 2) systems with increasing Zeeman field 
and mw frequency: a B 0 = 0.34 T, ve = 9.5 GHz, b B o = 3.4 T, v~ = 95 GHz, c B 0 = 12.9 T, v e = 360 
GHz. Spectral fines of different nuclei in organic biomolecules, largely overlapping at the traditional 
mw frequency of 9.5 GHz (X-band), start to separate at 95 GHz and become completely disentangled 

at 360 GHz. 

f ie ld-dependent  nuclear  La rmor  frequency,  they  can often be separa ted  when  
working at h igher  Zeeman  fields.  I f  the molecu le  under  s tudy contains  nucle i  
(I  > 1/2) wi th  a quadrupole  momen t ,  Eq. (2) is ex tended  by  a con t r i bu t ion  
3/2(2m z -  1)P (with m I = I, I - 1 . . . .  > 0) f rom the t raceless  nuc lea r  quadru-  
pole tensor, which  spli ts  or shifts the E N D O R  lines p rov ided  the m o l e c u l a r  
system is in an anisotropic  environment .  P is a function o f  the quadrupole  cou-  
pl ing constant ,  e2qQ/h, the a symmet ry  pa rame te r  r/, and the re la t ive  or ienta-  
tion o f  the quadrupole  tensor  with respec t  to the Zeeman  field [82]. 

For  large proteins the interpretat ion o f  E N D O R  spectra  is often h a m p e r e d  
by overlapping resonant lines or iginat ing from different project ions o f  the mol-  
ecule and/or different  nuclei  and isotopes.  Resul t ing ambigui t ies  can of ten be 
clarif ied by  means o f  high-f ie ld  E N D O R  experiments .  High B 0 fields increase  
the spectral resolut ion in the ENDOR exper iment  in two ways as follows. Firstly,  
overlapping E N D O R  spectra or iginat ing from different  nuclei  or i sotopes  may  
be disentangled by  increasing the resonant  field, since the Larmor  f requencies  
are proport ional  to B 0, while the hfc 's  remain  unchanged. This gain in E N D O R  
resolution is demonstrated in Fig. 6, which depicts  typical  extensions o f  E N D O R  
spectra in biomolecules ,  indicated by bars around the Larmor  frequencies o f  dif- 
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ferent nuclei at Zeeman fields of 0.34, 3.4 and 12.9 T. At 0.34 T, the ENDOR 
lines of  1H, 3tp, 13C, 2H, 170, 15 N and 14N largely overlap. At 3.4 T, the Larmor 
frequency of  ~H is well separated from those of the other isotopes, but ENDOR 
spectra of  tTO and the nitrogen isotopes may still overtap. At 12.9 T, finally, all 
ENDOR spectra of  the selected isotopes are nicely separated. 

Secondly, high-field ENDOR has the additional advantage of providing single- 
crystaMike hyperfine information in the reference frame of  the g-tensor, even 
from disordered molecules with very small g-anisotropy. The prerequisite for such 
an advantage is that the chosen Zeeman field B 0 is high enough for a pronounced 
magnetoselection of  the different canonical orientations of the molecules. 

3.3.1 95 GHz Pulsed ENDOR on Qh- in ZnRCs from R. sphaeroides 

The orientation-selection benefit of EPR at high B 0 is demonstrated in Fig. 7a. 
It shows the echo-detected W-band EPR spectrum of  the secondary acceptor 
quinone Qh- in RCs from R. sphaeroides in frozen solution at T = 120 K. The 
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Fig. 7. a Echo-detected W-band powder EPR spectrum of  Q~- in frozen-solution RCs from R. 
sphaeroides (T = 120 K). The resonance positions of  the principal g-tensor values g~~, g~~ and g= ate 
indicated by arrows, b W-band Davies-ENDOR spectra (solid lines) recorded at the g~,, g~v and g.... 
positions o f  Q~- in RCs from R. sphaeroides (T = 120 K). Dashed lines indicate the simulated (Easy 
Spin toolbox [103]) respective contribution of the methyl hfc to the ENDOR spectra. Note that the 
Larmor frequency and, thereby, the center of  the ENDOR spectra increases proportional to the exter- 

nal magnetic field from g~.~ to g=. For details, see text. 
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Fig. 8. Molecular structure and g- and methyl hyperfine-tensor axes systems of the ubiquinone-10 
anion radical. The arrows indicate the canonical components of  the molecular g-tensor and the me- 
thyl A-tensor, respectively, a n d a  indicates the angle between g= and A~,. The axes g= and A.. are 

assumed to be collinear and oriented perpendicular to the molecular ptane. 

line shape exhibits the typical powder pattem of a well-resolved anisotropic g- 
tensor. The respective resonance positions of  the principal g-tensor values are 
indicated by arrows. In this case of well resolved g-tensor components ENDOR 
measurements on defined spectral positions yield single-crystal-like information 
about the relative orientation of the hyperfine tensors with respect to the g-ten- 
sor. Thereby, the assignment of the hfc's ate simplified and, even more impor- 
tant, valuable information about the orientation of the hyperfine tensor axes with 
respect to the molecular frame can be extracted. 

This capability is demonstrated in Fig. 7b. It shows the Zeeman magneto- 
selection of  W-band Davies-ENDOR spectra recorded at the canonical g-tensor 
positions of  Qh- (T = 120 K). 

Pronounced orientation selectivity of  the g-tensor, i.e., single-crystat-like 
ENDOR spectra, are expected at the g~x and gzz positions of  the EPR spec- 
trum, while in the center of  the spectrum at gyy, a broadened ENDOR spec- 
trum is anticipated, as is indeed observe& 

In Fig. 8 the orientation of  the principal axes of  the g-tensor and of  the 
methyl hyperfine tensor of Qh- with respect to the molecular frame are shown 
[29]. The g~ component lies along the line connecting the two oxygen atoms, 
which carry most of the spin density; g= is perpendicular to the molecular plane 
and gyy is perpendicular to both [83]. According to the extensive W-band ENDOR 
work on quinone radical anions by Rohrer et al. [49, 84, 85], the outer cou- 
plings in the range between 4 and 8 MHz can be assigned to the methyl group 
at position 5 (Fig. 8). 

At a temperature of  140 K, methyl groups rotate atmost freely about their 
C-C bond. Hence, the three hyperaŸ tensors of  the individual protons of  the 
methyl group in Qh- collapse to only one hyperfine tensor, with the largest com- 
ponent Axx oriented along the C-C bond [29, 85]. In the ENDOR spectrum taken 
at the position g...., only the A= component appears in the ENDOR spectrum, while 
at the resonance position of gyy, both positions A~ and Ayy contribute. A precise 
determination of  the principal values and orientation of  the methyl hyperfine 
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tensor with respect to the g-tensor and, thereby, to the molecular frame can be 
obtained by simulating the cont¡  of the methyl hfc's to the ENDOR spectra 
obtained at g=, gyy and g=, respectively. The dashed lines in Fig. 7 show the 
results of  the spectral simulations (the hfc's contributing to the central part of  
the ENDOR spectra have been excluded from the simulation). The following EPR 
and ENDOR parameter set was obtained from the simulations of  the W-band 
Davies-ENDOR spectra of Qh- in RCs from R. sphaeroides: gxx = 2.00626(5), 
gyy = 2.00527(5), g:.. = 2.00210(5), a = 66(2) o, A~ = 7.8(2) MHz,  Ayy = 4.4(2) 
MHz, A= = 3.9(2) MHz. The angle a describes the in-plane deviation of  the g- 
and hyperfine-tensor axes systems. The values obtained for the methyl hfc ten- 
sor of  Qh- by W-band Davies-ENDOR match nicely the results of  cw Q-band 
measurements on Q~- [29]. 

3.3.2 360 GHz cw ENDOR on the Test Sample DANO 

Despite the success of the numerous W-band ENDOR studies since its introduc- 
tion in 1988 [50, 86], there are many biological systems with several magnetic 
nuclei for which even higher magnetic fields B 0 are required to unambiguously  
analyze their ENDOR spectra (Fig. 6). Hence, to further increase their resolu- 
tion, we developed a very high field ENDOR setup operating at an EPR reso- 
nance frequency of 360.04 GHz (B 0 = 12.9 T), corresponding to the ffee proton 
resonance at 547 MHz. Figure 9 shows the 360 GHz EPR (Fig. 9a) and ENDOR 
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Fig. 9. a 360 GHz cw EPR spectrum of a polycrystalline DANO sample. Molecular structure of the 
di-anisyl nitric oxide (DANO) molecule. Experimental settings: T = 100 K; field-modulation ampli- 
tude, 0.5 mT; mw power, 0.05 mW at 360.04 GHz. The arrow indicates the spectral field position 
which has been fixed for the ENDOR experiment, b 547 MHz ENDOR spectrum of a polycrystal- 
line DANO sampte. Experimental settings: T= 100 K; frequency modulation deviation, 50 kHz at a 

modulation frequency of 100 kHz; mw power, 2 mW at 360.04 GHz; B 0 = 12.842 T. 
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(Fig. 9b) spectra of a polycrystalline nitroxide test sample (2% di-anisyl-nitroxide, 
DANO, in dimethoxy-benzophenone). The molecular structure of  the DANO 
molecule is shown in Fig. 9. The EPR spectrum was measured at T =  100 K 
with a mw power of  0.2 mW at 360.04 GHz, omitting a resonant mw cavity. 
The external B 0 field was modulated (modulation amplitude, 0.25 toT at a fre- 
quency of  6.17 kHz). 

Our polycrystalline DANO test sample exhibits a superposition of EPR spectra 
of  nitroxide radicals in different orientations [50]. No efforts have been under- 
taken to interpret this EPR signal arising from several small crystals of  unknown 
orientation with respect to the extemal magnetic field, which makes spectral simu- 
lations difficult. 

The ENDOR spectrum shown in Fig. 9a was obtained at a resonant field 
of  B 0 = 12.842 T. Saturation of the EPR signal was achieved by applying 2 
mW of  mw power at 360.04 GHz without using the mw resonator, i.e., remov- 
ing the coupling mesh of the Fabry-Perot  resonator (Fig. 2). The nuclear spin 
transitions of  hyperfine coupled protons were driven by the additional B z rf  
field. By means of  a computer-controlled frequency generator the r f  was swept 
around v~f = 546.78 MHz, which corresponds to the proton Larmor frequency 
at B o = 12.842 T. To increase the detection sensitivity, the rf  field was fre- 
quency modulated (frequency, 100 kHz; deviation, 50 kHz) and the ENDOR 
response detected in a lock-in amplifier. 

The ENDOR spectrum shows a 300 kHz broad resonance line centered at 
the proton Larmor frequency, it is attributed to many small unresolved hyper- 
fine interactions with matrix protons. Furthermore, the ENDOR spectrum shows 
at least five resolved hyperfine lines symmetrically displayed around the proton 
Larmor frequency. For the same reasons as given above for the EPR spectrum 
of the DANO test sample, we refrain from interpreting the ENDOR signals. 360 
GHz ENDOR experiments on protein samples are in progress. Particular atten- 
tion wiU be given to resolving the quadrupolar contributions from taN and :H 
nuclei in nitroxide spin labels" and deuterated hydrogen bonds, respectively. 

3.4 95 GHz ESE-Detected EPR on the Spin-Correlated Radical Pair P~~Q'A- 
in ZnRCs from R. sphaeroides 

In the following, we review our pulsed W-band high-field electron spin echo 
(ESE) expe¡ on the laser-pulse-generated short-lived P~6~Qk- radical pair 
in frozen RC solution of R. sphaeroides [87]. These experiments were performed 
with the aim to obtain, via spin polarization effects, information about the three- 
dimensional (3-D) structure of  the charge-separated donor-acceptor system. This 
excited-state structure might differ from the ground-state structure, and, indeed, 
upon illumination of RC crystals of  R. sphaeroides, drastic changes have been 
observed in the X-ray structure of  the secondary quinone (QB) binding site in 
comparison with the dark-adapted RC X-ray structure [4]. The high-field EPR 
spectra were recorded using the field-swept two-pulse ESE technique. To avoid 
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fast spin relaxation of the Qk-, the nonheme Fe z+ ion was replaced by Zn 2+. The 
radical pairs P~6*sQA- were generated by 10 ns laser flashes (2 = 532 nm). Their 
time-resolved EPR spectrum is strongly electron-spin polarized because the tran- 
sient RPs are instantaneously boro in a spin-correlated noneigenstate of  the spin 
Hamiltonian with pure singlet character. Such spin-polarized spectra with lines 
in enhanced absorption and emission originate from the SCRP (spin-correlated 
radical-pair) mechanism. Their line shapes contain important structural informa- 
tion of magnitude and orientation of  the g-tensors of the two radical partners, 
P~~5 and Qk-, with respect to each other and to the dipolar axis rop connecting 
the two radicals. Several parameters critically determine the line shape of  the 
SCRP polarization partero, such as the principal values and orientations of the g 
and electron dipolar-coupling tensors, the exchange coupling J, and the inhomo- 
geneous line widths of both radicals [87]. 

From earlier time-resolved EPR measurements o n  P~6+sQA - at X-band (9.5 
GHz), K-band (24 GHz) and Q-band (35 GHz), g-tensor orientations could not 
be extracted unambiguously from spectra simulations (for references, see reŸ 88). 
This was caused mainly by strongly overlapping lines, even when deuterated 
samples were used to reduce hyperfine contributions. In the pulsed W-band ESE 
experiments, however, the Zeeman field is strong enough to largely separate the 
spectral contributions from PSi-5 and Qk-. The overall spectrum is dominated by 
the characteristics of  the two g-tensors, and its interpretation is simplified. It 
enables ah analysis of  the tensor o¡ The most important result of  this 
high-field ESE study is that, within error margins, no light-induced structural 
changes of  QA with respect to  P865 occur, as compared to the ground-state con- 
figuration P865QA- This finding is in accordance with recent results from va¡ 
other studies, including X-ray crystallography [4], and contrasts strongly with the 
QB situation. It is noted, however, that our recent PELDOR experiments reveal 
small, but significant conformational changes upon charge separation also for QA 
(see below). 

3.5 95 GHz PELDOR on Ps~Q'f 

Light-induced transient radical pairs in photosynthetic RCs of  plants and bacte- 
ria have been in the focus of  numerous spectroscopic investigations over the past 
decades [89-92]. In particular, the charge-separated radical pairs P'§ of  the 
primary electron donor and quinone acceptors have been characterized by a va- 
riety of time-resolved EPR methods in bacterial RCs, as well as in plant photo- 
system I and photosystem II. After pulsed laser excitation of the p¡ donor, 
P'+Q'- appears in the SCRP state, which is characterized by a weak electron 
spin-spin coupling in a fixed geometry of the radicals in the pair and an initial 
singlet state of  the system. The EPR responses of  the SCRP display a number 
of interesting and useful spectroscopic feamres: spin polarization, quantum beats, 
transient nutations, as well as echo-envelope modulation and out-of-phase echo 
effects. From their analysis the magnetic interaction parameters and the geom- 
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etry of the system can be obtained. 3-D geometrical information about the radi- 
cal pair is of particular importante. It allows to extract structural information 
about the transient charge-separated states in photosynthetic RCs for which only 
rarely [4] detailed X-ray data are available. Moreover, it allows to recognize and 
characterize the structural changes occurring in RCs upon charge-separation and 
charge-recombination processes. Although the time-resolved EPR signals of  the 
SCRP ate very sensitive to the relative orientation of the radicals in the pair, 
the number of parameters on which the SCRP line shape depends is large, and 
for unique solutions of the spectra simulations, additional independent informa- 
tion is needed. A s a  result, it is often difficult to judge the accuracy of the re- 
sulting pair geometry. Thus, an additional EPR methodology has to be devel- 
oped which allows to obtain the orientation information directly, and this with 
predictable accuracy. This methodology is PELDOR spectroscopy on the SCRP 
at high magnetic fields. In the following we summarize the principles of  the 
PELDOR spectroscopy on the SCPR in RCs, considefing P~6~Q�93 in a frozen so- 
lution of Zn-substituted R. sphaeroides R-26.1 as an example. We briefly describe 
the analysis of the SCRP spectra and, subsequently, the high-field PELDOR ex- 
periment. Finally, we discuss the extracted 3-D structure of the radical pair. A more 
extended description of high-field PELDOR experiments including the complete 
theoretical model and graphical analysis of the experimental data will be given 
elsewhere (A. Savitsky et al., unpubl.). It is noted that independent work of  ori- 
entation-selective high-field PELDOR on large two-spin systems has been published 
very recently [93, 94]. 

For large interspin distances of well-localized electron spins in the radical 
partners, P~6~ and Qk-, of a spin pair, for which the point-dipole approximation 
holds and the exchange coupling J can be neglected (as is often the case for 
the weakly coupled donor-acceptor radical pairs in photosynthesis), the electron- 
electron dipolar coupling frequency, vop, is given by 

,tt0/22gpgQ 3COS 2 0 - 1 
VQp (0) = 4~h r~p (3) 

Here, FQp is the interspin distance in the radical pair and 0 is the angle between 
the Zeeman field B 0 and the distance (dipolar) vector rQp (Fig. 10a). The g-val- 
ues gQ(00,(OQ) and gp(0Q,(OQ) refer to the radical pair oriented in the external field 
B 0, as is explained for QA- radical in the inset of Fig. 10a. 

Figure 10b shows the EPR spectra of the individual radicals P;~5 and QA- 
in frozen solution as calculated for X-band (9.5 GHz) and W-band (95 GHz) 
using the previously measured principal g-values gQ = [g.~x; gyy; g=] = [2.00647; 
2.00532; 2.00215] [83] and gp = [2.00325; 2.00234; 2.00196] [43]. At X-band 
the shape of the EPR spectra is governed by the inhomogeneous line width mask- 
ing the canonical orientations. Thus, an isotropic distribution of angles 0 is ob- 
served when probing the dipolar coupling between the radicals in the pair. Con- 
sequently, only a typical powder-type dipolar spectrum (Pake pattern) is obtained, 
from which the interradical distance rQp c a n  be determined, the orientational 
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Fig. 10. a Geometrical representation of the respective g-tensor ti'ames of Ro (xQ,yQ,zQ) and Rp (xp,yp,%) 
in terms of the polar angles r/o, CQ and r/p, ~p and the dipolar vector ro~. The angle (Qp defines the 
relative tilt of the Q and P frames around the dipolar axis. The inset shows the g-value selection in 
Q-frame by the external magnetic field B 0. b Individual absorption EPR spectra of P~~5 and Q;- 
radicals as calculated for X-band (9.5 GHz) and W-band (95 GHz). The corresponding canonical g- 
values of both radicals are indicated. The individual spectra are normalized to the maximum ampli- 

tude. For details, see text. 

information, however,  is averaged out. In principle, it is possible to re t ¡  the 
orientational information by investigating the single crystals o f  RCs. In this case, 
certain pair  orientations can be selected by rotating the single crystal in its sym- 
metry planes with respect to the direction o f  B 0 [95]. Unfortunately, such single- 
crystal experiments and the subsequent data analysis o f  the rotation patterns are 
very t ime consuming.  Thus, orientational information f rom disordered solids 
would be desirable. It is, o f  course, only available at a sufficient degree o f o r i -  
entation selectivity in the EPR powder  spectrum by means of  the anisotropy o f  
a dominating spin-interaction parameter. For the radical pair P~;~sQk- this is the 
electronic g-tensor, which at sufficiently high magnetic fietds provides the de- 
sired Zeeman  magnetoselection.  At W-band the condition for "real" high-field 
EPR, see Eq. (1), is fulfilled for P86+5Qk -. The spectra appear with resolved ca- 
nonical positions of  the g-tensors of  the respective radicals (Fig. 9b). Thus, i f  
one can determine the dipolar frequencies at all resolved field positions within 
the EPR spectra of  pair partners, i.e., selectively probing the electron dipotar cou- 
pling frequencies within the EPR spectrum o f  Ps6+5 and Qk-, the full geometry  
of  the radical pair can be reconstructed: the five angles r/Q, ~bo, r/e , ~ ,  (oe and 
the interradical distance roe (Fig. 10a). 

For SCRP systems in frozen isotropic solution the dipolar coupling frequen- 
cies at the canonical o¡ o f  the g-tensors can be extracted f rom the spin- 
polar ized EPR powder  spectrum [96-98].  Photoexci tat ion o f  the p r imary  RC 
donor leads to its excited singlet state, and this spin state is conserved during 
the ET because of  the short lifetime of  all intermediate states compared  to the 
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time scale o f  all magnetic interactions. The radical pair P86~Q�93 is, thus, gener- 
ated in a pure singlet state, IS). Because onty two of  the four eigenstates o f  the 
system contain admixtures o f  singlet character, the population o f  the energy ley- 
els o f  the SCRP is far away from thermal equilibrium. In the high-field limit, 
when the dipolar and the exchange interactions are small compared to the Zeeman 
interactions, the eigenstates o f  the four-level system o f  the radical pair  can be 
approximated by the unperturbed triplet states ]T+), IT_) and the mixtures o f  IS) 
and [To) states, as indicated in Fig. l l a  by the energy levels l, 4 and 2, 3, re- 
spectively. In each orientation o f  the radical pair with respect to the Zeeman field, 
one observes two pairs o f  EPR lines (antiphase doublets), corresponding to the 
four single-quantum transitions between the energy levels (Fig. l la). They are 
equal in intensity, but one line appears in absorption (A), the other in emission 
(E). Both antiphase doublets are symmetrically positioned around the g factors 
o f  the individual partner radicals, gQ(0Q,(oo) and gp(0p, tŸ orientation-selected by 
the B 0 field (Fig. 1 lb). The separation o f  each pair o f  lines is given by the di- 
polar coupling - 2d ( 0 ) ,  if  exchange interaction is neglected. Hence, the polar- 
ization pattem depends on the sign o f  the dipolar interaction. Inspection o f  Eq. 
(3) shows that at 0 =  54.7 ~ (magic angle) the dipolar coupling changes  sign. 
Thus, E/A/E/A and A/E/A/E polarization patterns are observed for radical-pair 
ofientations with 0 <  54.7 ~ and 0 >  54.7 o, respectively (Fig. 10b). Consequently, 
it would be possible to construct the complete architecture o f  the radical pair 
from the rotation patterns o f  single-crystal high-field SCRP EPR spectra with 
suffŸ spectral selectivity, because the dipolar frequency could be selectively 
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Fig. 11. a Energy level scheme for a coupled two-spin system formed in singlet state after light 
excitation. The arrows denote the single-quantum transitions between the energy levels. For the en- 
ergy values and wave functions, see reŸ 96. b EPR absorption spectra of the SCRP P~~-sQA at a 
selected orientation with respect to the extemal magnetic field. The numbers on the EPR lines de- 
note the transitions between the respective energy levels. The separation between the two line pairs 
is govemed by the g difference between the radicals. The separation within the line pair is given by 
-2d(0) (Eq. (4)), because the exchange interaction J is neglected. The top spectrum is observed for 
an orientation with negative d(~, i.e., for O < 54.7 ~ (magic angle), the bottom one for a different 

orientation 0> 54.7 ~ (positive d(O)). For details, see text. 
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Fig. 12. a Catculated SCRP W-band EPR spectrum of randomly distributed P~~sQA- - Top spectra, 
the distribution of the four EPR lines in absorption and emission (solid lines for QA , dotted lines 
for PSi5 ) as determined by the anisotropy of the g-tensors (Fig. lla). Middle spectra, summation over 
corresponding absorptive and emissive contributions to the spectra of the individual radicals P~~5 and 
QA- of the pair. Bottom spectrum, resulting EPR spectrum of the SCRP. The geometncal arrange- 
ment of the two cofactors from the Table 1 is used. For g-values and line width, see A. Savitsky et 
al. (unpubl.). A dipolar field of d o = 0.15 mT was used for this demonstration, b Field-swept two- 
pulse echo-detected W-band EPR spectra of P;~'sQA- in the Zn-substituted RCs from R. sphaeroides 
R-26.1 at 150 K for thermally equilibrated (top spectra) and SCRP (bottom spectra) states of the 
radical pair, taken ata delay-after-laser-flash time TDA F of 500 rtS and 200 ns, respectively. The sig- 
nals from residual Fe2+-containing RCs and the background steady-state signals are removed. The 
dashed lines give the calculated spectra, as described by A. Savitsky et al. (unpubl.). For the ther- 
mally equilibrated state (top spectra), the calculated spectra of QA- and P;g5 are shown separately, 

by long and short dashes, respectively. For details, see text. 

determined for any field posit ion within the EPR spectrum of the pair. This 
single-crystal approach, however, would be very demanding in terms of  experi- 
mental  efforts and measuring time. In contrast, SCRP EPR spectra of  frozen- 
solution samples are much easier and faster to record but have the disadvantage 
that they reflect only the powder average over all possible pair orientations. This 
averaging leads to a loss of information about the relative orientations of the 
partner radicals of the pair [99], i.e., the angle (Qp (Fig. 10a) cannot be obtained 
from frozen-solution spin-polarized SCRP EPR spectra alone. This is illustrated 
by Fig. 12a, which serves, in conjunction with a short excursion of SCRP theory, 
to explain the limited angular information content of  EPR spectra of  SCRPs in 
frozen solution, and how to overcome this l imitat ion by additional PELDOR 
experiments on the same sample. 

Figure 12a shows the formation principle of  the EPR spectrum of  SCRPs in 
randomly oriented RCs. At the top of Fig. 12a, the distribution of the four ab- 
sorptive and emissive EPR lines from Fig. l l b  is depicted, as determined by the 
respective anisotropy of the g-tensors of the QA- and P~~5 radicals. The middle 
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spectra are obtained by summation over corresponding absorptive and emissive 
contributions to the spectra of the individual radicals. At the bottom of  Fig. 12a, 
the resulting spectrum of the SCRP is shown. In the resulting SCRP spectrum 
the information about the orientation of  corresponding g-frames relative to each 
other is averaged out. This means that afler the powder averaging the contribu- 
tions of  SCRP spectra of the individual radicals can be considered to be inde- 
pendent. The spectral shape of the individual SCRP spectra depends only on the 
polar angles defining the distance vector (dipolar axis) in the corresponding g- 
tensor frame, i.e., r/Q, ~Q in the Qk- frame and r/p, r in the P8~5 frame. Char- 
acteristic derivative-like features are observed at the canonical positions of the 
g-tensor (Fig. 12a). The dipolar fields projected onto the canonical orientations 
of  the g-tensor of Qk-, for example, are given by 

dxo = d o (1 - 3sin2r/QCOS2~bQ), 

dro = d o (1 - 3sin2r/Qsin2~Q), 

dzo = -dxo  - dro = d o (1 - 3 C O S 2 r / Q ) ,  (4) 

where d o = [hvQp(O = 90~ is the canonical dipolar field when approxi- 
mating gQ ~ gp ~ ge = 2.0023. Thus, the angle ~'Qp, which defines the relative tilt 
of  the Q and P frames around the dipolar axis, cannot be obtained from the pow- 
der-averaged SCRP spectrum. Moreover, the d z values for the Psi'5 and Q~- 
radicals cannot be measured precisely from the SCRP spectrum due to the close 
proximity of  the g= values. Thus, the full equation system, combining Eq. (4) 
for P~~5 and QA-, becomes underdetermined, i.e., there are only four equations 
for five independent parameters. Additionally, the experimental SCRP spectrum 
contains an unknown scaling factor of  the spectral intensities, which does not 
allow to use the dipolar parameter d o obtained from independent experiments 
[100]. This problem can be solved by scaling the SCRP spectrum to the EPR 
spectrum of  the radical pairs in the same sample after their thermal equilibra- 
tion [99], thereby providing the needed correlations for the polar angles. Figure 
12b depicts the experimental EPR spectra of  PsgsQA- radical pairs in their spin- 
correlated and thermally equilibrated states, i.e., when recording the EPR spec- 
tra at 200 ns and 500 tas, respectively, after the laser flash. The simultaneous fŸ 
of both spectra allows to determine the following correlations for the polar angles 
r/Q, CQ for Q;,-: 

1 - 3sin2r/Qsin2~bQ 

dro / dxQ = 1 - 3sin2r/QCOS2@ 

dx  o / d o = 1 - 3sin2r/QCOS2#Q 

= -  2.90, 

= 0.46 

and the corresponding values o f - 1 . 2 5  and 0.95 for P86+5 . The solution of  these 
correlations yields several sets of possible polar angles. We choose the follow- 
ing set for further considerations: [r/o, ~b o, r/p, ~bp] = [244.3 o, 102.5 o, 59.5 o, 81.5~ 
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the dipolar vector is assumed to be directed from the Q to the P frame (Fig. 
10a). It is important to emphasize that the accuracy of this set of  angles is dif- 
ficult to estimate because the simulation of the EPR spectra requires also addi- 
tional input data, such as exact g-tensor values and orientation-dependent line 
width parameters. 

Thus, only four angular parameters can be extracted from the analysis of  
SCRP spectra of  Ps~sQA- in frozen-solution RCs because the fifth angle, (Qp, is 
averaged out in the powder spectrum o f  the interacting radicals. This tilt angle 
as well as independent proof of  the preliminary polar angular parameters extracted 
from the SCRP spectra can be determined by spectrally selective PELDOR [101]. 
The PELDOR technique simultaneously uses two mw fields with different fre- 
quencies employing selective pulsed mw excitation within the EPR spectra of  
both interacting radicals. Thereby, PELDOR measures directly the dipolar cou- 
pling frequency, Eq. (3). Figure 13 shows the mw pulse scheme for dual-fre- 
quency PELDOR on pulsed laser-generated SCRPs. Within the mixing period 
between the three-pulse stimulated echo pulses, which are frequency-adjusted (vi) 
to an EPR transition of the observer spins (either Q~- or P~~5 ), an additional 
mw rt-pulse in resonance (at v2) with the partner spins is applied to flip them. 
The two frequencies v~ and v 2 for the observer spins and partner spins, respec- 
tively, correspond to the two Zeeman resonance fields B "  and B' (Fig. 13), which 
are interrelated by B "  = B '  + h ( e  I - v2)/(go,u~).  This allows to reverse the sign 
of the dipolar interaction field du¡ the preparation (time r between first and 
the second rt/2 mw pulse of  the observer sequence) and the detection (time r 
between third 7z/2 pulsed and spin-echo formation). As the result, the echo re- 
sponses in dependence on r become amplitude modulated with the frequency of 
the dipolar interaction, Eq. (3). For the SCRP state two echo responses are 
formed, the in-phase signal S y and the out-of-phase signal S x [101]. It is often 
advantageous to use the out-of-phase responses of  SCRP. They are amplimde en- 
hanced as compared to in-phase echoes, especially in the spectral regions where 

B" 

' t Sx(B'  B" 1:) 

Fig. 13. Pulse sequence of the dual-frequency W-band PELDOR experiment on laser pulse-generated 
SCRPs with in-phase (S v) and out-of-phase (S~) echo detection. The thermally equilibrated EPR 
spectra of both radicals, P8;-s and QA, as well as the mw excitation bandwidths for typical mw pulse- 

length settings are shown for clarity. For details, see text. 
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the in-phase amplitude of the SCRP signal approaches zero (Fig. 12). Addition- 
ally, the out-of-phase echoes are amplitude modulated by sin(2Ÿ whereas 
the modulation of in-phase echo signals shows cosine behavior. Figure 13 holds 
for one specific data point of the PELDOR experiment. The complete PELDOR 
data surfaces are obtained by taking the echo signals at different positions of  
B" within the partner EPR spectrum, i.e., by stepping the mw frequency v 2 in 
typically 5.6 MHz (corresponding to 0.2 mT) steps. Thereby the PELDOR spec- 
tra of  only those radicals Ps6+5 and Q�93 which are conjugated by dipolar cross- 
talk, are detected. In principle, they contain information about the geometry of 
the radical pair, which is encoded in the characte¡ modulations of the echo 
amplitude. 

The specific conditions to be fulfilled for such a double magnetoselection 
provide the needed correlations between those angular parameters that complete 
the determination of the full pair structure. As stated above, this is not possible 
from the analysis of SCRP spectra alone. The expe¡ procedure for deter- 
mining the full pair structure was as follows. In a first step, the B' and B" 
positions were located where both radicals of  the pair are coupled by the "par- 
allel" dipolar frequency, vop(0 = 0), i.e., at first go(rIQ, fko) and gp(/"]p,r w e r e  de- 
termined. Geometrical consideration of  these spectral positions together with the 
angular correlations obtained from the analysis of  the SCRP spectra give pre- 
cise polar angles: r/o = 109.5+2~ ~b o = 242+2~ r/p = 59+2~ r = 82+2~ (A. 
Savitsky et al., unpubl.) As soon as the orientation of  the dipolar vector in each 
radical frame is known, PELDOR experiments were performed to find the spec- 
tral field positions at which only the "perpendicular" cross-talk dipolar frequency, 
vop(O= 90~ can be detected. The analysis of  these positions yields, as pos- 
sible options, four allowed (oP tilt angles of  the pair: 50 o, 120 o, 230 ~ or 300 o. 
To choose between them, in a final step the analysis of  the PELDOR responses 
in noncanonical dipolar positions was performed, which fixes the tilt angle to 
(oP = 50+-2~ Additionally, an interradical distance of  2.94_+0.03 nm is calcu- 
lated from the "parallel" and "perpendicular" dipolar frequencies of  about 2.05 
and 4.1 MHz, respectively. The exchange interaction was found to be negli- 
gible. 

The solution of  the geometry of the PffgsQA- radical pair found by high-field 
PELDOR should be compared with the structure of  a model ground-state refer- 
ence pair P865QA- The radical ions P86+5 and Q~,- are assumed to stay at the same 
binding-site positions as their precursor cofactors, Ps65 and QA, in the dark-state 
RC. These positions were determined previously [4] (Brookhaven PDB entry 
1AIJ) by X-ray crystallography. To describe the relative positions of  the radi- 
cals within the reference pair in the same terms of  distance and angle param- 
eters, the reference Qr~f and Pref frames were attached to the cofactor coordinates 
as determined from X-ray crystallography. For QA-, the principal x-axis of  the 
g-tensor was aligned to be collinear with the averaged director of the C4--0 4 and 
C1-O 1 bonds of  ubiquinone-10 (Fig. 8). The y-axis was aligned perpendicular to 
the x-axis in the averaged plane of the quinone ring. The z-axis was taken to be 
perpendicular to both x and y, i.e., normal to the quinone plane. The origin of 
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Table 1. Angular parameters and distance describing the geometry of the P86sQA pair. The angles ate 
given for the transition from the Q frame to the P frame, i.e., the dipolar vector direction is Q-E 

Ps6sQA pair r/o (~ 40 (o) r/p (~ ~ (~ 4"QP (o) r (nm) 

Reference pair ~ 97.4 246.2 66.2 79.5 49.5 2.84 
PELDOR radical pair b 109.5 242 59 82 50 2.94 

Reference pair: obtained from X-ray crystallographic data [4] (PDB entry 1AIJ) of the dark state 
RC completed by the W-band EPR single crystal investigation of P~~5 [51]. 

b PELDOR radical pair: obtained from ESE-detected W-band EPR combined with PELDOR. 

the Qref frame was set at the center o f  the quinone ring. This approximates the 
electron spin-density center o f  the radical. The chosen attachment o f  the axes 
system is common for quinone molecules and follows from their symmetry. The 
alignment o f  the P~~5 g-tensor (Pref frame) within the primary donor was calcu- 
lated on the basis o f  the results o f  the previous W-band cw EPR study on single 
crystals o f  R. sphaeroides R-26.1 [51]. From this study, the principal axes sys- 
tem (g2), which was confirmed by pulsed W-band EPR experiments [87], was 
chosen also for our present work. The origin o f  the Pref frame was positioned at 
the electron spin-density center o f  P86+5. This position was obtained by project- 
ing the coordinates o f  the spin-density center o f  the primary-donor special pair 
(82-atom BChl L, 82-atom BChlM), as determined from DFT calculations, onto the 
X-ray structure [43]. The coordinates o f  the heavy nitrogen and magnesium at- 
oms of  the bacteriochlorophylls were used to adjust the structures o f  primary 
donor o f  the reference, P865, and the radical, P~6+5, molecules. Evaluation o f  the 
reference-pair configuration yields the angles and distante listed in Table 1. 

Some parameters evaluated for the reference pair differ from those derived 
in our PELDOR study, and some differences exceed the error margins specified 
for both parameter sets, whereas other parameters agree very well. The discrep- 
ancies indicate that several o f  the assumptions and approximations made for sim- 
plifying the characterization o f  the reference pair in the g-frames should be re- 
vised. One might argue that setting the frame origins at the spin-density centers 
o f  the radicals is not exact, considering the fact that the point-dipole approxi- 
mation o f  the dipolar interaction between spins is violated when the spins are 
delocalized over the rather extended orbitals o f  the radicals P~~5 and Qk-- How- 
ever, our calculations accounting for this delocalization did not significantly 
correct the positions o f  representative point dipoles and did increase the X-ray 
structure-derived distance r~e f only by 0.02 nm. Thus, we conclude that the dif- 
ference between the two distance evaluations, Ar = roe - rref = 0.08 nm, has been 
reliably detected by our PELDOR experiments, i.e., that the QA--P865 distance 
between the ground-state ("dark") and the charge-separated state ("light") struc- 
tures differs by a significant amount. 

To change the pair distance upon charge separation, some displacement o f  
any of  the cofactors in their transient ion-radical states from their dark-state 
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positions must occur. Such a displacement is more probable for the smaller 
quinone than for the large special-pair primary donor and should be less restricted 
by the surrounding protein scaffold. In an attempt to visualize the difference 
between the parameter sets compared in Table 1 by drawing the displacement of  
the quinone after photoinduced ET, while the donor remains at a fixed position, 
we plotted the PELDOR-derived pair structure in Fig. 14 and overlaid it with 
the X-ray reference pair with both P frames coinciding. The resulting position 
of  the Q-frame origin was found to be shifted from the Qrer-frame origin by 0.39 
nm, which, at a first glance, looks unrealistically large. However, this shift is 
directed mostly tangentially to the dipolar axis. Considered from the Pref frame, 
the dipolar axis, when following the tangential shift of  the Q origin, is tilted from 
its reference direction by 7.5% Supposing a reasonable tangential shift to be of 
the same order as the observed longitudinal displacements of QA, i.e., less than 
0.1 nm, the excursion of the dipolar axis would be less than 2 o. Excursions as 
large as 5.5 ~ are within the error margins when specified for the joint evalua- 
tion of  the directions of  rQp and rre f (Fig. 14). We note that angular PELDOR 
measurements for P;6*s suffer from its extremely small g anisotropy and, thus, 
low Zeeman orientation selectivity. This might be improved by further increasing 
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Fig. 14. PELDOR-derived (solid axes with open arrowheads) structure of  the P~6-sQA- radical pair in 
the RC from R. sphaeroides overlaid with a reference structure (dotted axes with filled arrowheads) 
derived from X-ray data [4] (PDB entry 1AIJ) and PSi5 single-crystal W-band EPR [51]. For the 
primary donor the P-axes of  both structures were chosen to coincide. The inset visualizes the angu- 
lar difference of  the PELDOR and reference frames of QA- where the PELDOR frame has been trans- 
lated to the geometrical center of  the QA cofactor. R stands for the phytyl chain of QA- For details, 

see text. 
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the Zeeman B 0 field and by H - D  substitution within the donor moiety. Such 
experiments, supported by quantum-mechanical calculations, are in progress. 

Finally, we compare the Q frames, as obtained from ESE-detected EPR and 
PELDOR at W-band, with the constructed reference frame. The inset of  Fig. 14 
shows both frames with the EPR frame translated to the origin of  the reference 
frame. The mismatching angles between the corresponding Q-frame axes are 
determined to be [8 o, 16 o, 19~ Moreover, the transition from the reference ffame 
to the EPR frame can  be achieved by a first rotation by 14 ~ around the x-axis, 
followed by an 8 ~ rotation around the y-axis of  the reference frame. The last 
rotation angle is within the error margins of  the joint frame evaluation, i.e., the 
errors of  the X-ray structure, the orientation of the Pref frame from single-crys- 
tal EPR measurements [51] and the overall accuracy of the ESE-detected EPR 
and PELDOR experiments. The rotation angle around the x-axis lies clearly 
outside of  this error margins. This deviation may be explained by a small reori- 
entation (<10 o) of  the quinone cofactor around its molecular x-axis as a conse- 
quence of  the charge-separation process. This explanation is in accordance with 
earlier investigations of  librational dynamics of  QA- [84, 102] at temperatures 
around 150 K. At these temperamres also our experiments were performed. The 
analysis the T 2 relaxation anisotropy of Qk-, as observed by W-band ESE-de- 
tected pulsed EPR [84, 102], shows that the quinone molecule performs aniso- 
tropic flucmations. At temperatures below 160 K, the fluctuation axis lies along 
the dominant H-bond directions to the histidine and alanine amino acids of  the 
QA binding site, i.e., the librations occur around the x-axis of  the quinone mol- 
ecule. An mas fluctuation angle of  24 ~ around the x-axis of  the Q�93 g-tensor 
was found at 140 K. However, a librational deviation of  the x-axis from its mean 
position by only 12 ~ was determined [102]. This observation indicates that QA- 
in its protein binding pocket does not experience too severe constraints to allow 
for such librational excursions. Hence, an equilibrium reorientation of  QA upon 
charge separation by about 10 o, as deduced from our PELDOR experiments, 
appears to be quite reasonable and may have escaped detection by other meth- 
ods [4]. As expected from the X-ray structure, the observed light-induced reori- 
entation of  QA is indeed very small compared with the dramatic changes the QB 
binding site experiences under light excitation [4]. To prove the supposition of 
QA reorientation, the dipolar EPR experiments have to be extended to lower tem- 
peratures at which the Qk- cofactor is well stabilized by strong H bonds [29]. 
Such experiments are in progress. 

4 Conclusions 

In this contribution it is shown that multifrequency high-field EPR, ENDOR and 
PELDOR studies are very promising for a better understanding of  subtle inter- 
actions between the ET cofactors and their surrounding protein matrix. These 
interactions tune the electron distributions (electronic coupling matrix elements) 
as well as the energetics and dynamics (Franck-Condon factor) for optimized 
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photosynthetic ET. Multifrequency EPR spectroscopy, in particular at high mag- 
netic fields, provides detailed information about structure, dynamics and spin 
chemistry of transient radicals and radical pairs occurring in the photochemical 
reaction cycle. 

Since many organic cofactors in proteins have only small g-anisotropies, 
much higher magnetic fields than available at X-band are needed to resolve the 
cgnonical g-tensor orientations in the powder spectra. Thereby, even on disor- 
dered samples, orientation-selective hydrogen bonding and polar interactions in 
the protein binding sites can be traced. Whereas quinone radical anions (and 
nitroxide spin labels) exhibit g-tensor anisotropies that can be resolved by 95 
GHz EPR, (bacterio)chlorophyll radical cations and neutral flavin radicals, as 
prototypes for extremely small g-anisotropy, require still higher Zeeman fields, 
for example, EPR at 360 GHz/12.9 T. In ET processes often several organic radi- 
cal species are generated as transient intermediates. To distinguish them by the 
small differences in their g-factor and hyperfine interactions, high Zeeman fields 
are required and, hence, high-frequency EPR becomes the method of choice. 
Often high-purity protein samples can be prepared only in minute quantities, for 
example, site-directed mutants or isotopicatly labeled cofactors. Accordingly, to 
study them by EPR, very high detection sensitivity is needed, which often can 
be accomplished only by dedicated high-field and high-frequency spectrometers. 
Furthermore high-field and high-frequency cw EPR generally provides, by line 
shape analysis, shorter time windows down into the picosecond range for study- 
ing correlation times and fluctuating local fields over a wide temperature range. 
Such effects ate associated with characteristic dynamic processes, e.g., protein 
and cofactor motion. Hence, structure-dynamics-function relations of biosystems 
can be elucidated in great detail, since transient intermediates can be observed 
in their working states at biologically relevant time scales. Pulsed high-field and 
high-frequency EPR as, for example, 2-D field-swept ESE spectroscopy, provides 
real-time access to specific cofactor and/or protein motions on the nanosecond 
time scale. Motional anisotropy can be resolved by measuring 1"2, relaxation, which ~ 
is governed by anisotropic interactions, such as hydrogen bonding along specific 
molecular axes within the binding site. High-field double-resonance techniques, 
such as ENDOR and PELDOR, add substantially to the capability of "classical" 
spectroscopic and diffraction techniques for determining the architecture of tran- 
sient states of cofactors in their binding sites, i.e., their distance and relative ori- 
entation as well as function-related changes during the (photo)chemical reaction. 
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