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Abstract The reaction center (RC)-bound primary acceptor quinone QA of the photosynthetic bacterium Rhodobacter sphaeroides R26 functions 
as a one-electron gate. The radical anion Q~- is proposed to have an asymmetric electron distribution, induced by the protein environment. We replace 
the native ubiquinone-10 (UQ10) with specifically 13C-labelled UQ10, and use Q-band (35 GI-Iz) EPR spectroscopy to investigate this phenomenon 
in closer detail. The direct observation of the ~3C-hyperfine splitting of the gz-COmponent of UQ I 0~,- in the RC and in frozen isopropanol shows that 
the electron spin distribution is symmetric in the isopropanol glass, and asymmetric in the RC. Our results allow qualitative assessment of the spin 
and charge distribution for Q~- in the RC. The carbonyl oxygen of the semiquinone anion nearest to the S = 2 Fe2+-ion and QB is shown to acquire 
the highest (negative) charge density. 
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1. Introduction 

Quinones act as electron acceptors in primary photosynthetic 
electron transport. They are embedded in a protein-pigment 
complex, the so-called reaction center (RC), which contains 
two functionally distinct quinones, one of  which (QA) acts as 
a one-electron gate, passing the electron to a second quinone, 
QB, which accepts two electrons and two protons. Where QnH2 
exchanges with the membrane-bound quinone pool, QA is 
tightly bound to the RC. In the RC of the photosynthetic 
purple bacterium Rb. sphaeroides R26, both quinones are 
ubiquinone-10 (UQ-10) molecules (see Fig. 1 for the chemical 
structure and nomenclature). Consequently, the functional dif- 
ference between QA and QB must be related to a different 
interaction with the protein environment. 

~H-ENDOR spectroscopy first revealed such a difference for 
Q~- and Q~-. The spectral features of  Q~- were shown to be 
much more similar to the radical anion of  UQ-10 in frozen 
isopropanol than Q~- [1,2]. An inequivalence of  the hydrogen 
bonds to the two carbonyl oxygens of  QA was proposed from 
the crystal structure [3], which may be related to an asymmetric 
electron spin density distribution in Q[-,  as distinct from the 
situation in isopropanol glass, where the electron spin density 
is (nearly) symmetrically distributed over the molecule [4]. Pro- 
ton ENDOR of the methyl group of Q~-, however, provides 
only indirect information on the carbon spin densities. ~70-EPR 
results showed that both carbonyl oxygens are inequivalent for 
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Abbreviations." RC, reaction center; Rb., Rhodobacter; QA, primary ac- 
ceptor quinone; QB, secondary acceptor quinone; UQ, ubiquinone; 
MAS, magic angle spinning; FTIR, Fourier-transform infra-red; 
ENDOR, electron-nuclear double resonance; EPR, electron paramag- 
netic resonance; ESP, electron spin polarisation. 

Q~,-, but no assignment could be made which of  the carbonyls 
possesses the highest charge-density. Recently, UQ-10 specifi- 
cally 13C-labelled at positions 1, 2, 3, 31, and 4 has been pre- 
pared [5]. 13C-MAS-NMR spectroscopy of  quinone-reconsti- 
tuted RCs of Rb. sphaeroides R26 revealed that the carbonyl 
carbon atoms (1 and 4) are inequivalent for the ground state 
of QA [6]. FTIR reduced-unreduced difference spectroscopy of 
uniformly 13C-labelled quinone containing RCs showed that 
the bonding strength of  the two carbonyls is inequivalent also 
for Q~,- [7], but no unambiguous assignment could be made for 
the resonances, due to admixture of the C -- C stretch vibra- 
tions in the C = O stretch vibrations. A spectroscopic technique 
that probes with atomic selectivity details on the spin- and 
charge-distribution of Q~- not available with any other spec- 
troscopy, is EPR of specifically 13C-enriched quinones. 

In this communication, we use Q-band (35 GHz) EPR spec- 
troscopy to study the UQ-10 radical anion in the RC (Q~-) and 
in frozen isopropanol to obtain more direct information on the 
(a)symmetry of  the electron distribution of Q~-. Observation of  
the ~3C-hyperfme splitting of the gz-peak in the quinone Q-band 
spectrum allows unequivocal experimental confirmation that 
the charge- and spin-distribution is asymmetric for Q~- [1,2]. 
From the measured 13C-hyperfine tensor elements, we conclude 
that the electron spin density on the even-numbered carbons 
increases and for the odd-numbered carbons decreases for Q~,- 
relative to the ubiquinone radical anion in isopropanol glass. 
Therefore, the carbonyl oxygen at position 4 is more elec- 
tronegative than its counterpart at position 1, which property 
may facilitate electron transport from Q~,- to QB- 

2. Materials and methods 

Specifically 13C-enriched quinones were synthesised as described [5]. 
RCs of Rb. sphaeroides R26 were isolated according to [8]. Removal of 
QB and QA, and reconstitution of QA with the 13C-labelled UQ10, was 
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performed according to [9]. The yield of the procedures, checked with 
room-temperature AA~s measurements, was better than 90% for 
(QA,QB)-removai and Q^-reconstitution. The QB-content of the recon- 
stitued RCs was less than 5%, as determined from room-temperature 
rereduction of F*. 

For the EPR measurements, the native S = 2Fe:÷-ion, which forms 
a magnetically coupled complex with Q~,- [10], was replaced with dia- 
magnetic Zn 2÷. For this purpose, the LDAO (N,N-dimethyldodecylam- 
ine-N-oxide, Fluka) of the RC stock solution was replaced by Brij 
58 (polyoxyethylene-20-cetyl-ether, Sigma) using precipitation with 
BioBeads SM-2 [11]. Subsequently, the Fe2÷-ion was removed [12], and 
replaced by Zn 2÷ [13]. A typical EPR sample contained about 60% (v/v) 
glycerol, yielding an optically transparant glass. The final RC concen- 
tration was about 50 pM. 

Quinone anion radicals were created in anoxic isopropanol by reduc- 
tion with potassium tert-butyrate. The isopropanol forms a good glass, 
so that the micro-environment of all radicals is comparable. 

EPR experiments were performed on our home-built superhetero- 
dyne Q-band (34.8 GHz) EPR spectrometer, which we modified from 
the original set-up described in [14]. The superheterodyne set-up allows 
high-sensitivity, low-noise detection, and can be operated at very low 
incident microwave powers (down to 1 nW). Briefly, the spectrometer 
consists of two oscillators locked at a difference frequency of 60.005 
MHz. The main oscillator (MO) is a low-noise 60 mW Varian 35 GHz 
VA284B klystron, with 1 GHz mechanical, and 100 MHz electronic 
tuning range. The local oscillator (LO) is a voltage-controlled Alpha 
Industries (CME 713AH) 35 GHz gunn oscillator with 250 MHz me- 
chanical, and 100 MHz electronic tuning range. The spectrometer is 
equipped with a cylindrical TE011 cavity, whose resonance frequency 
is phase-locked with the frequency of the MO. Top-loading of the cavity 
allows for easy sample exchange. A stable magnetic field up to 1.50 T 
is provided by a Bruker water-cooled electromagnet. The magnetic 
field-modulation frequency is low (73 Hz), and the EPR signal is de- 
tected from the rectified 60 MHz signal using an EG&G lock-in ampli- 
fier and ADC. Spectra are recorded using an IBM-compatible com- 
puter. All measurements were performed in a home-built bath crysostat 
filled with cold N 2 gas (T= 100 K). 

Simulations of the powder spectra were performed with the EPR 
simulation program developed by J.A. Weil and co-workers [15,16], 
running on a Personal IRIS workstation. 

3. Results and discussion 
The Q-band EPR spectrum of unlabelled Q~,- in RCs of 

Rb. sphaeroides R26 was first reported in [17]. Fig. 2A shows 
the corresponding spectrum for our RCs (solid line), together 
with a simulated lineshape (dashed line) using the g-tensor of 
Q~,- from [18] and anisotropic line-broadening A W mimicking 
unresolved hyperfine splittings. The relative magnitudes of the 
linewidth components (A WvlA Wz = 1.7) are comparable with 
those in [18] (AWvlAWz = 1.5), but the absolute amplitude is 
smaller at Q-band than at W-band (95 GHz), as expected 
[19,20]. The principal g-tensor elements and the corresponding 
A W-values at Q-band are shown in Table 1. Using these values, 
we simulated all spectra for the specifically '3C-enriched qui- 
none anion radicals. The z-directions of the ~3C-hyperfine ten- 
sors (A c) and the g-tensor are collinear for the carbon atoms 
of zc-radicals, and coincide with the normal of the plane of the 
molecule [21-23]. The x-direction of the g-tensor is the axis 
connecting the carbonyl oxygens, which is collinear with the 

Table 1 
Diagonal elements of the g-tensor [18] and the anisotropic line-broad- 
ening tensor A W for Q~- in RCs of Rb. sphaeroides R26 
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Fig. 1. Chemical structure and nomenclature of the radical anion of 
ubiquinone-10. R denotes the side chain consisting of (in this case) 
10 isoprenoid subunits. Also shown are the K6kul6 resonance structures 
for Q~- in the RC, where the free electron is asymmetrically delocalised 
(see text). It is seen that in this case the free electron is mainly localised 
on C2.4.6 and O1 of Q~-, whereas the partial-negative charges reside on 
the complementary atoms (K6kul6 resonances not shown). 

x-component of  A c for the carbonyl carbon atoms. For  the 
other carbons, the x-axis points in the direction of the substit- 
uent, thus making an angle of about 60 ° with gx. 

Figs. 2B-F show the Q-band EPR spectra (solid lines) and 
simulations (dashed lines) for RCs reconstituted with the spe- 
cifically ~3C-enriched quinones. The ~3C-hyperfine parameters 
(absolute values) used for the spectral simulations are sum- 
marised in Table 2. The spectra for 3-13C and 3tJ3C closely 
resemble that of the unlabeUed quinone, indicating that 
A c J x,y,zJ<0.25 mT (simulations not shown). The low-field 

features (unresolved gx and gy lines) for 2-~3C and 4-~3C are not 
visibly broadened with respect to those of  unlabelled Q~,-, so 
that for these positions [AxC, yl < 0.25 mT. The simulations yield 
IACj = 0.55 + 0.03 mT and 1.27 + 0.03 mT for 2J3C and 4-13C, 
respectively. The spectrum for 1J3C Q~- not only shows a clear 
splitting of  the gz-feature, but also a broadening of the low-field 
features. Spectral simulations show that the 13C-hyperfine ten- 
sor is nearly isotropic in this case, with IA c) = 0.55 + 0.05 mT, 
[ACyl = 0.65 + 0.05 mT, and IACj = 0.80 __. 0.03 roT. Here, all 
three tensor components have the same sign (either positive or 
negative). The small anisotropy ofA c for 1-13C in Q~,- is caused 
by the low electron spin density on this atom [23,24]. 

Because the Q-band spectra for 1-~3C and 4-~3C, and for 2-13C 
and 3-t3C UQ-10, in the QA-binding pocket of the RC of 
Rb. sphaeroides R26 are dearly different, we conclude that the 
electron spin is distributed asymmetrically over the respective 
C-atoms. This contrasts with the situation in a frozen solution 
of isopropanol, where the electron spin densities are compara- 
ble for the respective atoms of the quinone anion radical [4]. 
Since ~3C-hyperfine couplings for carbonyl functions are very 
sensitive to the polarisability of the C and the O atoms, we 
determined IAzCl for 1-~3C (Fig. 3A) and 4-13C (Fig. 3C) for 
UQ-10 anion radicals in frozen isopropanol. Isopropanol forms 
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Fig. 2. Q-band EPR spectra of the primary acceptor quinone radical anion in RCs of Rb. sphaeroides R26. A, unlabelled; B, 1-~3C-labelled; 
C, 2-13C-labelled; D, 3J3C-labelled; E, 3~J3C-labelled; and F, 4-t3C-labelled ubiquinone-10. Experimental conditions: microwave frequency, 34,803 
GHz; microwave power, 50 nW; temperature, 100 K; magnetic field-modulation amplitude, 0.20 mT; scan time, 600 s; time constant, 3 s. 

a good glassy matrix in which the carbonyls of the quinone are 
expected to make hydrogen bonds of  equal strength. Fig. 3 
shows the experimental spectra, from which we determined that 
IAC[ = 1.13 + 0.03 mT for 1-13C, and 1.10 + 0.03 mT for 4J3C, 
respectively, showing the equivalence of 1-t3C and 4J3C. Fur- 
thermore, Fig. 3B shows the Q-band EPR spectrum for the 
radical anion of 2J3C UQ-10, in which no splitting of the 
gz-peak is observed. The line is broadened, however, compared 
to that of  3~-13C (Fig. 2E), which yields IAC[ = 0.40 mT. 

Accurate spin densities can be calculated when both the 
isotropic and the dipolar part of the 13C-hyperfine tensor (in- 
eluding signs) are known [25,26]. The dipolar part gives the spin 
density in the zc-orbital, whereas the isotropic part is sensitive 
to spin density in the s-orbitals and to spin polarisation contri- 
butions due to neighbouring atoms. For example, using the spin 
densities from [4], the z-component of the dipolar part of the 
hyperfine tensor is 1.17 mT. The Karplus-Fraenkel theory 
yields Aiso= -0.04 mT, which implies A c = 1.13 mT, in close 
agreement with the experimental results for UQ10"- in iso- 
propanol glass. 

Since we know for most carbon positions of Q~- only the 

Table 2 
Principal ~3C-hyperfine tensor elements (in mT) for Q~,- in RCs of 
Rb. sphaeroides R26, determined from simulations of experimental Q- 
band (35 GHz) EPR spectra. 

IAC~l IA~l IA~Cl 
1-13C 0.55 dr. 0.05 0,65 ill 0,05 0,80 "~" 0.03 
2-13C < 0.25 < 0.25 0.55 + 0.03 
3-13C < 0.25 < 0.25 < 0.25 
3U3C < 0.25 < 0.25 < 0.25 
4J3C < 0.25 < 0.25 1.27 + 0.03 

magnitude of A c, we are not yet able to calculate definitively 
the spin densities for all carbon positions. Work is in progress 
to determine all the necessary parameters, using ENDOR, 
ESEEM, and time-resolved EPR spectroscopy of the radical 
pair P'+Q~- (see e.g. [27-29]). In spite of the lack of  detailed 
information on the dipolar hyperfine coupling, the present data 
allows to draw a few tentative conclusions. For example, be- 
cause [Ac[ of  l J3C is largely isotropic, the electron spin density 
on this atom must be relatively low [23,24]. The increased value 
of[AC[ for 2J3C and 4J3C of  Q~,- compared to the UQ-10 anion 
radical in frozen isopropanol, indicates that the electron spin 
density on this carbon atom is somewhat larger in the RC than 
in frozen isopropanol. (Using the maximum and minimum val- 
ues for the z-component of the dipolar hyperfine tensor, we 
estimate: 0.11 < P4 < 0.16, and 0.03 < P2 < 0.08). This data indi- 
cates that the spin-density distribution is distorted in the RC, 
with relatively high spin density on C2.4,6 and O1, as can be seen 
from the Krkul6 resonance structures in Fig. 1. The charge is 
then mainly located on the complementary part of the mole- 
cule. We can now also assign the inequivalence observed from 
170-EPR [2] to be related to relatively higher electron spin 
density on O1. Consequently, 04 is more electronegative than 
O1, which immediately relates to the reported stronger hydro- 
gen bonding of O4 with the protein residue (most likely with His 
M219 [3]) as compared with O1.04 is the oxygen nearest to the 
divalent metal ion, which is also coordinated with His M219 [3]. 
The asymmetric charge distribution, with excess partial nega- 
tive charge on 04, presumably facilitates electron transport 
from QA to QB. Whether this asymmetric spin-density distribu- 
tion in the quinone is an instanteneous process, or is due to an 
increase of hydrogen-bonding strength, possibly related to re- 
ported light-induced changes of the P'Q~,- radical pair [30,31], 
will be investigated with ESP spectroscopy. 
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Fig. 3. Q-band EPR spectra of the radical anion of ubiqninone-10 in 
frozen isopropanol. A, 1-13C; B, 2J3C; C, 4J3C ubiqninone-10. Exper- 
imental conditions: microwave frequency, 34.803 GHz; microwave 
power, 50 nW; temperature, 100 K; magnetic field-modulation ampli- 
tude, 0.20 mT; scan time, 600 s; time constant, 3 s. 
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