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ABSTRACT: Photosynthetic reaction centers produce and export oxidizing and reducing equivalents in
expense of absorbed light energy. The formation of fully reduced quinone (quinol) requires a strict (1:1)
stoichiometric ratio between the electrons and H+ ions entering the protein. The steady-state rates of both
transports were measured separately under continuous illumination in the reaction center from the
photosynthetic bacteriumRhodobacter sphaeroides. The uptake of the first proton was retarded by different
methods and made the rate-limiting reaction in the photocycle. As expected, the rate constant of the
observed proton binding remained constant (7 s-1), but that of the cytochrome photooxidation did show
a remarkably large increase from 14 to 136 s-1 upon increase of the exciting light intensity up to 5
W/cm2 (808 nm) at pH 8.4 in the presence of NiCl2. This corresponds to about 20:1 (e-:H+) stoichiometric
ratio. The observed enhancement is linearly proportional to the light intensity and the rate constant of the
proton uptake by the acceptor complex and shows saturation character with quinone availability. For
interpretation of the acceleration of cytochrome turnover, an extended model of the photocycle is proposed.
A fraction of photochemically trapped RC can undergo fast (>103 s-1) conformational change where the
semiquinone loses its high binding affinity (the dissociation constant increases by more than 5 orders of
magnitude) and dissociates from the QB binding site of the protein with a high rate of 4000 s-1.
Concomitantly, superoxide is being produced. No H+ ion is taken up, and no quinol is created by the
photocycle which is operating in about 25% of the reaction centers at the highest light intensity (5500
s-1) and slowest proton uptake (3.5 s-1) used in our experiments. The possible physical background of
the light-induced conformational change and the relationship between the energies of dissociation and
redox changes of the quinone in the QB binding sites are discussed.

The reaction center (RC)1 of photosynthetic bacteria is a
membrane-bound pigment protein complex that couples light-
induced electron transfer to the first steps of vectorial proton
transfer across the bacterial membrane (1-3). The electrons
come from the photoexcited bacteriochlorophyll dimer (P*)
and the protons from the cytoplasmic side via quinol
production: Q+ 2e- + 2H+ f QH2. Unlike other well-
known proton pumps, such as cytochrome oxidase (4) and
bacteriorhodopsin (5), the transmembrane proton trans-
location is completed in cooperation with an additional
membrane protein, the cytochromebc1 complex that reoxi-
dizes the quinol (6). The transmembrane proton gradient
serves as the ultimate free energy source of the organism to
drive energy-consuming reactions such as ion transport and
ATP synthesis (7, 8). The ATP fills the majority of the
energy needs of the bacterium.

The RC from the bacteriumRhodobacter sphaeroides
consists of three subunits, L, M, and H, and 10 cofactors
(9). The LM dimer binds all of the cofactors arranged around
a quasi-2-fold rotational symmetry axis. The H subunit caps
the LM dimer and stabilizes both the structure of the protein

and the function of the quinones (10). The light-induced
electron transfer proceeds along the A branch from the
excited singlet state of P through a bacteriochlorophyll
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1 Abbreviations: Bpheo, bacteriopheophytin; CT, conformational
transition; cytc3+ and cytc2+, oxidized and reduced cytochromec,
respectively;Eh, actual redox potential;Em, midpoint redox potential
at pH 7; I, light intensity of excitation measured in % or in W/cm2

(100% corresponds tokP ) 5500 s-1); I50, apparent inhibition constant;
In, inhibitor; kBT, Boltzmann factor;kc, effective rate constant of
cytochrome oxidation by P+ and exchange for a reduced cytochrome
from the pool;kcyt, observed rate constant of cytochrome photooxidation;
kH, rate constant of the first proton uptake QA

-QB
- + H+ f QA

-QB(H);
kH(obs), rate constant of observed proton binding during continuous
excitation; koff, rate constant of dissociation;kon, bimolecular rate
constant of association;kp, rate constant of the PQA f P+QA

-

photochemical reaction;kQH2, rate constant of quinol formation;k+ and
k-, forward and backward rate constants of conformational change,
respectively;K2, one-electron equilibrium constant in the quinone
complex;Kconf ) k+/k-, equilibrium constant of conformational change;
KD ) koff/kon, dissociation equilibrium constant; LDAO,N,N′-dimethyl-
dodecylamineN-oxide; MES, 2-(N-morpholino)ethanesulfonic acid;
MOPS, 3-(N-morpholino)propanesulfonic acid; NBT, nitrotetrazolium
blue chloride (nitroblue tetrazolium); NQ, naphthoquinone; P (P+),
reduced (oxidized) bacteriochlorophyll dimer; Q (Q-), oxidized (re-
duced) quinone; QA and QB, primary and secondary quinone, respec-
tively; QH2, dihydroquinone (quinol);Rb., Rhodobacter; RC, reaction
center protein; SOD, superoxide dismutase; TMPD,N,N,N′,N′-tetra-
methyl-1,4-phenylenediamine; Tris, 2-amino-2-(hydroxymethyl)pro-
pane-1,3-diol; Triton X-100, polyoxyethylene(10) isooctylphenyl ether;
UQ0, 2,3-dimethoxy-5-methylbenzoquinone; UQ6, ubiquinone-30; UQ10,
ubiquinone-50.
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monomer and a bacteriopheophytin monomer (Bpheo). From
Bpheo-, the electron is transferred within 200 ps to the
primary quinone (QA), and the QA

- reduces directly or
indirectly the secondary quinone QB in 100µs (11). The two
quinones constitute a functional acceptor quinone complex.
Although they are chemically identical species (ubiquinones),
their physical-chemical (electrochemical) properties are
different due to their interaction with the protein (2, 3, 12).
While QA makes one-electron chemistry, QB can perform
full reduction with two electrons and two protons (two-
electron gate mechanism). All cofactors are tightly bound
except for QB, which is in weak binding equilibrium when
oxidized (QB) or fully reduced (QBH2). However, when
reduced with one electron to QB

-, it is tightly bound (13,
14).

In the presence of an external electron donor (cytochrome
c2 in vivo), P+ is rereduced by reduced cytochromec (cyt
c2+ + P+ f cyt c3+ + P), and the RC in PQAQB

- state can
undergo another light-driven reaction. After a new (second)
excitation of P, P+QA

-QB
- is formed. Sequential and

alternative electron transfer and proton uptake steps lead to
full reduction of QB to quinol (dihydroquinone) QBH2: after
uptake of the first proton, QBH is formed from QB

-, followed
by the second reduction, QBH-, and finally by the uptake of
the second proton (15). Two light reactions oxidize two
cytochromes and reduce one quinone. The quinol leaves the
RC and is replaced by an oxidized quinone from the
membrane quinone pool (16). The return of the acceptor
quinone system to its original state allows the turnover of
RC under multiple-flash activation or continuous illumina-
tion. The binary oscillations of semiquinone (17) and proton
uptake from the aqueous phase (18) as responses to repetitive
flash excitation or the accumulation of photooxidized cyto-
chromes under continuous illumination (19-21) have be-
come routine tools to study RC function. These assays are
very sensitive to slight modifications of the supply and
coupling of electrons and protons in the donor and acceptor
sides of the RC due to mutations, inhibitions, or structural
changes.

According to the sequence of events summarized as the
acceptor quinone reduction cycle, the coupling between the
electron transfer and the proton uptake is strong. This is
expressed by the simple correlation between the rate of
photooxidation of cytochrome (kcyt) and the rate of the quinol
formation (kQH2) (or the turnover rate of the RC):kcyt )
2kQH2. As the photocycle consists of many steps, its rate
depends on the rates of its constituents on a complex way
but cannot be larger than the rate of the slowest process.
The observed rate of cytochrome photooxidation reflects the
bottleneck of the quinone reduction cycle that can accom-
modate to the physiological conditions. Under moderate
intensity of illumination, when the frequency of RC excita-
tion is much less than 103 s-1, the light intensity is the rate-
limiting factor, as the electron and proton transfers and
exchange (binding and unbinding) processes (kon + koff) on
the donor (cytc3+/cyt c2+) and acceptor (quinone/quinol)
sides are faster than 103 s-1. However, the rate-limiting role
of the slowest step can be easily shifted to any other reactions
if they become slower (mainly due to depletion of the
cytochrome or quinone pools under continuous operation or
inhibition of the proton uptake/electron transfer) and/or the
light intensity (or the efficiency of harvesting the light)

increases. Under well-controlled conditions, the slowest step
can be identified (20, 21).

If the focus of interest is on the coupling of electron
transfer and proton uptake in RC, high light intensity should
be used to avoid its rate limitation in the photocycle. The
kinetic step of the proton uptake can be easily made as a
bottleneck of the photocycle by binding of several divalent
transition metal ions to the surface histidines (H126 and
H128) and to one of the two aspartic acid residues (H124 or
M17) at the entry point of the proton delivery channel (22-
25). The rate of the inhibited second interquinone electron
transfer is not sensitive to changes of the electron transfer
driving force; therefore, the observed kinetics are clearly
limited by the proton transfer (23). Under these conditions,
the rate of the cytochrome photooxidation should not depend
on the light intensity. Contrary to this expectation, the rate
did show light intensity dependence indicating the contribu-
tion of reactions not involved in the simple scheme of the
quinone reduction cycle.

In this work, we investigated the structural and functional
aspects of this novel observation, called acceleration of
cytochrome photooxidation in RC with retarded acceptor
quinone function. The steep increase of the rate of the photo-
oxidation of cytochrome vs light intensity was not ac-
companied with increase in proton uptake or quinol forma-
tion. The less tight coupling between the electron and proton
transfers is attributed to light-induced changes in protein
conformation that makes the QB

- semiquinone anion less
stable in the binding pocket. Consequently, it dissociates from
the RC before proton binding and makes the cytochrome
oxidation (electron transfer) more effective than the uptake
of H+ ions (proton transfer). The kinetic and thermodynamic
details of the mismatch in the coupling will be discussed.
Preliminary accounts of this work have been presented (26).

MATERIALS AND METHODS

Materials.Ubiquinone UQ6 and UQ0 (Sigma) were solu-
bilized in ethanol in stock solutions of 1 and 500 mM,
respectively. The UQ10 (Sigma) was sonicated in detergent
of Triton X-100 (30% w/v). The antibiotic stigmatellin
(Fluka) and triazine-type terbutryn (Chem Service) were
solubilized in ethanol in stock solution of 5 and 60 mM,
respectively. Mammalian (horse heart) cytochromec (Sigma,
type VI) was reduced (>95%) by adding sodium ascorbate
to its solution and was separated from sodium ascorbate by
chromatography on Sephadex G-25 (Pharmacia) or by
bubbling H2 gas through its solution in the presence of
palladium black (Aldrich). The concentration of reduced cyt
c was obtained using an extinction coefficient ofε550(reduced)
) 27.6 mM-1‚cm-1 (27). The quantity of accumulated
photooxidized cytochromec was calibrated on the basis of
the difference extinction coefficient ofε550(reduced) -
ε550(oxidized) ) 21.1 mM-1‚cm-1 (28). The water-soluble
TMPD (Sigma) was reduced by addition of sodium ascorbate
prior to use. Ferrocene (Sigma) was dissolved in ethanol and
used after preparation without further reduction, as its redox
midpoint potential is relatively high [Em(ferrocene/ferro-
cenium)≈ 400 mV; unpublished data]. The pH-indicator
absorption dye,o-cresol red (Sigma) was dissolved in ethanol
and used in a concentration of 30µM, which was the
optimum selection to ensure a fast and saturating response
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of the dye and to keep the absorption of the sample low.
Detergents LDAO and Triton X-100 and buffers (MES,
MOPS, Tris) were obtained from Fluka and Sigma, respec-
tively. The aliquots of hydrochloric acid (HCl) were prepared
from 0.1 M stock solution (Fisher). All materials were used
without any further purification.

Reaction Center. RCs were isolated from the blue-green
(carotenoidless) mutant (strain R-26) of the photosynthetic
bacteriumRb. sphaeroidesas described earlier (18). The
zwitterionic detergent (LDAO) was changed for nonionic
detergent (Triton X-100) by overnight dialysis against 1 mM
Tris buffer (pH 8) at 4°C. The OD(280 nm)/OD(802 nm)
ratio, a measure of the purity of the RC, was smaller than
1.40. The secondary quinone activity [the ratio of the
amplitudes of the kinetic phases of the charge recombination
(29)] dropped to 10% during the preparation. The concentra-
tion of the RC was determined from the steady-state
absorption at 802 nm (ε ) 288 mM-1‚cm-1) or from the
absorption change at 430 nm (∆ε ) 26 mM-1‚cm-1) induced
by continuous laser light (21).

Chromatophore. The chromatophore was isolated from the
cytochromec2-less mutant ofRb. sphaeroides(Cyca1, a
generous gift of Prof. C. A. Wraight). Similar mutant was
used by Lavergne et al. (30). The concentration of the RC
in the chromatophore suspension was determined from the
flash-induced absorption change at 603 nm using the
difference extinction coefficient of 20 mM-1‚cm-1 and was
adjusted routinely to 0.1µM.

Optical Measurements.Steady-state absorption spectra
were recorded with a Unicam UV4 spectrophotometer.
Kinetic measurements were made with a single-beam spec-
trophotometer of local design (18, 21, 31). Saturating flashes
were produced by a Xe flash tube (FX-200 EG/G) with red
filter. Continuous actinic illumination was provided by a laser
diode (High Power Devices, Inc., type 1010, emission
wavelength 808 nm, maximum power 1 W) controlled by a
homemade driver (the operating current was stabilized at 1.2
A). The duration and intensity of the laser emission were
adjusted by a digital pulse generator (Hı´radástechnika, type
TR 0360), and the rectangularity of the shape of the laser
emission was checked by the combination of a photodiode
and an oscilloscope. The rise and fall times were below 1
µs, and the slope of the constant part was less than 5%. The
focused measuring beam was within the laser excited area
(0.2 cm2) of the 3× 3 mm rectangular quartz cuvette held
in a massive brass block.

The rate of the primary photochemistry was determined
from the monoexponential rise of P+ detected at 865 nm
that was generated by continuous illumination in the absence
of an electron donor to P+. The sample containing reduced
cytochrome was prepared in full darkness and was thermo-
stated at room temperature (23°C). After photooxidation of
the cytochromes, the sample was discarded, and new RC
was taken for the next illumination. In all experiments, the
concentration of the RC was selected to 1µM to keep the
internal screening (attenuation) of the exciting light constant.
In this way, the same relationship between the light intensity
(I) and the rate constant of the primary photochemistry (kp)
could be used throughout the work.

Measurement of Proton Uptake. The pH indicator dye
o-cresol red was used to follow the pH change of the solution
due to light-induced protonation of the RC. The buffering

capacity of the RC solution was decreased by overnight
dialysis against a solution of 10µM Tris, 0.03% Triton
X-100, and 50 mM NaCl at pH 8.0. The cytochromec was
replaced by ferrocene. Although the ferrocene is a slower
donor to P+ than cytc2+, its redox change is not accompanied
with protonation and has negligible absorption change upon
oxidation at the wavelength (572 nm) of the maximal
sensitivity of theo-cresol red. The net proton binding was
obtained by subtracting the signal of the buffered sample
(10 mM Tris) from that of the dye response. The calibration
occurred by addition (mixing) of a known amount of HCl
to the solution (18, 32).

Assay for Superoxide Synthesis.The formation of super-
oxide and its subsequent reactions were detected by two
conventional spectrophotometric methods: (1) reduction of
nitroblue tetrazolium (Sigma, N6876) (33) and (2) reduction
of oxidized cytochrome (34) whose reaction can be inhibited
by superoxide dismutase (Sigma, EC 1.15.1.1). On the basis
of the NBT assay for superoxide synthesis, the quantity of
escaped electrons by dissociation of the semiquinone from
the RC could be determined. To calculate the specific
activity, the reduction of the yellow, water-soluble NBT to
blue, water-insoluble diformazan by superoxide radicals was
monitored by the increase in absorbance at 530 nm, using
12.8 mM-1‚cm-1 as the extinction coefficient (35). For
cytochrome assay of the superoxide, the reduced (>95%)
cytochrome pool was partially oxidized by O2 in the dark,
and then the reaction between the superoxide radical and
oxidized cytochrome was followed spectrophotometrically
at 550 nm in the absence and presence of active and inactive
SOD. SOD was denatured by heating at 95°C for 1 h (36).

Fitting Procedures.The kinetic traces were recorded by
a digital oscilloscope (Hitachi VC-6025) interfaced with an
IBM computer system of local design. Changes in optical
transmission were converted to units of absorption, and
the kinetic analysis of the absorption transients was per-
formed by nonlinear least-squares fitting according to the
Levenberg-Marquardt algorithm. Model calculations were
carried out using Mathcad 4.0.

RESULTS

Anomalous Light Intensity Dependence of the Rate of
Cytochrome c Photooxidation. The kinetics of photooxidation
of cytochromec was measured at 550 nm under rectangular
shape of excitation of different light intensities with large
(oxidized) quinone and (reduced) cytochromec pools at pH
8.4 (Figure 1a). The quinone reduction cycle of the RC was
slowed by binding of Ni2+ to the main proton entry point of
the protein, and its rate of 500 s-1 (pH 8.4) decreased by
more than 2 orders of magnitude to 3.5 s-1 (25). At the
millisecond time scale, the excitation could be considered
as a step function which significantly simplified the evalu-
ation of the response. Because of the linear relationship
between the rate constant of the PQA f P+QA

- charge
separation and the light intensity, the intensity of the
illumination is measured by the rate constant of the primary
photochemistry: 100% light intensity corresponded to a
photochemical rate constant ofkp ) 5500 s-1 (at 1µM RC).
At the onset of the continuous illumination, the cytochrome
photooxidation showed a fast (1000 s-1) and slightly light
intensity dependent initial phase that reflected the generation
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of QA
-. The initial phase was followed by an additional

transient phase that could hardly be resolved from the
stationary phase. Its slope was almost the same as that of
the stationary phase, and its magnitude was smaller than one
oxidized cytochrome/RC. This transient part of the kinetics
could be attributed to the first interquinone electron trans-
fer: its magnitude strongly depended on the equilibrium
constant of the electron transfer (20) and the rate dropped
to 150 s-1 as a result of Ni2+ binding to the RC (37). If the
H subunit of the RC was removed, then the magnitude of
the transition phases decreased to one oxidized cytochrome/
RC that was interpreted by the loss of the QB activity of the
RC (10, 38). After these transition periods, the constant rate

of photooxidation of the cytochromec (stationary phase)
could be observed that was obviously light intensity depend-
ent (Figure 1a). This was a highly unexpected finding
because the light intensity should not be the rate-limiting
step in the very slow turnover of the RC. At 100% light
intensity, the rate of the primary photochemistry was at least
3 orders of magnitude larger than that of the proton uptake;
therefore, the rate of cytochrome turnover should not have
been light intensity dependent at all and should have been
exactly twice as large as that of the proton uptake. Contrary
to this expectation, the rate of cytochrome photooxidation
increased linearly from 14 s-1 (2%) to 136 s-1 (100%)
(Figure 2). We set the aim to investigate the origin and
consequences of this effect of acceleration.

The inhibition of one of the acceptor side reactions was
crucial to observe the acceleration of the cytochrome
photooxidation. The effect showed up also if the pH was
increased above 9.5 in untreated RC (free of divalent ions)
or if one of the key protonatable residues in the proton
conduction pathway was mutated to a nonprotonatable form
(e.g., AspL213 to Asn). In all of these cases, the rate of the
proton uptake dropped and became the rate-limiting step of
the turnover. The anomalous increase of the rate of the
cytochrome photooxidation was also observed, if the quinone/
quinol exchange achieved with low-affinity quinones to the
QB site (e.g., UQ0) was the bottleneck of the photocycle (26).
However, the effect failed if the target of inhibition was the
donor side. This was achieved by an increase of the ionic
strength of the solution to 150 mM. Under these conditions,
the rate of cytc2+ binding to the protein decreased dramati-
cally and became the rate-limiting step of the turnover of
the RC (21).

The effect of acceleration could be demonstrated in
chromatophores, as well. It was shown earlier that the

FIGURE 1: Kinetics of cytochrome photooxidation (a) and observed
H+ ion uptake (b) of RC fromRb. sphaeroidesupon onset of
continuous illumination of different intensities. 100% light intensity
corresponded to 5 W/cm2 (808 nm) and 5500 s-1 photochemical
rate constant. The turnover of the RC was slow due to inhibited
proton uptake by binding of Ni2+ ions to the protein. The optical
absorption changes at 550 nm (a) and 572 nm (b) were converted
to concentrations of cytc3+ (a) and H+ ions (b) relative to that of
the RC, respectively. The kinetic traces in (b) were shifted vertically
for clear separation. Note the strong light intensity dependence of
the rate of the cytochrome turnover (a) in contrast to that of the
observed proton binding (b). Conditions: 1µM RC, 0.03% Triton
X-100, 100µM NiCl2, 40 µM UQ6, pH 8.4 (both panels), or 60
µM cyt c2+ and 60 mM NaCl (a) or 30µM o-cresol red, 150µM
ferrocene, 25 mM NaCl, and(10 mM Tris (b).

FIGURE 2: Comparison of the light intensity dependence of the
rate constants of the turnovers at the donor (0) and acceptor (9)
sides of the RC measured by photooxidation of the cytochrome
(kcyt) and observed proton binding [kH(obs)] for quinol formation,
respectively. As the RC was treated by 100µM Ni2+, the proton
uptake (kH) was the rate-limiting step of the photocycle. The
intensity of the continuous illumination was expressed by the rate
constant of the primary photochemistry (kp). Note the increasing
difference between the two rate constants (acceleration of the
cytochrome turnover) upon increasing light intensity. The conditions
are the same as in Figure 1a (0) and Figure 1b (9).

Turnover of RC Driven by Intense Light Biochemistry, Vol. 45, No. 17, 20065653



transition metal ions blocked the proton uptake of RC
embedded in the native membrane (39). The oxidized dimer
was rereduced by the electron donor TMPD (40), and the
quinone reduction cycle was inhibited by binding of Ni2+ to
RC. The photooxidation of TMPD was followed at 565 nm.
Small increase of the rate was observed upon increase of
the light intensity, but the light intensity dependence became
more pronounced after addition of UQ10 to the chromato-
phore (data not shown). This indicated the severe loss of
quinones in the native membrane due to preparation and also
the need of a large quinone pool to generate the effect of
acceleration (see also later).

Kinetics of Proton Uptake, Semiquinone Formation, and
Superoxide Production. The increase of the rate of cyto-
chrome photooxidation upon increase of the light intensity
prompted us to measure the kinetics of chemical species
produced by the turnover of the acceptor side. Their kinetic
correlation would be of great help to clarify the nature of
the observed effect. Unfortunately, the small changes in the
absorption spectrum caused by these products are depressed
by the large and wide changes due to redox transitions of
the cytochromec and other cofactors (P, QA) of the RC.
This is why we were not able to measure the kinetics of
quinol production (in the UV) but were successful in
detection of the simultaneous mechanism of proton uptake
from the aqueous bulk phase. The loss of H+ ions from the
solution upon continuous illumination of the RC inhibited
at the acceptor side showed steady increase (Figure 1b). The
rise did not terminate promptly after switch off of the light
as the proton uptake to photoproducts was governed by dark
reactions (data not shown). In contrast to cytochrome
photooxidation, the slope (the rate) of the observed H+ ion
binding did not depend on the light intensity. The decrease
of the light intensity from 100% to 20% did not cause
measurable change in the rate of the observed proton binding.
Despite the relatively large error of the determination of the
proton uptake, the difference in rates of proton uptake evoked
by continuous and flash lights could be well recognized. The
rate of the observed proton binding [kH(obs)] during continu-
ous illumination was twice as large as that measured after
flash excitation (kH) (Figure 2). Out of the two protons
needed for the turnover of the RC inhibited by divalent metal
ions, the uptake of the first is slow and that of the second is
fast (1-3, 23).

The appearance of the effect of acceleration did not depend
on what the electron donor to P+ was. The rate of the
photooxidation of ferrocene showed light intensity depen-
dence similar to that of the cytochrome oxidation at an ionic
strength where the donation rates of the two donors to P+

were equal (data not shown). The accumulation of ferri-
cenium during the photocycle could be detected at 300 nm
where the contribution of the absorption change due to
quinone/quinol conversion is negligible (41). If the rate of
P+ rereduction by the electron donor is much larger than
that of the rate-limiting proton uptake (this happens if
cytochrome is the donor), then the increased rate of the
photocycle does not depend on the donation rate.

The magnitude of the enhancement in the rate of cyto-
chrome photooxidation depends on the rate of the slowest
step in the photocycle. For demonstration, several methods,
including change of the pH and/or use of different divalent
transition metal ions, were applied to vary the rate constant

of the proton uptake (kH) under the same conditions. While
the smallestkH (<20 s-1) values were adjusted by use of
Ni2+ ion at high pH (>8), faster proton uptake was obtained
by use of Cd2+ ion at lower pH. The upper limit ofkH was
110 s-1 at which value the proton uptake remained the rate-
limiting step in the photocycle. As expected, the rate constant
of the turnover increased upon increase ofkH and light
intensity, and their dependence is close to linearity (Figure
3). However, the relative enhancement of the rate constants
upon increase of the light intensity is much larger at small
kH than at highkH. As the rate constant of the proton uptake
determines the amount of the QA

-QB
- species, we can

conclude that the magnitude of the anomalous acceleration
of the cytochrome photooxidation depends not only on the
light intensity but also on the concentration of the QA

-QB
-

state, as well. Because all of the related data (Figures 2 and
3) show little sign of saturation, linearity in their relationships
seems a reasonable assumption under our experimental
conditions.

The characteristic absorption change attributed to the
semiquinone was measured under continuous illumination
in the presence of cytochrome at 337 nm (isosbestic
wavelength for the cytc2+/c3+ and quinone/quinol redox
change) and at 450 nm (absorption peak of the anionic
semiquinone) when ferrocene was the electron donor to P+.
The isosbestic wavelength at 337 nm was adjusted by intact
RC (without Ni2+ ion) where no accumulation of QA-QB

-

species but that of cytc3+ and quinol were expected. If
divalent metal ion was added to the sample, a large
absorption change was measured immediately after onset of
the excitation due to the appearance of stable QA

-QB
- species

in the RC. However, no further significant change in the

FIGURE 3: Dependence of the rate constant of cytochrome photo-
oxidation (kcyt, acceleration) on the rate constant of the proton uptake
(kH) at different intensities of continuous illumination [100% (kp1
) 5500 s-1), 53% (kp2 ) 2910 s-1) and 19% (kp3 ) 1040 s-1)].
ThekH was varied by changing the pH of the solution and by use
of different transition metal ions: Cd2+ and Ni2+ for adjustment of
higher and lower values ofkH, respectively. ThekH remained the
rate-limiting step in the photocycle in all cases. Curves to the
measured data are derived from the extended photocycle model
with parameters ofkonq ) 1 × 108 M-1‚s-1, koffq1 ) 100 s-1, koffq2
) 2300 s-1, koffs ) 4000 s-1, Kconf ()k+/k-) ) 0.31, andkc )
1200 s-1. The conditions are the same as in Figure 1a, except for
40 mM NaCl, pH 7-9, and 200µM CdCl2 (kH > 20 s-1) or 500
µM NiCl2 (kH ) 3.5 and 13 s-1).
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stationary phase of the turnover was detected, indicating the
absence of accumulation of semiquinone produced by
dissociation. The same result was obtained in experiments
with ferrocene at 450 nm (data not shown).

The accelerated turnover was accompanied by production
of a substantial amount of superoxide anion. Upon addition
of NBT, the kinetics of accumulation of a new photoproduct
could be clearly observed at one of the isosbestic points of
the cytochrome redox change (541 nm, Figure 4a). Taking
the difference of the light-induced absorption changes
between 450 and 700 nm in the presence and absence of
NBT, the spectrum of reduced NBT (diformazan) with a
maximum at 530 nm was identified. The reduced NBT was
stable for minutes as could be clearly seen by overlap of the
steady-state spectrum recorded after illumination with the
spectrum constructed from kinetic data (Figure 4b). The
superoxide radical can react also with the oxidized cyto-
chrome produced by the photocycle. This reaction will be
more effective if a significant amount of chemically oxidized
cytochrome is available and can be visualized by a slightly
smaller steady-state rate of cytochrome turnover and slow
reduction of cytc3+ in the dark (Figure 4c). The production
of superoxide anion was confirmed by addition of SOD that
inhibited the reduction of cytc3+ by facilitation of the
dismutation of the superoxide radicals. The steady-state rate
of production and dark decay of cytc3+ were only slightly
influenced by denatured SOD (Figure 4c).

AVailability of Quinones and Herbicides to the QB Binding
Site. The rate of cytochrome photooxidation in the RC with
retarded proton uptake depends not only on the light intensity
and kH but also on the external quinone concentration, as
well. While at small quinone concentration, the acceleration
could hardly be observed, the large quinone pool size favored
the appearance of the effect. The titration of quinone at
constant light intensity showed saturation in wild-type RC
treated by Ni2+ ions (Figure 5a). Similar saturation was
observed in mutant RC (L212Gluf Gln/L213Aspf Asn)
where the uptake of the proton was similarly severely
hindered but the rate of the first interquinone electron transfer
was not significantly decreased compared to that in the wild-
type RC (data not shown). The quinone concentration at half
of the saturation rate was much larger than the equimolar
(UQ/RC) 1) concentration and increased slightly upon light
intensity. The turnover rate measured at different quinone
levels showed a steep rise as a function of light intensity,
and the slope increased with quinone concentration (Figure
5b). No tendency for saturation can be seen in these ranges
of light intensity whatever quinone concentration is taken.
The experiments carried out with different types and
concentrations of detergents showed that the quinone avail-
ability to the QB binding site (and not its concentration) was
essential to produce the effect of acceleration.

The results of these experiments support the assumption
of modification of the QB binding site. Because the quinone
undergoes redox change after binding, the alterations in its
binding properties can hardly be utilized directly to monitor
the structural change in the protein. Instead, potent electron
transfer inhibitors stigmatellin and terbutryn were used to
test the possible modification of the binding site. The binding
affinity of the antibiotic stigmatellin was studied in competi-
tion with strongly binding UQ6 to the QB site under
continuous excitation (Figure 6). The concentration of UQ6

FIGURE 4: Production of superoxide radical during the photocycle
of RC of inhibited proton uptake. The NBT assay for superoxide
synthesis was applied to determine the number of escaped electrons
from the standard photocycle of the RC. (a) Kinetic trace at the
isosbestic wavelength of the cytochrome (541 nm) solely due to
production of reduced NBT. (b) The difference of absorption
changes measured in the presence and absence of NBT at the
termination (35 ms) of the excitation (9) and long (about 1 min)
after the illumination (line). The oxidized NBT had no absorbance
in this spectral range. (c) Cytochrome assay for superoxide
synthesis. By setting a large cytc3+ pool, effective dark reaction
due to the reduction of cytc3+ by superoxide radical can be
observed. The reaction is inhibited by addition of active SOD.
Denatured SOD had a minor effect. The conditions are the same
as in Figure 1a, except for(10 µM NBT (a and b) and [cytc2+]
) [cyt c3+] ) 33 µM and (20 units/mg SOD (c).
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was taken as 15µM, which was an optimum selection
between not too strong competition with stigmatellin and
not too short steady-state period of the turnover of the RC.
Upon increase of the concentration of the stigmatellin, the
rate of cytochrome photooxidation was titrated with char-
acteristic effective inhibition constants (I50, at the equivalent
concentration, where the rate of cytochrome photooxidation
drops to half of the maximum value). TheI50 of the
stigmatellin showed changes at different light intensities.
Stronger illumination made the stigmatellin less effective:
4 times more intense excitation (from 25% to 100%) doubled
the effective inhibition constant. Similar loss of effectiveness
due to high light excitation of the RC with inhibited acceptor
side turnover was measured for terbutryn (data not shown).
The shift of the I50 of terbutryn was so large that its
determination was limited by the solubility of the terbutryn
in the aqueous sample. A similar decrease of the affinity of
the terbutryn to the QB site as we observed at high light
intensity was reported in the LM complex where the

inhibition constant increased by 2 orders of magnitude to
300 µM after removal of the H subunit (10).

Switch between Low and High Light Intensities. To get
an impression of how fast the response of the photocycle
could be to sudden changes in the light intensity, the output
power of the laser diode was increased or decreased promptly
(transition time<1 µs) during the steady-state regime of the
photocycle (Figure 7). In the millisecond time range, we were
not able to observe any transition phases after the switch.
The photocycle accommodated to the new light conditions
(independently of the direction of the change in the light
intensity) without measurable delay and switched im-

FIGURE 5: Dependence of the rate constant of cytochrome photo-
oxidation (kcyt) on the concentration of added quinone at different
intensities of continuous excitation (100%, 53%, and 19%) (a) and
on the light intensity at different levels of UQ6 (15, 40, and 120
µM) (b) in RC of inhibited proton uptake. The simulated curves
from the model were obtained by use of parameters in Figure 3
and kH ) 3.5 s-1. The conditions are the same as in Figure 1a,
except for 500µM Ni2+ and 40 mM NaCl.

FIGURE 6: Deceleration of the stationary rate of cytochrome
photooxidation (kcyt) upon titration of stigmatellin in the presence
of UQ6 in RC of slow proton uptake at different intensities of
continuous light excitation [100% (kp1 ) 5500 s-1) and 25% (kp2
) 1375 s-1)]. The curves are derived from the model with
parameters as in Figure 5 andkoni ) 6.6 × 104 M-1‚s-1, koffi1 )
0.033 s-1, andkoffi2 ) 0.6 s-1. The conditions are the same as in
Figure 1a, except for 15µM UQ6.

FIGURE 7: Changes of the rate of cytochrome photooxidation
[kcyt(low) ) 96 s-1 and kcyt(high) ) 220 s-1] upon switch from
low (20%) to high (100%) (top) and from high to low (bottom)
light intensities in RC of inhibited acceptor side turnover. The
switch of the light intensity was fast (<1 µs), and the response of
cytochrome turnover cannot be resolved in this time scale. The
conditions are the same as in Figure 1a except for 200µM CdCl2.

5656 Biochemistry, Vol. 45, No. 17, 2006 Gerencse´r and Maróti



mediately to the altered (new) rate. No transients were
detected on the whole temperature range of physiological
significance (data not shown). Although the determination
of the rate of conformational switch was not possible, a lower
limit can definitely be given: the rates of (yet unknown)
processes involved in the (conformational) change of the
protein should be 103 s-1 at least.

DISCUSSION

We observed a light intensity dependent rate of cyto-
chrome photooxidation where the turnover of the acceptor
side in RC was inhibited. A series of simple experimental
strategies were applied to study this system whose utility
seems clear to establish new and interesting properties of
the protein.

Origin of the Acceleration.The enhancement of the rate
of cytochrome photooxidation in RCs treated by Ni2+ ion is
not related to donor side processes but corresponded clearly
to the modification of the “normal” function of the acceptor
quinone complex. Due to the inhibited H+ ion uptake, the
RC is trapped in the QA-QB

- state for a long period of time
(100 ms), and new photooxidized cytc should appear only
after proton delivery to QB-. However, we observed extra
cyt c3+ production that was not correlated to proton uptake.
To identify its origin, several possibilities were considered.

(a) Double Reduction of QA or QB and Release from RC
before Protonation.This is certainly an alternative way of
additional cytc3+ production (i.e., acceleration) whose reality
can be supported partly by some earlier experimental results.
Double reduction of QA was observed after chemical
prereduction of QA by sodium dithionite to QA- upon
continuous high light excitation (42). As the production of
QA

2- occurred in the time scale of seconds, its possible
release should be very slow to assume to be operative in
our case.

The wealth of experimental information about the chemical
reduction of the cofactors by NaBH4 can also be utilized
(10, 43, 44). NaBH4 reduces QB to the QB

2- form without
reacting with QA. (Sodium borohydride is a two-electron
reductant.) The equilibrium established between the QAQB

2-

and QA
-QB

- states is pH dependent and favors the formation
of the QA

-QB
- state above pH 8.5. The result can be applied

to disproportionation of the two light-induced electrons in
the acceptor quinone system. The formation of the QA

-QB
2-

state under continuous excitation likely decreases the binding
affinity of QB

2-; therefore, it dissociates from the binding
site, and the generation of a new QA

-QB
- state would

enhance the rate of cytochrome turnover. However, this
mechanism as the main contributor to the acceleration can
be disregarded for two reasons: (1) The dissociated QB

2-

has a very high pKa [>12 (12)]; thus it would be immediately
protonated in solution and would cause an increased rate of
proton uptake. However, this was not observed in our
experiments. (2) The semiquinone biradicals (QA

-QB
-)

induced by flashes have been proven very stable in the dark
and did not show remarkable disappearance in the time range
used in our study. Therefore, the conversion of semiquinone
biradicals to QB

2- is negligible under our conditions.
(b) Unstable QB

- Semiquinone Anion.It has long been
accepted that the anionic (not protonated) semiquinone is

tightly bound to the protein (13) and its properties (stability)
are defined by the environment of the QB site (45). If the H
subunit of the RC protein was removed, the lifetime of QB

-

decreased by a factor of 103 (from 250 to 0.3 s at pH 7.7
and 21°C), and the electron leaking off QB- was taken up
by the oxidized cytochromec (10). If the RC is embedded
in an alkane-containing phospholipid membrane, the binding
affinity of the semiquinone anion formed in the QB site is
orders of magnitude weaker than in the native system. The
semiquinone can be exchanged for quinone from the
membrane-quinone pool, move away from the site, and
accumulate in the membrane. Certain water-soluble benzo-
quinones reduced to semiquinone in binding sites of the RC
in aqueous media tend to diffuse away into the solution (46).

In the instability of QB
-, the oxygen can play a significant

role which has been only partly revealed. Although the quinol
is generally unreactive with molecular oxygen, the semi-
quinone form, either in the QB site or free in the membrane,
is much more reactive (46). During the interaction of oxygen
with QB

-, reduced oxygen species, such as the superoxide
anion radical, can be generated as was revealed in aerobic
samples under continuous illumination (47). The efficiency
of the interaction was determined by the conformational
transitions in the structure of the RC triggered by the actinic
light.

In the crystal structures, two (proximal and distal) binding
sites for QB were identified (9, 48). Although no direct
evidence for quinone reduction in the distal site was found,
pH-temperature- and structure-dependent disproportionation
in the location of the quinone between the two binding sites
was assumed (49, 50), and the redox- and dissociation free
energies of the semiquinone at the distal position were
calculated (12). Calvo et al. trapped the semiquinone biradical
in the photosynthetic RC and measured the EPR spectra at
temperatures between 1.5 and 100 K (44). The relative
position and orientation of the two quinones in the biradical
state (QA

-QB
-), determined from the EPR spectra, compared

well with those obtained from X-ray diffraction of the RCs
in the QAQB

- state (9). The QA did not rotate upon reduction
to QA

-, and the QB
- did not move relative to QA- (the

distance between the centers of the quinone rings remained
constant). The only difference between the two structures
involved a relative rotation of the quinone planes that made
these planes nearly parallel in the biradical state. This
indicated a change in the orientation of QB

- produced by
the electrostatic interaction between QA

- and QB
-. Although

the conditions and properties were different in these ex-
amples, clear parallels of loss of structural and functional
stability of QB

- can be recognized in these systems.
The protonation of QB- either released or displaced in the

RC should not be favored since no acceleration of proton
binding is observed in our experiments. Indeed, the pKa of
the semiquinone form of UQ10 is low: 6.45 in methanol (51)
and 5.9 in 7 M 2-propanol/1 M acetone (52). In aqueous
phase, pKa ) 4.9 can be deduced from the known solvent
effect on the pKa of durosemiquinone (DQ-) (2, 12). The
relevant pKa for QB

- in the QA
-QB

- state, where the influence
of the QA

- anion is significant, is somewhat (by 0.7 unit)
higher as revealed from results with rhodoquinone acting as
QB (53). Hence, it is reasonable to consider that the unstable
semiquinone anion is not protonated under our conditions
(pH >6).
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What will happen to the dissociated anionic semiquinone?
As no accumulation was observed during the photocycle,
the rate of oxidation of the dissociated semiquinone had to
be high. Indeed, Swallow measured the rate constants for
electron transfer reactions of semiquinones in aqueous
solutions and found their values to be as high as about 5×
109 M-1‚s-1, close to the diffusion-controlled limit (54).
Detection of the superoxide anion showed that in our
experiments the oxidation of Q- by oxygen was the major
route of escape of the electrons: Q- + O2 T Q + O2

-,
where O2

- represents an oxygen molecule with an extra
(unpaired) electron. The reaction is (in standard terms)
energetically unfavorable as the midpoint redox potentials
of Q/Q- and O2/O2

- are-145 mV (see later) and-330 mV
(55), respectively. Despite the uphill transfer, the equilibrium
is shifted to the direction of generation of O2

- during
illumination. Since the NBT is a two-electron oxidant, the
produced∼2.7 [NBT]/[RC] (Figure 4a) at the end of the
illumination accounts for the number of escaped electrons
calculated as the difference of electrons injected from
oxidation of cytochrome [∼6.2 [cyt3+]/[RC] (Figure 4c)] and
exported electrons via generation of quinol [0.25 [H+]/[RC]
()0.125 [QH2]/[RC]) calculated to the same time regime
usingkH(obs)) 7 s-1]. After removal of oxygen from the
solution, other routes of semiquinone oxidation will play a
dominant role: (1) oxidation by the secondary donor system
(cyt c3+) that is believed to be slow (56) and (2) dismutation
with another Q- to give Q and QH2. This, too, will be slow
as the rate constant will depend on the concentration of
escaped Q-.

(c) Possible DriVing Force of the Conformational Changes.
In agreement with earlier literature data, the stable semi-
quinone biradical QA-QB

- produced by two flashes and
trapped by inhibited proton uptake was observed at room
temperature. However, if this intermediate state is produced
during continuous excitation, the redox, energetic, and
conformational conditions could be significantly different.
The QA

-QB
- state is considered to be “closed” for productive

photochemistry, because P+Bpheo- recombines so quickly
(<10 ns) that no trapping can occur by either electron transfer
to P+ or from Bpheo- in less than 1 s. The P+Bpheo- charge
pair is produced with relatively high frequency (104 s-1) at
the largest light intensity used in our experiments. Trapping
of Bpheo- by reduction of P+ by cytochromec2+ was
detected at a time scale of seconds after chemical reduction
of QA. Contrary to the effect in our case, the efficiency of
trapping showed strong dependence on the donation rate by
cytochromec2+ (42). The electrostatic interaction energy
between QB- and QA

- is moderately high [1.1∆pK ) 2.56
kBT (57)]. Because the distance between the centers of the
QB and QA rings (18.6 Å) is comparable to that of QB and
Bpheo (24.4 Å) (9), the electrostatic interaction energy will
increase substantially by increase of the light intensity. The
magnitude of the repulsive electrostatic interaction between
QB

- and Bpheo-QA
- (activation “barrier”) and the frequency

of appearance of Bpheo- (“collision” frequency) can ensure
a measurable reaction rate of activation (transition state)
process leading to a product state characterized by shift of
the equilibrium position and/or of larger rotation of the plane
of QB

-. The phenomenon is similar to the physiological law
of sensation known as summation of stimuli under threshold.
This qualitative picture should be supported by an adequate

transition state theory of conformational changes including
exact electrostatic and quantum chemical calculations.

Model of the Extended Photocycle.Our observation of
acceleration of the cytochrome photooxidation in the RC of
inhibited quinone turnover cannot be explained by a con-
ventional model of the quinone reduction cycle (58) but calls
for modifications due to altered kinetic and thermodynamic
properties of the semiquinone and quinone under high light
conditions (Figure 8).

The essential alteration includes a light-induced change
of the QB binding pocket in the protein resulting in a much
more favored exchange of QB

- for a quinone from the pool.
Presently, the exact nature of the modification cannot be
predicted. It may include a shift of QB- from the proximal
to distal position or a suited change of the protein environ-
ment around the catalytic binding site. In both cases, the
immediate environment of QB is changed, which will be
expressed here byconformational transition(CT) defined
by the concentration of the RC in the modified (denoted by
subscript 2) conformation referred to the total concentration:

The forward rate of the conformational change is proportional
to the light intensity and the concentration of the RC
(precursor) species capable of conformational transition:
k+ I [QA

-(...)]1. Here QA
-(...) means the photochemically

trapped RC (independently what is in the QB site), and
subscript 1 refers to the unmodified conformation state of
the RC. The backward rate is proportional to the concentra-
tion of the RC in the modified (2) conformation:k-[RC]2.
In equilibrium, the two rates are equal:

FIGURE 8: Extended kinetic model of the photocycle to explain
the uncoupling of the electron and proton transfers in RC of
inhibited acceptor turnover. Short-lived states and fast reactions
are omitted. The RC can be found in two conformation states (1
and 2). The equilibrium constant between the states (shaded)
involved in conformation change is denoted byKconf. In conforma-
tion state 1, a conventional photocycle is taking place. The rate-
limiting reaction is the proton uptake (kH) that enables the
accumulation of the QA-QB

- state and favors the light-induced
conformational transition. In conformation state 2, QB

- dissociates
readily from the RC (koffs). In both conformations, quinone (konq)
or inhibitor stigmatellin (koni) from the pool(s) can bind to the empty
binding site in the QB pocket. The photocycle in conformation state
2 will not produce quinol and thus increases the uncoupling of
electron and proton transfer through the protein. For notations, see
the abbreviations.

CT ) [RC]2/[RC] (1)

Kconf I [QA
-(...)]1 ) [RC]2 (2)
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where Kconf ) k+/k- is the equilibrium constant of the
conformational change.

The reactions of the photocycle in the two conformation
states of the RC are somewhat different. For the sake of
simplicity, only the important and slow reactions will be
considered, which determine the rate of the turnover (Figure
8). The photocycle in conformation state 1 consists of well-
known steps including the two light reactions together with
the photooxidation of the cytochromes (effective rate constant
kc), the quinone binding/unbinding reactions (rate constants
konq and koffq1, respectively), and the proton uptake (rate
constantkH). The photocycle is simplified in the (modified)
conformation state 2 due to the decreased affinities of the
semiquinone and the quinone to the binding site. The
semiquinone dissociates from the RC (rate constantkoffs),
and the unbinding rate constant of the quinone (koffq2) is also
modified. No proton uptake, no quinol production, and
oxidation of only one cytochrome are associated to this set
of reactions. The observed rate of the photocycle of the RC
is the weighted sum of those of the two processes (for
quantitative details of the model, see Supporting Informa-
tion). By introduction of the modified conformation state,
more photooxidized cytochromes will be generated without
increase of the quinol production. Formally, the electron
transfer and the proton uptake become uncoupled: the
electron transfer through the protein runs faster than the
proton uptake, and the stoichiometric ratio of transferred
electrons to bound protons (e/H+) increases. The dissociation
of QB

- from the protein in its modified conformation state
wastes the absorbed photon’s energy and lowers the yield
of photoconversion in the RC.

The comparison of the set of measured data with predic-
tions of the model should answer two basic questions: what
fraction of the RC enters the altered conformation state and
what are here the dissociation properties of the semiquinone
and quinone. The model contains formally three adjustable

(fitting) parameters:Kconf, the equilibrium constant of the
conformational change, andkoffq2 andkoffs, the unbinding rate
constants of the quinone and semiquinone in the modified
conformation state of the RC, respectively. The values of
the other rate constants or dissociation constants can be taken
from previous work [konq ) 1 × 108 M-1‚s-1 and koffq1 )
100 s-1 (59, 60)] or measured directly (kp, kc, andkH). Consult
the figure legends for their actual values. By solution of the
equations derived from the model under steady-state condi-
tion together with eq 2, the measured data of the quinone
titration (Figure 5a) and the dependences of the light intensity
(Figure 5b) and the rate of proton uptake (Figure 3) could
be well simulated using the same set of parameters in all
cases. From eq 1, the values of the conformational transition
can also be calculated as a function of two important
experimental variables, the light intensity and the rate
constant of the proton uptake (Figure 9).kp and kH have
opposite effects with different magnitudes and slopes on the
conformational transition. In our experiments, not much
deviation from the linearity is observed up to the highest
light intensity and lowest proton uptake where the CT rises
as high as 25% if the concentrations of the RC and UQ6 are
1 and 40µM, respectively.

The stoichiometric ratio of the transferred electrons to
bound protons (e/H+) can be directly derived from the model.
The expression reduces to

if kp > 500 s-1 andkH < 50 s-1. Herekcycle1 andkcycle2 are
the rates of the photocycle in conformation states 1 and 2,
respectively, andKconf ) 0.31 if I is measured relative to its
highest value. As the reactions in both photocycles are
coupled in series, the reciprocal value of the overall rate,
(kcycle)-1, is the sum of the reciprocal values of the rates of
the individual steps. Each turnover delivers two electrons
and two protons in conformation 1 and only one electron in
conformation 2. The uncoupling of the electron transfer and
the proton binding is a linear measure of the ratio of the
cycling rates in the two conformations of the RC, and its
light intensity dependence is close to linearity in this range.
At the highest light intensity and the slowest proton uptake
used in our experiments,kcycle1 ) kH ) 3.5 s-1 andkcycle2 )
550 s-1 ([Q] ) 40 µM); thus the stoichiometric ratio of
uncoupling can be as high as e-/H+ ) 20.

The rate constant of the semiquinone dissociation from
the protein in the modified binding position (environment)
is high (koffs ) 4000 s-1), and its dissociation constant (40
µM) resembles that of the quinone to the same binding site
(23 µM). This opens the way for comparison with similar
experiments in the QA binding site. Identical dissociation
constants were observed for the neutral duroquinone and the
negatively charged 5-OH-NQ at the QA site, but the on/off
rates of the former were 4 orders of magnitude larger than
those of the latter (61). The authors argued for a kinetic trap
of 5-OH-NQ due to the negative charge on the quinone. In
the modified QB binding site, the (neutral) quinone and the
anionic semiquinone have comparable affinities indepen-
dently of their charges. In contrast to the QA site, the negative
charge on the semiquinone does not induce response of the
(modified) QB site to favor the kinetic trap. Our experiments

FIGURE 9: Pseudo-3D map of the dependence of the conformational
transition (CT) on the light intensity (expressed in terms ofkp) and
on the rate constant of the (first) proton uptake,kH. CT was derived
from eq 1, and the stationary concentrations of the intermediates
in conformation 2 were calculated from the extended photocycle
model using 1µM RC and 40µM UQ6 (Figure 8).

e

H+ ) 1 +
Kconf I

1 + Kconf I( kcycle2

2 kcycle1
) (3)
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indicate that the charge-induced interactions responsible for
modification of the protein environment are very sensitive
to the location.

The model can be applied to determine the increased
dissociation constant of the stigmatellin at high light intensity
(Figure 6). In both conformation states of the RC, the
stigmatellin competes for the QB binding site with the
quinone. As a result of this competition, the dissociation
constant ofkoffi1/koni ) 0.5µM was determined from charge
recombination measurements at pH 8.5 (62), which refers
to the RC with no light-induced conformational changes in
the QB pocket. The values ofkoffi1 ) 0.033 s-1 [pH 7.2,
Rhodobacter capsulatuschromatophore (63)] andKD ) 0.5
µM increased at the highest light intensity (kp ) 5500 s-1)
18 times to koffi2 ) 0.6 s-1 and koffi2/koni ) 9.1 µM,
respectively. The large shift of the dissociation constants in
the two conformations is reflected moderately in the apparent
inhibition constants (e.g.,I50 values) shown in Figure 6,
because the two light intensities (100% and 25%) at which
proper titrations could be carried out offered closely related
combinations of the two conformations (see Supporting
Information). The less effective binding of the stigmatellin
comes from the increased off rate (from 0.033 to 0.6 s-1) in
the modified binding site, similarly to the semiquinone and
the quinone response to the conformational change. This is
a strong support for structural changes in the QB binding
pocket caused by high light excitation. The conformational
change seems to be relatively independent of the cofactors
of the protein, which are only sensors but not producers of
the changes in the protein conformations. Similar conclusions
were drawn from FTIR difference spectroscopy measure-
ments at the QA site (64). The appearance of the semiquinone
caused structural changes, which did not depend on the
substituents on the quinone ring.

Difference of Free Energies of Q and Q- for Conforma-
tional Changes.Three independent thermodynamic boxes can
be constructed in the scheme involving dissociation from
the RC and one-electron redox changes of the quinone in
three different locations: in aqueous solution and in the
binding sites of the QB pocket corresponding to the two
conformation states of the RC (Figure 10). Although the rate
of oxidation of semiquinone in aqueous solution is high, it
will be supposed not to perturb the binding equilibrium of
semiquinone in the QB site. The free energy changes

associated with the reduction of the quinone,∆GQ/Q- )
-F(Eh - Em), can be related to the free energy changes of
the dissociation,∆GD ) -60 meV logKD (at room temper-
ature), and conformation,∆Gconf:

Here F is the Faraday constant (used to convert units of
electric potential to units of energy and vice versa),Eh is
the actual redox potential,Em is the midpoint redox potential
at pH 7, KD is the dissociation constant, and subscripts 1
and 2 refer to the two conformation states of the QB binding
pocket. Their numerical values related to the transitions were
either taken from the experiments directly [Em1,QB ) +100
mV (65), KD

Q ) 1.0 µM (60)] or calculated fromEm,QB )
Em,QA + 60 mV log K2, whereEm,QA ) +30 mV at pH 7
(18) or +10 mV at pH 7 (66) and the one-electron
equilibrium constant wasK2 ) 13 (pH 7). The determination
of the other parameters was based on reasonable estimates
[Em,sol ) -145 mV (12) andkon ) 1 × 108 M-1‚s-1 for both
quinone and semiquinone] or was calculated from the
relevant thermodynamic box. TheEm,sol for ubiquinone in
aqueous solution is disputed: larger [-100 to-120 mV (67)]
and smaller [-230 mV (54) and-350 mV (68)] values are
also used in different analysis of quinone electrochemistry.
The dissociation constants of the semiquinone and the
quinone increased (the binding affinities decreased) upon
conformational change of the binding pocket by 4.8× 105

and 23, respectively. This change in protein conformation
required 259 meV more free energy if the QB binding site
was occupied by semiquinone instead of quinone:∆Gconf

Q-

) ∆Gconf
Q + 259 meV. That amount of free energy (5.9

kcal/mol) may cover the energy cost to break H-bond(s) of
the semiquinone to L190His and/or L212Glu.

The redox midpoint potential of-159 mV was deduced
for the QB/QB

- redox pair at the modified binding position.
This value is very close to that estimated in aqueous solution
(-145 mV). This means that the positive electrostatic
potential (provided by charges, protein backbone dipoles, or
H-bond donors) which usually increases theEm of the
quinone bound to the protein does not have significant effect
in conformation state 2 of the RC; i.e., the quinone at the
modified QB binding position feels as in aqueous solution.
On the other hand, the midpoint potential of-159 mV is
100 mV more positive than that calculated for the distal
binding position [-260 mV, usingEm,sol ) -145 mV (12)].
Consequently, we can argue for a conformational change of
the RC rather than for a shift of the QB binding position in
the RC of the unaltered structure.

The functional analysis carried out in this work should be
supported and extended by structure-oriented investigations
in the future to understand the nature of the conformational
change including the location of the (semi)quinone (or
inhibitors) in the QB binding pocket under accelerated cycling
of the RC.

FIGURE 10: Thermodynamic model including the redox changes
of the quinones in three locations (in aqueous solvent and in two
conformations of the QB pocket of the RC), their dissociation from
the protein, and the conformational changes of the QB binding sites.
The numerical values were taken from experiments (refs18, 59,
60, 65, and66 and the present study), estimated on the basis of the
electrochemistry of semiquinones (54), or determined from the
corresponding thermodynamic boxes.

∆GD1
QB + Em1,QB

- ∆GD1
QB

-
- Em,sol ) 0 (4)

∆GD2
QB + Em2,QB

- ∆GD2
QB

-
- Em,sol ) 0 (5)

∆Gconf
Q + Em2,QB

- ∆Gconf
Q-

- Em1,QB
) 0 (6)
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