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Abstract The photosynthetic reaction center (RC) from purple
bacteria is frequently used as a model for the interaction of ubiquinones (coenzyme Q) with membrane proteins. Single-turnover
ﬂash activation of RC leads to formation of the semiquinone
(SQ) of the secondary acceptor quinone after odd ﬂashes and
quinol after even ﬂashes. The ubiquinol escapes the binding site
in 61 ms, while the SQ does not leave the binding site for at least
5 min. Observed diﬀerence between these times suggests a large
energetic barrier for the SQ. However, high apparent dielectric
constant in the vicinity of the quinone ring ( P 25) results in a
relatively small electrostatic energy of SQ stabilization. To resolve this apparent contradiction I suggest that a signiﬁcant part
of the kinetic stabilization of the SQ is achieved by the special
topology of the binding site in which quinone can exit the binding
site only by moving its headgroup toward the center of the membrane. The large energetic penalty of transferring the charged
headgroup to the membrane dielectric can explain the observed
kinetic stability of the SQ.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Ubiquinone function
The ubiquinone (coenzyme Q10) is the main intrinsic lipidsoluble component of the energy-transducing membranes in
mitochondria and in some bacteria. It is responsible for the
exchange of reducing equivalents between diﬀerent electrontransfer complexes and plays the role of lipid-soluble antioxidant (reviewed in [1–3]). Recently, interest in the ubiquinone
function has increased signiﬁcantly due to its role in longevity,
adjunctive therapy in cardiovascular diseases, and partial prevention of age-related diseases [3–6].
*
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Abbreviations: Cyt, cytochrome; Eh, redox potential of the medium;
P870, primary electron donor, bacteriochlorophyll dimer in the RC;
QA and QB, the primary and secondary quinone-type electron acceptors in the RC; Q, coenzyme Q (ubiquinone); Q10 (Q10), coenzyme Q
with 10 isoprene units; QH2, dihydroquinone (quinol); RC, photosynthetic reaction center; Rb., Rhodobacter; SQ, semiquinone

1.2. Quinone binding sites of membrane complexes
Quinones of energy-transducing membranes usually belong
to one of two main populations. One population is represented
by pool quinones that are freely diﬀusible in the hydrophobic
core of phospholipid membrane. The other population is represented by quinones bound to proteins. In turn, proteinbound quinones form two large subpopulations. Type A quinones play the role of one-electron prosthetic group; they stay
bound to the protein during their function. Typical representatives of this group are one-electron acceptor quinones in photosynthetic reaction centers (RCs) of purple bacteria and
Photosystem II, and KA and KB in Photosystem I. Type B quinones function as two-electron carriers and are responsible for
exchange of reducing equivalents via quinone pool between
diﬀerent electron-transport complexes (reviewed in [1–3,7–
10]). The quinones of this type leave the protein as part of their
functional turnover.
1.3. Quinones in reaction centers of purple bacteria
Quinones in RCs of purple bacteria provide examples of
type A and type B quinones (reviewed in [9,11,12]). The RCs
from purple bacteria, such as Rhodobacter sphaeroides, have
two ubiquinone-binding sites. Ubiquinone molecules bound
at these binding sites have diﬀerent properties, determined by
their interaction with protein. The primary acceptor ubiquinone (QA) functions as one-electron carrier, while the secondary acceptor ubiquinone (QB) functions as a two-electron
carrier. The reduction of the secondary acceptor quinone
(QB) by the primary acceptor quinone (QA) occurs stepwise:

 
Q
A QB ! QA QB ; QA QB ! QA QB H2 and needs two light activations. Such stepwise mechanism suggests that the semiquinone (SQ) should be kinetically stabilized at the binding site
for a long time, so the next light activation of the RC will enable the transfer of the second electron to Q
B to form ubiquinol, which, in turn, can be replaced by quinone from the
membrane pool (see e.g. [13–16]). As a result, after two RC
turnovers the acceptor quinone complex restores its initial
state with both QA and QB in the oxidized state. The behavior
of the type B quinones in RCs is currently considered a good
model for the operation of quinone-reducing sites in other
membrane complexes, including PSII, bc1/b6f complex, succinate dehydrogenase and NADH dehydrogenase.
1.4. Fast exchange of neutral quinones
There are many indications that both quinone (QB) and
quinol (QBH2) can exchange rapidly with quinones from the
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membrane pool. Indeed, the turnover time of isolated RCs
from Rb. sphaeroides under light-saturating conditions is
61 ms [17–20]. This turnover time includes all processes leading to the quinol release and to cytochrome (Cyt) c oxidation.
Therefore, both quinone binding and quinol release in detergent-solubilized RCs occur faster than 1 ms. This time correlates well with the time of quinol release from RC measured via
the lag phase of the reduction of cytochrome bH in chromatophores at high redox potentials [21–25]. Similarly, turnover
rates above 1000 per second have been reported for bovine
bc1 complex [26]. Such fast turnover indicates that quinone/
quinol binding and release, needed for the operation of Qo
and Qi centers of the bc1 complex, are also faster than 1 ms.
Thus, data for both RCs and bc1 complex indicate that exchange of neutral forms (Q, QH2) of ubiquinone is faster than
1 ms. One can expect that similar rates of exchange are valid
for other membrane complexes involved in the oxidation or
reduction of pool quinones, including succinate and NADH
dehydrogenases.
1.5. Semiquinone lifetime
In contrast to neutral forms of quinones (Q, QH2), the lifetime of SQ anion at the QB binding site is signiﬁcantly longer,
especially in chromatophores. By measuring the amplitude of
the absorbance changes at 450 nm corresponding to SQ, it
has been determined that SQ can be stabilized at the binding
site for at least 5 min [14,16,27,28]. Thus, the escape of the
SQ from QB binding site is at least six orders of magnitude
slower than the escape of neutral quinone or quinol from
RC. Diﬀerent mobility of the SQ and neutral forms of quinone
points to the electrostatic nature of the anionic SQ stabilization at the binding site.
1.6. Kinetic and thermodynamic stabilization of the semiquinone
The stoichiometry of ﬂash-induced SQ at the QB binding site
is close to 1 per RC at neutral pH. This is signiﬁcantly higher
than the amount of thermodynamically stable SQ, which can
be formed via redox equilibrium with environment in chromatophores [29]. Thus, practically all ﬂash-induced SQ at neutral conditions is stabilized kinetically, not thermodynamically.
Moreover, equilibration of the ﬂash-induced semiquinone with
redox mediators leads to the disappearance of the semiquinone
[16].
In most cases the main pathway of SQ disappearance is its
oxidation by exogenous (redox mediators) or endogenous (oxidized primary donor) acceptors [14,16,30].
1.7. The potential barrier for SQ stabilization
One can estimate the relative potential barrier for SQ stabilization by using the ratio of the escape times for the SQ and
QH2:
DE  60 logðsSQ =sQH2 Þ P 60 logð106 Þ ¼ 360 meV:

ð1Þ

Thus, to stabilize SQ at the QB binding site for the observed
time, the potential barrier for the SQ should be higher than
that for QH2 by at least 0.36 eV. The negatively-charged SQ
could be stabilized at the binding site via electrostatic interactions, including proton uptake by multiple protonatable
groups, anion release/cation uptake, the reorientation of dipoles of amino-acid residues and internal water molecules,
and by forming hydrogen bonds (see e.g. [31–38]).

1.8. Electrostatic energy of the semiquinone at the binding site
The high value of the apparent dielectric constant at QB binding site (25–50, see e.g. [12,39–41]) indicates that the electrostatic
energy of SQ stabilization arising from its interaction with
surroundings is relatively small. Indeed, the electrostatic energy
(in eV) of the SQ interaction with all other charged groups can
be estimated by assuming that it is a sphere with radius r
(=2.5 Å) in inﬁnite dielectric with dielectric constant e = 30:
DW sphere ¼

1 e2
7:15

 0:1 eV;
2 4pe0 er
re

ð2Þ

where radius r in angstroms.
Thus, the electrostatic energy of interaction of SQ at the binding site, where e  30, is relatively small and consistent with
small changes with pH in the equilibrium constant of electron
transfer between QA and QB [12]. It appears that there is not
enough electrostatic energy to trap the SQ at the binding site.
1.9. Hydrogen bonds
Hydrogen bonds play important roles for binding and stabilization of neutral and semiquinone forms of QB. Many putative hydrogen-bonding partner(s) to QB and Q
B have been
identiﬁed in diﬀerent RC crystal structures [42–49].
The QB semiquinone is usually found at the ‘‘proximal’’ site
where C4 carbonyl forms putative hydrogen bond with HisL190, while C1 carbonyl forms putative hydrogen bonds with
the peptide NH groups of Ile-L224, Gly-L225 and the hydroxyl group of Ser-L223 [42,48].
Several diﬀerent positions of neutral QB have been found in
RC crystal structures [42–49]. Time-resolved crystallographic
experiments indicate predominant binding of QB in the proximal position in both the neutral and charge-separated states
and no large motion associated with QB was observed after
the ﬂash on the timescale of secondary electron transfer
[50,51]. Similarly, isotope-edited FTIR diﬀerence spectroscopy
did not reveal signiﬁcant changes in carbonyl vibrations expected from the diﬀerent hydrogen bonding in the distal and
proximal positions [52]. The study of the Ser-L223 ﬁ Ala mutant showed that there is no signiﬁcant net change in the interaction of the carbonyl oxygen atoms of QB and Q
B with the
protein upon removal of the Ser-L223 hydroxyl group [53].
While hydrogen bonds deﬁnitely contribute to stabilizing SQ
with neighboring amino acid residues, there are some indications that such stabilization is not strong enough to provide
the observed kinetic stability of the SQ. Indeed, the binding
of QB in the proximal position in both the neutral and
charge-separated states [50,51] points to a relatively small role
of hydrogen bonding in diﬀerentiation of binding between quinone and semiquinone. In addition, the energy for breaking
hydrogen bonds between QB and individual amino acid residues, including His-190 and Ser-L223, does not exceed
110 meV [54,55]. Thus, there should be additional mechanisms
for SQ stabilization at the binding site.

2. Hypothesis
To resolve the apparent deﬁciency of energy for SQ stabilization I suggest that a signiﬁcant part of this stabilization is
achieved by a special construction of the binding site with exit
near the center of the membrane. As a result, quinone can
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Molecular dynamic simulations of coenzyme Q with 10 isoprene units (Q10) inside a lipid bilayer indicate that the diﬀusion of Q10 in the midplane position is faster than the diﬀusion
of the lipids, while it is comparable with that of the lipids when
the Q10 head is close to the membrane surface [60]. The faster
diﬀusion of Q10 in the midplane is explained by lower density
and viscosity near the membrane midplane [61]. Such fast lateral diﬀusion could explain the importance of ubiquinone for
eﬀective transfer of reducing and oxidizing equivalents between diﬀerent quinone-utilizing electron transfer complexes.
Thus, the localization and movement of native long-tailed
quinones within membranes correspond well to the entrance
to quinone binding site near the center of the membrane, as
revealed by structures of many quinone-binding membrane
proteins.

Fig. 1. Schematic representation of potential energy proﬁles for quinol
and semiquinone (SQ) at the binding site in reaction center protein.
Main components of SQ stabilization at the binding site, in comparison
to the neutral form of quinone, include: (i) electrostatic interactions of
SQ at the binding site, (ii) possible hydrogen bonding of the SQ, and
(iii) a large potential barrier created by low dielectric gate (Born energy)
(ESQ). Dashed line indicates apparent dielectric constant (e).

leave the binding site only by moving its head down, in the
direction of the center of the membrane. Such construction
of the binding site will provide a signiﬁcant potential barrier
to SQ anion radical movement into the membrane dielectric
and could be responsible for kinetic stabilization of the SQ
(Fig. 1). The presence of a low-dielectric gate explains why
SQ can be stabilized for minutes, in contrast to quinone and
quinol, which can leave the binding site in less than 1 ms.
The kinetic stability of the SQ has a topological origin and is
determined by the electrostatic interactions of charged amino
acid groups at the binding site, and by their absence in the
gate.

3.3. Ubiquinone location in the proteins
The location of quinones in quinone-binding proteins,
including bacterial RCs [44], Photosystem I [62], Photosystem
II [63], and bc1 complex [64], has been determined in many
crystal structures. In all known structures, the quinone headgroup is oriented towards the membrane surface, while the tail
is exposed to the membrane dielectric (Fig. 2). Thus, the position of quinones in known structures agrees with the preferable
position of pool quinones in the midplane.
Fisher and Rich [65] explored protein sequences responsible
for quinone binding. They found several weak sequence motifs
that include histidine, but were unable to ﬁnd a strong, universal sequence motif for quinone-binding sites. The model for the
semiquinone stabilization considered here emphasizes the
importance of the topology of the quinone-binding site in
the membrane. Indeed, the binding site should be exposed to
the membrane interface, needed for quinone protonation/
deprotonation after its reduction/oxidation, and, at the same
time, it should be exposed to the membrane dielectric, needed
for eﬀective exchange with pool quinones. The combination of
suggested sequence motifs [65] and these topology limitations
may improve the search for putative quinone-binding sites.

3. Discussion
3.1. Born energy may be the main contributing factor to the
semiquinone stabilization
The Born energy (in eV) for transferring an ion with charge
q and radius a from region of dielectric constant e2 to one of
dielectric constant e1 is given by the following equation [56,57]:




1 q2
1 1
7:15 1 1

;
ð3Þ


DW Born ¼
2 4pe0 a e1 e2
a
e1 e2

3.4. Alternative mechanism for the semiquinone stabilization
Recently, Madeo and Gunner [67] studied the binding
of tailless quinones to the QA binding site of Rb. sphaeroides
reaction centers and emphasized the role of the protein in
creating the kinetic barriers for binding and release of anionic
quinones. These authors suggested that protein rearrangement
is the main source of slow binding/unbinding kinetics for
anionic quinones. This mechanism is diﬀerent from the kinetic

where q = e and radius a is in angstroms.
Assuming that radius of SQ is 2.5 Å, one can estimate that
the energy, DWBorn, needed for moving SQ from e1 = 30 to
e2 = 2 is 1.3 eV. Thus, the estimated Born energy is large
enough to provide the kinetic stabilization of the semiquinone
at the binding site.
3.2. Ubiquinone location in the membrane
The localization, orientation and movement of ubiquinone
within membranes have been the subject of many studies (reviewed in [58,59]). According to current consensus, coenzyme
Q mostly occupies a domain in the hydrophobic core at the
center of the lipid bilayer matrix parallel to the membrane
plane.

Fig. 2. The quinones in the reaction center (left) and bc1 complex
(right). The quinone headgroup is located near membrane interface,
while the tail is exposed to the membrane dielectric. The ﬁgure was
prepared by VMD software [66] using ﬁles 1AIG.pdb and 1NTZ.pdb.
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stabilization suggested here. Although these two hypotheses do
not completely exclude each other, the diﬀerence in mechanisms could originate from the speciﬁcs of binding sites for
type A and type B quinones. Indeed, B-type quinone-binding
sites are designed to facilitate fast (koﬀ  103 s1) quinol/quinone exchange during RC turnover, needed for fast delivery
of reducing and oxidative equivalents between diﬀerent quinone-utilizing complexes. As a result, there are no signiﬁcant
potential barriers to prevent such fast exchange of neutral quinones. This situation is signiﬁcantly diﬀerent from the A-type
quinone-binding sites in which the quinone remains bound to
the protein during its redox cycle. The presence of a signiﬁcant
barrier for binding/unbinding of the quinone agrees well with
relatively slow exchange (koﬀ  1 s1) of neutral forms of tailless quinones with QA binding site observed by the authors
[67].
3.5. The role of the tail
Natural quinones have extremely hydrophobic tails, ensuring their presence in the membrane. Diﬀerent organisms produce quinones with diﬀerent types of headgroup and with
diﬀerent numbers of isoprene units in the tail and this has been
used for taxonomic purposes [68]. Extensive studies of the role
of tail lengths on diﬀerent characteristics of electron transfer in
RCs showed, surprisingly, that the tail is not very important
for many reactions. The kinetics of electron transfer from
QA to QB is practically independent of the quinone tail length
[69]. Similarly, the binding of quinone at the QB site is also almost quinone tail length independent [70], although positioning of the quinone head group at the binding site is diﬀerent
for short- and long-tailed quinones in crystals [71]. All this
indicates that the tail is more important for quinone behavior
in the membrane than in the quinone-binding site. It appears
that the main function of the tail is to keep quinone molecule
closer to the membrane midplane, where the lateral diﬀusion is
faster [60] due to lower density and viscosity [61]. In addition,
the tail could facilitate entering the quinone-binding site near
the center of the membrane.
3.6. Simple strategy to prevent competitive interference of
phospholipids
The mechanism by which quinone-binding sites prevent
competitive interference of phospholipids has been explored
by Warncke et al. [70], who suggested that the tail–protein
interactions are important to deter phospholipids from entering the binding site. The topological construction of a quinone
binding site, in which the entrance is located near the center of
hydrophobic core of membrane, could provide an eﬀective
mechanism for deterring amphiphilic molecules present in native membrane from entering the binding site. Indeed, the large
energetic penalty of transferring the charged head of phospholipids to the center of membrane prevents them from entering
the quinone-binding site. At the same time, unlike phospholipids, neutral quinones with long tail are mostly located near
membrane midplane and can easily enter the binding site.

4. Conclusions
It has been known for over 25 years that semiquinone can be
kinetically stabilized in the structure of the RC protein for
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unexpectedly long times [28]. Such stabilization contrasts sharply with the fast release of neutral forms of the quinone from
the RC. The observed diﬀerence between release of the SQ and
quinol suggests that the energetic barrier for the SQ has electrostatic origin and should be signiﬁcantly higher than that
for quinol. However, high apparent dielectric constant in the
vicinity of the quinone headgroup results in relatively small
electrostatic energy of the SQ stabilization, which is not enough to provide observed diﬀerence between escape rates for
SQ and quinol. To resolve this apparent contradiction I suggest here that a signiﬁcant part of kinetic stabilization of the
SQ is achieved by special construction of the binding site in
which quinone can exit the binding site only by moving its
headgroup in the direction of the center of the membrane.
Such construction of the binding site does not signiﬁcantly
limit the mobility of neutral forms of quinones (Q, QH2) needed
for eﬀective exchange of reducing and oxidizing equivalents between diﬀerent enzymes in membrane, but provides a signiﬁcant barrier for moving charged headgroup of the SQ to the
membrane dielectric. It is suggested that a similar mechanism
of semiquinone stabilization is valid for quinone-reducing sites
in other membrane complexes, including PSII, bc1/b6f complex,
succinate dehydrogenase and NADH dehydrogenase.
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